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@ggfﬁ}ﬁg Orange and blue luminescence emission to track
functionalized porous silicon microparticles inside
S e crem 82042 the cells of the human immune system¥

N. Daldosso,? A. Ghafarinazari,® P. Cortelletti,” L. Marongiu,® M. Donini,© V. Paterlini,?
P. Bettotti,” R. Guider,® E. Froner,® S. Dusi® and M. Scarpa*®

Porous silicon micro-particles (micro-pSi) with size in the range of 1-10 um are obtained by etching of
silicon wafers followed by sonication. The derivatization of the micro-pSi surface by wet chemistry
(silylation and coupling with a diamine) yields an interface, which exposes negative (carboxylic) or
positive (amine) groups at pH 7.4. The surface modification, beyond the introduction of groups for the
drug loading by covalent or electrostatic interactions, stabilizes the intense orange luminescence
characteristic of the silicon nano-crystallites. Derivatization by amines introduces also a second emission
in the blue region, which follows a different excitation pathway and can be attributed to the interface
defects. The micro-pSi are efficiently internalized by human dendritic cells and do not show any toxic

effect even at a concentration of 1 mg mL™%. The intrinsic luminescence of the differently functionalized
Received 25t June 2014 icro-pSi | d inside the cells and permits the selective and efficient tracking of th
Accepted 20th July 2014 micro-pSi is preserved inside the cells and permits the selective and efficient tracking o e
microparticles without using molecular tags and thus leaving the organic coating available for the

DOI: 10.1039/c4tb01031k interaction with the drug. The results obtained suggest that the functionalized micro-pSi are an efficient
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1 Introduction

The use of micro-to-nanosized fragments of porous silicon (pSi)
as a vehicle for delivery and controlled release of drugs or
nanoparticles’™ is a promising strategy. In fact, the pSi
morphology offers a large loading capacity and pSi in biological
environments undergo dissolution, producing non-toxic and
harmlessly removed wastes.®” pSi show also an intrinsic visible
photoluminescence (PL) that is derived from the combination
of quantum confinement®® and surface effects.'® The intrinsic
PL of pSi could allow the monitoring of the kinetics of the
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T Electronic supplementary information (ESI) available: Fig. S1 shows the
histogram of the size distribution of the porous silicon microparticles. Fig. S2
shows the FTIR spectrum of native porous silicon microparticles. Fig. S3 shows
the FTIR spectra of porous silicon microparticles after surface derivatization.
Fig. S4 shows the time course of the PL decay of the amine-micro-pSi (9 pg
mL™") in aqueous solution. Fig. S5: panel (a) shows the decay of the PL of the
functionalized micro-pSi in ethanol (emission 600 nm); panel (b) shows the
lifetimes (7) and 8 values obtained by fitting the stretched exponential function
to the experimental PL decay of the amino-micro-pSi. Fig. S6 shows the decay of
the PL of the functionalized micro-pSi in ethanol (emission 420 nm). See DOI:
10.1039/c4tb01031k
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platform for simultaneous imaging and delivery of therapeutic agents to the disease site.

carrier distribution and the localization of the delivery site of
the loaded molecules in cell cultures and in vivo, without the
need for a molecular tag such as fluorophores. Recently, Sailor
et al.** reported about the use of oxidized and luminescent pSi
particles in cells and in living animals; however, the PL of pSi-
based drug delivery vehicles has been scarcely exploited so far.
The reason is probably due to the loss of PL during the vehicle
fabrication. In fact, the PL emission of pSi depends not only on
the nanocrystallite size'> but also on surface states.’* Morpho-
logical properties™ determine also the performances of pSi as a
drug delivery vehicle and must be optimized to carry the load
and reach the delivery site. The pore size, porosity and even the
fragment size and shape can be changed by adjusting the
fabrication protocols.”® The pSi particles with dimensions
spanning from micrometers to few hundreds of nanometers
have been recently obtained'®” and different surface derivati-
zation strategies have been suggested.'® However, many chem-
ical procedures require high temperatures'® or exposition to
nitrogen containing compounds,” which irreversibly quench
the PL.>® Stabilization of the PL of nanostructured silicon is
obtained by mild surface oxidation,® however the surface
coating by organic molecules is desirable since it improves the
drug delivery properties. In particular, though the grafting of
amino groups (that bear positive charge and have good coupling
properties) is attractive,* it must be taken into account that
amines are quenchers of the PL of pSi.****** The control of
surface chemistry is also important from the perspective of safe
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use of nanomaterials.” In this regard, a relevant limit for the
medical use of inorganic nano- or micro-particles is their ability
to stimulate the release of pro-inflammatory cytokines by
immune cells, such as dendritic cells (DCs).>**” DCs possess a
huge and diverse functional repertoire,* including the capacity
of presenting the antigens to T lymphocytes in order to stimu-
late an immune response.”® This last function makes DCs the
preferential  target of  nanovaccines for  cancer
immunotherapy.*

In this study, we have optimized a fabrication and derivati-
zation protocol, which permits the grafting of negative
(carboxyl) or positive (amino) functionalities on micro-sized pSi
particles (micro-pSi). This protocol preserves the intrinsic PL of
pSi, though the grafting of the amino groups introduces
different light emission pathways. We proved that the PL
emission improves the tracking of the micro-pSi by using
conventional optical instrumentation. The micro-pSi interac-
tion with cells has been tested on human DCs. We found that
the luminescent micro-pSi were efficiently internalized by DCs
preserving their optical properties without inducing apoptosis,
and without causing any pro-inflammatory response. These
results suggest the safe use of these materials in biological
environments and the efficient delivery of specific antigens to
the immune system by micro-pSi.

2 Experimental
2.1 Materials

All the reagents and solvents used for the microparticle prepa-
ration and functionalization were purchased by Sigma-Aldrich
(Milan) and were of the highest available purity. Hydrofluoric
acid (HF 48%) was diluted in Teflon vessels and used under a
fume cupboard conforming to the required standards.

2.2 Preparation of porous silicon microparticles

Porous silicon layers were formed by electrochemical etch of
boron doped p-type Si wafers ((100) oriented, 10-20 Q cm
resistivity, University wafers, Boston MA). The etching was
performed at constant current (80 mA cm?) for 5 min in
HF:ethanol. The porous layer was removed and fragmented into
microparticles (micro-pSi) by 15 minutes sonication at 400 W in
toluene (80 mL). The etching and sonication steps were
repeated twice and about 30-35 mg of micro-pSi were produced.
The residues of HF were removed by centrifugation at 500g
(10 min) and the precipitate was re-suspended in 40 mL toluene.
The native micro-pSi particles were stored in toluene under an
argon atmosphere.

2.3 Surface modification of micro-pSi

An organic layer bearing carboxyl groups was introduced on the
native micro-pSi surface by light-driven hydrosylilation.** The
pristine micro-pSi were suspended in toluene saturated with
argon and containing acrylic acid N-hydroxysuccinimide ester
(5 mM). The solution was illuminated with white light (250 W)
for two hours. Then the solution was centrifuged at 500g for
10 min. The powder (carboxyl-micro-pSi) was collected and
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washed several times (at least 10 times) with ethanol or toluene.
Ethanol was used to obtain free carboxylic groups on the
powder surface. In fact, the reactive N-hydroxysuccinimide
group (NHS) slowly hydrolyses in this solvent.*> Conversely, the
washing steps were performed in toluene if the powder under-
went further modification by coupling with a diamine (see the
next paragraph). If necessary, the powder suspended in ethanol
was dried by centrifugation and the ethanol residues were
removed by a gentle nitrogen flow. N,N'-Dicyclohexyl-
carbodiimide (final concentration 200 pM) and 4,7,10-trioxa-
1,13-tridecanediamine (200 pM) were added to carboxyl-micro-
pSi (30 mg) suspended in toluene (25 mL) and left to react for a
night under gentle shaking. Then, the suspension was centri-
fuged and the powder (amine-micro-pSi) was purified from
excess reagents and by-products by repeated washing with
ethanol followed by centrifugation at 500g for 10 min. The
carboxyl- and amine-micro-pSi were usually stored in ethanol or
as dried powders.

2.4 Characterization of native micro-pSi, carboxyl-micro-pSi,
and amine micro-pSi

Scanning Electron Microscopy (SEM) images were obtained by
using a Zeiss SUPRA 40, with a thermal field emission source,
operating at an accelerating voltage in a range of 1.5-5 kV. The
analysis of the particle size distribution was done by optical
microscopy using an Olympus microscope equipped with a
100x magnification objective (MPlan, NA 0.9; Olympus) and
10x oculars. Images were analysed using Fiji software.*® The
porosity was determined by gravimetric analysis®* and the
specific surface area was calculated according to Halimaoui.*
The chemical groups present on the native or modified micro-
pSi were investigated by Fourier Transform Infra-Red (FTIR)
spectroscopy. The powder suspension was deposited on a ZnSe
slab and left to dry under gentle nitrogen flow. The spectra were
acquired by using a micro-FTIR Nicolet iN10 instrument, in the
spectral range of 500-4000 cm * with 4 cm ! resolution.

Steady-state fluorescence characterization and fluorescence
life-times were performed by using a Horiba Jobin-Yvon Nano-
log instrument. The configuration was: 2 nm slit size, 1200 g
mm~" density grating (blazed 500 nm), 0.1 second integration
time, and cut-off filtration at 370 nm. Lifetime analysis was
carried out by the time-correlated single-photon counting
method (TCSPC), with a xenon pulsed lamp as an excitation
source. The obtained decays were fitted to a stretched expo-
nential function having the general form:

I(1) = I, exp[—(t/7)°]

where I(¢) is the PL intensity, § is the stretched parameter, and ©
is the lifetime. The lifetime of the amine-micro-pSi at 420 nm
was measured with a pulsed nano-LED, characterized by an
emission wavelength of 375 nm and a pulse duration of 1.2 ns.
In this case, a single exponential function was used to fit the
experimental decay curve. The PL of a single microparticle was
obtained on an inverted Olympus Microscope iX70 by using a
488 nm solid state laser as an excitation source and an Avantes
ULS2048XL-spectrometer.

This journal is © The Royal Society of Chemistry 2014
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2.5 Effect of micro-pSi on immune cell responses

After written informed consent and upon approval of the ethical
committee, buffy coats from the venous blood of normal
healthy volunteers were obtained from the Blood Transfusion
Centre of the University of Verona. Monocytes were isolated
from buffy coats by Ficoll-Hypaque and Percoll (GE Healthcare
Life Science) density gradients and purified using the human
monocyte isolation kit II (Miltenyi Biotec). The final monocyte
population was 99% pure, as measured by FACS (Fluorescence-
Activated Cell Sorting applied in flow cytometry) analysis. To
generate dendritic cells (DCs), monocytes were incubated at
37 °C in CO, (5%) for 5-6 days at 1 x 10° mL ™" in 6-well tissue
culture plates (Greiner, Nirtingen, Germany) in RPMI 1640,
supplemented with heat-inactivated low endotoxin FBS (10%),
r-glutamine (2 mM), GM-CSF (50 ng mL™"), and IL-4 (20 ng
mL ™). The final DC population was 98% CD1a", as measured
by FACS analysis. The toxicity of the micro-pSi was tested using
an Apoptosis Detection Kit (Miltenyi Biotec) according to the
manufacturer's protocol. The percentages of live cells, dead
cells and cells in the early apoptotic process were determined by
Annexin V FITC conjugate and propidium iodide staining. Cells
were acquired on a seven-colour MACSQuant Analyzer (Miltenyi
Biotec) and FlowJo software (Tree Star, Ashland, OR, USA) was
used for data analysis. Cytokine production in culture super-
natants was determined using Ready-Set-Go ELISA Kits
purchased from Bioscience (San Diego, CA). The protein
amount of IL-12 (range 4-500 pg mL™ "), IL-23 (range 15-2000 pg
mL "), TNF-o. (range 4-500 pg mL™ '), IL-1B (range 4-500 pg
mL~") and IL-6 (range 2-200 pg mL~ ") was analysed according
to the manufacturer's protocol. For confocal microscopy anal-
ysis the DCs were seeded on 13 mm poly-L-lysine-coated cover
slips and treated for 24 hours with the micro-pSi. The cells were
washed with PBS and fixed with 4% paraformaldehyde (Sigma-
Aldrich) for 30 min at room temperature and quenched with
NH,CI (50 mM). The cells were then permeabilized with PBS-
Triton X-100 (0.1%) and blocked with BSA (1%) for 30 minutes.
After washing, the cover slips were incubated for 30 minutes
with Phalloidin-Rhodamine (Cytoskeleton, Denver, CO, USA) to
visualize F-actin. The cells were washed and mounted in glyc-
erol based anti-fading medium.

The images were acquired by using a confocal microscope
(Leica-Microsystems, Wetzlar, Germany) at 400 x magnification
by using the 63x oil immersion objective (1.25 NA). Z-stacks
were acquired and the maximum intensity projections (MIPs)
were obtained by using the LAS-AF software (Leica-
Microsystems).

3 Results and discussion
3.1 Characterization of micro-pSi

Fracture by sonication in anhydrous toluene of the pSi layer
obtained by electrochemical etching produces a particle
suspension, which emits in the region 590-620 nm under
ultraviolet excitation. The SEM image shows that the particles
are of irregular hemi-cylindrical shape (indeed there is unifor-
mity among different particles) and the size of the major axis is

This journal is © The Royal Society of Chemistry 2014
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in the range 1-10 pm (Fig. 1a) with a size distribution peaked at
1.5 um (see Fig. Sla, ESIT). The size of the minor axis is of the
order of 100-300 nm (see Fig. S1bt). The lower size range (about
1 um) is determined under mild sonication conditions followed
by a centrifugation step at 500g. In fact, we can estimate that the
micro-pSi with size below the pm range do not sediment at 500g
(ref. 36) and are discarded with the supernatant. The upper size
range (about 10 pm) is determined by the thickness of the pSi
film. In fact, the mild sonication preferentially cleaves the pSi
along the pores which are rather directional, propagating
predominantly in the (100) crystallographic direction, perpen-
dicular to the (100) face of the wafer.*” The pores can be clearly
visible as black spots in grey background of Fig. 1b, with an
average diameter of about 30 nm. The average porosity deter-
mined by gravimetry on the porous silicon layer before sonica-
tion is 85%. This value corresponds to a specific surface area of
370 m* cm *.** Native micro-pSi particles are hydride termi-
nated and well dispersible in toluene.

Accordingly, the FTIR spectrum (Fig. S2, ESIT) shows the
presence of Si-H; groups (at 2136 cm™'). However, oxidation is
noticeable even after few minutes of air exposition, and the
vibrational features of Si-O-Si (1038 cm™') and OSiH, (2252
ecm™ ') are present in Fig. S21 together with the broad O-H
band (at about 3300 cm™'). The micro-pSi suspension in
toluene is stable and retains its PL for months if stored under
anhydrous and anaerobic conditions. The surface of native Si
nanocrystallites is vulnerable to attack by different
compounds, such as amines which have been shown to
quench the PL of free Si nanoparticles by opening non-radia-
tive pathways to carrier relaxation.”® We stabilized the PL of
the native micro-pSi by suitable surface modification. In
particular, we introduced on the pSi surface carboxyl groups
(by hydrosilylation with NHS ester of acrylic acid) and amino
groups (by a two-step procedure that is hydrosilylation with
NHS ester of acrylic acid followed by diamine coupling). FTIR
spectra (Fig. S3, ESIf) indicate that both reactions are
successful; the characteristic vibrational bands of carboxyl
ester signals (1735, 1788 and 1817 cm ') appear after the
reaction with acrylic acid-NHS. These peaks disappear after
diamine coupling, while the amide I and II bands (1644 and
1550 cm™') are observed and overlap a broad unresolved
signal probably due to the bending of N-H. The presence of
N-H groups is supported also by the features around 800 cm ™"
due to N-H wag. The two-step procedure does not determine
quenching of PL due to the contact with the free diamine,*
indicating that the micro-pSi surface was well protected by the
acrylic-acid shell. The SEM images of the microparticles after
functionalization with the diamine reveal an average decrease
of the particle size and an enhancement in the surface
roughness (Fig. 1c and d). Conversely, the average diameter of
the pore is almost unaffected. The carboxyl or amine groups
not only make the micro-pSi capable of interacting electro-
statically with other molecules penetrating inside the pores
but also can be used for the binding of a protective polymer
shell to the external surface.

The amine-micro-pSi particles are well dispersed in polar
solvents, but they agglomerate in toluene.

J. Mater. Chem. B, 2014, 2, 63456353 | 6347
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Fig. 1 SEM images of micro-pSi. A representative native micro-pSi just after sonication in anhydrous toluene (a) and a magnification of the
porous structure (b). A representative micro-pSi carrying amino groups on the surface (c) and details of its surface roughness (d).

3.2 Optical properties of carboxyl- and amine-micro-pSi

The PL of the micro-pSi after the first and second functionali-
zation steps (resulting in carboxyl- and amine-micro-pSi,
respectively) was investigated and monitored over time. Fig. 2
reports the photoluminescence excitation (PLE) spectrum
(detection wavelength 600 nm) of the carboxyl-micro-pSi
(continuous trace) and the amine-micro-pSi (dashed trace). The
PLE spectrum of carboxyl-micro-pSi is broader and centred at
about 350 nm. The amine-micro-pSi PLE spectrum is shifted
toward the blue region, probably because of partial oxidation
induced by the amino groups.”* PL emission of the carboxyl-
micro-pSi and the amine-micro-pSi (continuous and dashed
spectra, respectively) is reported in Fig. 3, left panel, for exci-
tation at 350 nm. In both spectra, the typical broad emission
characteristic of nanostructured silicon®** with a maximum
around 590-610 nm is present. This peak is blue shifted, and it
is about 20 nm narrower in the case of the amine-micro-pSi.
However, the PL spectrum of amine-micro-pSi displays another
significant emission at 420 nm, which is neither typical of the Si
nanocrystals obtained by pSi sonication® nor is observed in the
spectrum of the carboxyl-micro-pSi. This band is characterized
by a larger energy band-width with respect to that in the 590-
610 nm range (the half-height band-width is 563 meV for the

6348 | J. Mater. Chem. B, 2014, 2, 6345-6353

emission at 420 nm and about 450 meV for that of the amino
and carboxyl-micro-pSi at 590-610 nm). From the data of Fig. 2,

where we showed also the PLE spectrum of the amine-micro-pSi

PLE Int. /arb. units

0.0

T T T T T T
300 350 400 450 500 550
Wavelength /nm

Fig. 2 Excitation spectra of functionalized micro-pSi. Solid trace: PLE
of carboxyl-micro-pSi, the emission wavelength was 600 nm; dashed
trace: PLE of amine-micro-pSi, the emission wavelength was 600 nm;
dotted trace: PLE of amine-micro-pSi, the emission wavelength was
420 nm.
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Fig. 3 Emission spectra of functionalized micro-pSi. The solid trace is
for the carboxyl-micro-pSi and the dashed trace for the amine-micro-
pSi. Left panel: excitation 350 nm. The sharp peak at 700 nm wave-
length in the amine-micro-pSi sample is related to the second order of
the spectrometer grating. Right panel: excitation 405 nm.

at a detection wavelength of 420 nm (dotted trace), it appears
that the emission at 600 of the amine-micro-pSi (dashed trace)
is excited with wavelengths in the 260-500 nm range, with a
maximum at about 300 nm. Conversely, the emission at 420 nm
(Fig. 2, dotted trace) has two main excitation peaks at about 275
and 350 nm. It appears also that both the carboxyl-micro-pSi
and the amine-micro-pSi can be excited at 405 nm (which is the
excitation wavelength used in confocal microscopy, see later
on). The corresponding emission spectra are shown in Fig. 3,
right panel, for the carboxyl-micro-pSi (continuous trace) and
amine-micro-pSi (dashed trace). From this figure it appears that
the emission in the blue region of the amine-micro-pSi by
exciting at 405 nm is still intense and red-shifted, due to the
proximity between excitation and emission wavelengths. The
different peak feature and intensity of the PLE spectra acquired
by looking at the two maximum emission peaks (as shown in
Fig. 2) suggest that different mechanisms are responsible for
the orange and the blue emission. The origin of the orange
emission was attributed to quantum confinement effects in the
silicon cores and to interfacial defects.”” The blue one has been
described for amine capped nanocrystals and attributed to the
nitrogen impurities introduced at the silicon/silicon oxide
interface.*

The PL degradation due to the ageing effect of the amine-
micro-pSi in ethanol is very slow (we did not notice any
detectable decrease after 8 months). Conversely, in water the PL
half-life is about 3 days, as shown in Fig. S4 (ESIf), and is
comparable to the half-life of the oxidized micro-pSi.** The PL
decrease in water is clearly accompanied by the oxidation and
dissolution of pSi. In fact, the emission band shifts toward
shorter wavelength, in particular in the 600 nm region. To prove
that dissolution occurs, we suspended the amine-micro-pSi (0.9
mg mL ") in water (10 mL) for 10 days under gentle shaking and
then centrifuged the sample. The amount of the collected
precipitate (approximately 0.3 mg mL ') was consistently
decreased with respect to the starting suspended sample
amount.

3.3 Lifetime measurements

The long emission lifetime (5-13 ps) of micro-pSi is expected to
open new perspectives to in vivo fluorescence imaging since

This journal is © The Royal Society of Chemistry 2014
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long-living emitters allow the elimination of tissue auto-fluo-
rescence, which is a major obstacle confounding interpretation
of in vivo fluorescence images. The functionalization process
could affect the PL lifetime, since the radiative recombination
rate is increased not only by quantum confinement but also by
surface effects.*** The time trace of the PL intensity of the
carboxyl- and amine-micro pSi, shown in panel (a) of Fig. S5 in
the ESIT (excitation at 350 nm and emission at 600 nm), was
fitted by a stretched exponential function and a lifetime of
about 18 ps was found for both samples with a § value of 0.85.
Since the major band of the PL spectrum of amino-micro-pSi is
broad (the spectral peak spans over the range between 560 and
640 nm), we investigated the lifetime behaviour at different
wavelengths. The experiment was performed by exciting at 350
nm the amine-micro-pSi suspended in ethanol, and the emis-
sion was monitored from 550 to 650 nm, taking an acquisition
every 10 nm. The parameters ¢ and t we obtained are reported
in Fig. S5 panel (b) (ESIt). The long lifetimes together with their
linear increase at increasing wavelength (the lifetime increases
from 10 to 32 ps in the interval 550-650 nm) suggest that the
quantum confinement regime holds for the PL emission of the
crystallites forming the porous matrix of the micro-pSi
particles.*®*>*

The time trace of the blue band is shown in Fig. S6% (exci-
tation at 375 nm and emission at 420 nm). A single exponential
decay function was fitted to the experimental data and the
resulting lifetime was found to be about 4 ns. This short lifetime
is comparable with previous reports on blue emission from
defects or impurity sites in silicon nanostructures upon expo-

sure to nitrogen containing reagents.*>*

3.4 Effects on human dendritic cells

The cell uptake of micro-pSi was tested on human DCs since
these cells mediate the immune response and are the prefer-
ential target of nanovaccines.** We performed experiments to
analyse whether the micro-pSi affect human DC viability and/or
cytokine release. The analysed cytokines include IL-12 that
stimulates natural killer cells and T lymphocytes, as well as IL-
23, which induces the secretion of pro-inflammatory mediators
by T cells.*>*® Moreover, we tested IL-6, IL-1B, and TNF-o. which
elicit the systemic acute phase reaction, characterized by fever,
headache, anorexia, nausea, emesis, and changes in the sleep-
wake cycle.””»**® Human blood monocytes were cultured for 5
days with GM-CSF and IL-4 to obtain DCs, which were then
challenged with various doses of micro-pSi or with lipopoly-
saccharide (LPS), a well-known bacterial immune cell stimu-
lator, as a positive control. Fig. 4 shows the results of Annexin V
staining experiments indicating that 24 hour exposure to
different concentrations of carboxyl- and amine-micro-pSi did
not induce DC apoptosis, even when a dose of 1 mg mL ™" was
added to the cells.

This finding is relevant considering that this dose is
extremely high for the standard in vitro DC stimulation proto-
cols. A 24 hour treatment of DCs with LPS did not affect cell
viability (data not shown). We then analysed whether amine- or
carboxyl-micro-pSi stimulate the release of pro-inflammatory

J. Mater. Chem. B, 2014, 2, 63456353 | 6349
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Fig.4 Cellviability of human dendritic cells. DCs were treated with the
indicated doses of carboxyl- and amine-micro-pSi for 24 hours. The
incubation volume was 1 mL. The results are the mean + SD of three
experiments.

cytokines by DCs. Fig. 5 illustrates an ELISA assay performed on
DC culture supernatants showing that the amine-micro-pSi did
not stimulate the release of 1L-12, IL-23, IL-1f, IL-6 or TNF-a by
DCs. This lack of toxicity is in line with the findings of Fisichella
et al.* who showed that amine derivatized mesoporous silica
microparticles elicit no toxic effect on cells and with the
emerging opinion that the interaction of nanomaterials with
the immune system necessitates careful assessment of nano-
material toxicity.>

Similar results have been obtained upon DC treatment with
carboxyl-micro-pSi (not shown). These results also demonstrate
that micro-pSi suspensions are not contaminated by microor-
ganisms or their derivatives capable of stimulating the immune
cells.”* For the purpose of exploiting the intrinsic luminescence
of these microparticles, DCs were incubated with 0.5 mg mL ™"
of carboxyl- or amine-micro-pSi. The particles were ingested by
the cells by an endocytosis mechanism as reported by Serda
et al. for discoidal micro-pSi.>> After 24 hours, the particle
cellular uptake was visualized by confocal microscopy using
different excitation wavelengths and detection channels. Fig. 6

IL-12 IL-23 IL-1
30 1000 600:
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E E g 40
=) o S0 >
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Fig. 5 Analysis of cytokine production by DCs treated for 24 hours
with different doses of amine-micro-pSi or LPS used as the positive
control. The results are the mean + SD of three experiments.
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micro-pSi

Fig. 6 Confocal microscopy images of DCs treated with 500 pg of
amino-micro-pSi (in green). After 24 hour incubation the cells were
fixed and stained with Phalloidin to label filamentous F-actin (red). One
representative experiment of three is shown. (A) Internal z-stack of a
general field and (B) a zoom-in of (A).

(panel A) shows a confocal image from which it appears that
amine-micro-pSi are efficiently internalized by human DCs and
preserve a bright emission in the red region. The panel B is the
zoom-in of the panel A field area enclosed in dashed lines,
highlighting a cell showing an ingested particle. Similar results
have been obtained using carboxyl-micro-pSi (results not
shown), indicating that the presence of amine or carboxyl
functionalities on the pSi surface did not change the particle
uptake by DCs. In average 1.5 micro-pSi per cell were observed,
corresponding to an ingested pSi volume of about 0.3 pum?
(0.05 um?® of silicon).

Fig. 7 shows the excitation at 405 nm, which corresponds to
the highest photon energy usually available for conventional

Emission 500-550 nm Emission 600-670 nm

amine-micro-pSi

Excitation 405 nm

Fig. 7 Confocal microscopy analysis of amine- and carboxyl-micro-
pSi ingested by DCs. The excitation is set at 405 nm and the emission
collected in the green (left panel) and red (right panel) region.
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Fig. 8 Confocal microscopy images of an amine-micro-pSi. Excita-
tion at 405 nm. Left top: emission collected in the range 500-550 nm;
right top: emission collected in the range 600-650 nm; left bottom:
bright field image; right bottom: merged image.

confocal microscopes, and acquiring the images with the red
and green detection channels. This figure shows that the amine-
and carboxyl-micro-pSi luminescence can be detected both at
500-550 nm (green) and 600-670 nm (red). In Fig. 8 we show the
image of a single amino-micro-pSi particle obtained by excita-
tion at 405 nm and acquisition in the green and red regions.
The merged image is shown in the bottom right panel. The
corresponding emission spectrum in the red region acquired by
a single-particle detection set-up (excitation at 488 nm) is shown
in Fig. 9. These data demonstrate that single amine-micro-pSi
can be imaged and analysed both by a spectral or an imaging
apparatus. Moreover, the broad PL of these microparticles
provides a signal traceable by both green and red channels. This

1500

1000 -
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PL Int. / a.u.

O T T T T T T T M T T 1
500 550 600 650 700 750 800 850
Wavelength / nm

Fig. 9 PL emission from an amine-micro-pSi particle. Excitation at
488 nm.
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property can help the intracellular localization of the micro-pSi
or the tracking of the labelled cell, since the spectral region of
detection can be chosen to be the one with lower interference
from other fluorescence signals or from the background.

4 Conclusions

We were able to set-up a simple and well-assessed fabrication
procedure and a functionalization protocol to obtain positively
or negatively charged organic coating on micro-pSi. Fluores-
cence spectra show that the bright PL characteristic of native pSi
is retained after functionalization. In addition to the pSi orange
emission band (centred in the range 590-610 nm) related to
quantum confinement, after introducing the amino groups a
second emission band in the blue region (at about 420 nm)
appears. This emission shows a different excitation pathway
(confirmed by the lifetime range) and seems to be related to
surface defect states introduced by the reaction with the
diamine. We demonstrated that the micro-pSi particles are
uptaken by primary human DCs and this process is not asso-
ciated with a decrease in cell viability, even when the cells are
incubated with very high concentrations of both amine- or
carboxyl-micro-pSi. Furthermore, we did not observe any stim-
ulation of the secretion of pro-inflammatory cytokines by DCs,
suggesting that the particles do not activate these immune cells.
The organic coating layer introduced by functionalization
allows the microparticles to be effectively swallowed by DCs,
indicating that these particles are good candidates as delivery
vehicles to the immune cell system of drugs and anticancer
vaccines. Finally, we clearly demonstrated by confocal micros-
copy that the optical properties of the micro-pSi studied here
can be used to monitor the intracellular localization of the
particles. This paper contributes significantly to the under-
standing and the successful exploitation of different emission
mechanisms of pSi to perform a bio-medical experiment with a
standard confocal microscope. The highly porous structure, in
conjunction to the optical features and the absence of toxic
effects, proposes these silicon microparticles as superior
delivery vehicles traceable by conventional optical microscopes
in cell cultures or in the tissue surface. A further improvement
will be the use of the emerging multiphoton near-infrared
microscopy techniques®®* which are expected to allow the
microparticle localization at deeper (up to 500 pum) imaging
depth.
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