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Multiple dye-doped NIR-emitting silica nanoparticles
for both flow cytometry and in vivo imaging
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DOI: 10.1039/x0XX00000X Dye-doped near infrared-emitting silica nanoparticles (DD-NIRsiNPs) represent a valuable tool in

bioimaging, because they provide sufficient brightness, resistance to photobleaching and consist of
vww.rsc.org/ hydrophilic non-toxic materials. Here, we report the development of multiple dye-doped NIR emitting

siNPs (mDD-NIRsiNPs), based on silica-PEG core-shell nanostructures doped with a donor-acceptor
couple, exhibiting a tunable intensity profile across the NIR spectrum and suitable for both
multiparametric flow cytometry analyses and time-domain optical imaging. In order to characterize the
optical properties and fluorescence applications of the mDD-NIRsiNPs, we have characterized their
performance by analyzing their in vivo biodistribution in healthy mice as well as in lymphoma bearing
xenografts, and their suitability as contrast imaging agents for cell labeling and tracking. The mDD-
NIRsiNPs features will be useful in designing new application for imaging agents based on silica
nanoparticles for different experimental disease models.

Introduction the NP core and "tissue specific targeting" molecules on NP

surface.’ The versatility of synthetic NPs allows to provide

In the rapidly expanding field of biomedical imaging, there is a contrast enhancement, binding specificity, improved stability

need for non-toxic, photostable and bright tools for fluorescent 10

and prolonged blood half-life.© Among the nanomaterials,

imaging. Optical imaging, based on fluorescence labeling, is in fluorescent dye-doped NIR-emitting silica nanoparticles (DD-

fact extensively applied to obtain functional information in vivo NIRsiNPs) have demonstrated excellent potential for

over time for the preclinical assessment of antibody binding, applications in advanced bioanalysis %12 DD_NIRsiNPs

protein expression, enzymatic activities and cell tracking. For represent a valuable tool in bioimaging, since they provide

these reasons, it represents a rapidly improving technology for sufficient brightness and photostability and consist of

several applications.'® In particular, optical imaging that 13-15

. . ) hydrophilic non-toxic materials.
exploits near-infrared (NIR) fluorescent light, has emerged as a In this work, we have developed multiple dye-doped NIR
emitting siNPs (mDD-NIRsiNPs) suitable for both time domain

(TD) optical imaging and multiparametric flow cytometry

tool also in the clinical context in order to provide real-time,
intraoperative, high-contrast delineation of both normal and
pathologic tissues and offers new prospects for general and

analyses. In order to characterize the optical properties and

oncologic surgery.” Indeed, fluorescence-guided surgery has the fluorescence imaging applications of these mDD-NIRsiNPs, we

tential to impr ancer surger tcomes, aiding surgeons . . . S
pote o improve cancer surgery outcomes, aiding surg have characterized their performance by analyzing their in vivo

inthe identification and removal of malignant lesions. biodistribution in healthy mice as well as in lymphoma bearing

Therefore, over the last years much effort has gone in proof-of- xenografts, and their suitability as contrast imaging agents for

concept clinical trials in this field.® cell labeling and tracking.

Despite the fact that several optical imaging approaches
have been developed, there is an increasing need of more Results and Discussion
effective optical imaging probes beyond the approved

indocyanine green (ICG).” In this context, significant advances Synthesis and characterization of mDD-NIRsiNPs
have led to a variety of fluorescent labeling probes based on
nanomaterials (nanoparticles; NPs), which allow to store large
payloads of imaging contrast agents and/or therapeutics within

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1
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Table 1: Doping characteristics of the NPs samples presented in this study.

SiNPs sample % Dye* uL TEOS mmol
NP-1 0.1 Cy5.5 180 0.8
NP-2 0.2 Cy5.5 180 0.8
NP-3 0.2 Cy5.5-0.1 Cy7 180 0.8
NP-4 02 Cy5.5-02 Cy7 180 0.8

*doping ratio =

Cy5.5" Cy7"
pmol mg pmol mg
0.8 0.65 - -
1.6 1.30 - -
1.6 1.30 0.8 0.71
1.6 1.30 1.6 1.42

[mol(dye)/mol(TEOS)]*100; °Cy5.5 and Cy7 were introduced in the reaction mixtures using pristine dichloromethane solutions.

The brightness of DD-NIRsiNPs depends both on the doping
degree and on their photo-physical properties, since it is the
result of a balance between the number of the dyes within the
particle (that typically leads to an increase of the absorption
coefficient) and their quantum yield. In the effort to design
improved DD-NIRsiNPs we choose a core-shell silica-PEG
structure to confer high colloidal stability properties, both in
vitro and in vivo, with strongly reduced aggregation behaviour
even in the presence of proteins.'® '*  For optical imaging
probes, as well as for cytometric applications, absorption
emission properties suitable for our instrumentations was
achieved doping our siNPs with the Cy5.5 dye (Scheme 1 and
Table 1: NP-1 and NP-2), whose polarity was suited for its

insertion in the nanoparticle silica core.
Vé;ﬁl _TEOS W;ﬁ'{” Dialysis %ﬁl NP-1
K{f&* NP-2
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Scheme 1 Doping dyes (Cy5.5 and Cy7) and schematization of the synthetic
procedure used for the synthesis of the DD-NIRsiNPs (NP-1 and NP-2) and mDD-
NIRsiNPs (NP-3 and NP-4) samples described in this work.

However, we found that this dye is considerably prone to
aggregation, causing two main problems, both affecting total

brightness: a loading inside the silica matrix lower than

expected, and the occurrence of self-quenching processes,'*!°
which lead in this case to a large decrease of the fluorescence
quantum yield of the Cy5.5 dye inside the nanoparticles respect

to the one observed in solution (see Table S1).

This journal is © The Royal Society of Chemistry 2013

In particular,
encountered and, with suitable strategies,

while the second effect has been already
17. 18 minimized, the
first one was quite unexpected. To circumvent these problems,
we doped the DD-NIRsiNPs with two different cyanine dyes.
The idea was to evaluate if the decrease in the probability of
having aggregation among the same kind of dye could increase
the siNPs doping and decrease the self-quenching phenomena.
In addition, we also expected to have, at the same time, the
beneficial effect of the presence of multiple signals.” ' For this
purpose, synthesized mDD-NIRsiNPs containing the
alkoxysilane derivative Cy5.5 in combination with the IR813
alkoxysilane dye derivative Cy7 (Scheme 1, Table 1: NP-3,
NP-4 and ESIY). Different siNPs preparatives were synthesized
by using increasing doping ratios of Cy5.5, used either alone
(DD-NIRsiNPs; NP-1, NP-2) or in combination with Cy7
(mDD-NIRsiNPs; NP-3, NP-4), at two different Cy5.5:Cy7
molecular ratios (2:1, 1:1, Table 1). The synthesized siNPs
present the typical absorption bands of Cy5.5 (645 nm, 693 nm)
and Cy7 (828 nm). Additional morphological and
photophysical properties of the siNPs are reported in ESIF.

As shown in Fig. 1, the four different siNP formulations

we

were then assessed both by flow-cytometry as well as by optical
imaging. In particular, flow-cytometry assays, the
formulations were used for cell-labeling, as previously
reported.”’ Interestingly, mDD-NIRsiNPs doped with both
fluorophores (NP-3 and NP-4) resulted in a signal detectable in
the FL4 channel of the flow-cytometer, with a mean
fluorescence intensity (NP-3 = 130; NP-4 = 100) significantly
improved with respect to DD-NIRsiNPs doped with only Cy5.5
(NP-1 = 16; NP-2 = 25) (Fig. 1A-B), showing that our approach
was effective in increasing the siNPs brightness, because of a

for

higher fluorescence quantum yield and a higher number of
Cy5.5 per nanoparticle. Similar results were obtained by
comparing the fluorescence of the different mDD-NIRsiNPs
samples with a small-animal TD fluorescence imager, with NP-
3 exhibiting the best result with our experimental set up in
terms of emission intensity, not only respect to NP-1 and NP-2
(Cy5.5, DD-NIRsiNPs) but also with respect to double dye NP-
4 having comparable Cy5.5 but the highest Cy7 content (Fig.
1C). The NP-3 and NP-4 samples have in fact very similar
overall quantum yields (®np3 = 0.08, dypy = 0.06), but

J. Name., 2013, 00, 1-3 | 2
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different energy transfer (38% and 70%,
respectively).

The NP-3 and NP-4 presented absorption and fluorescence
emission properties related to their different donor-acceptor
ratio, as shown in Fig. 1D. In particular, an increase in the
Cy5.5 fluorescence intensity was observed at lower Cy7

concentration (NP-3). The presence of a higher Cy7

efficiency
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Fig. 1. Characterization of the flow-cytometric and optical imaging performance of the DD-NIRsiNPs and mDD-NIRsiNPs. (A-B) Cells were incubated with the indicated
siNP preparatives at 37°C for 18 hours, to allow siNP cell internalization, before analyses by flow cytometry. (A) The fluorescence intensity of the DD-NIRsiNPs- and
mDD-NIRsiNPs-labelled cells, detected selectively on the FL4 channel, is indicated by the light grey histograms. On the right panels, the overlays compare the
fluorescence intensity of the double dye-doped NP-3 [Cy5.5+Cy7] either with the unlabeld cells (Unlab.) or with the single dye-doped NP-1 [Cy5.5]. (B) Flow-
cytometric analyses of siNP-labeled cells are shown as dot plots; percentages of the positive cells (into the lower right quadrant) are indicated. (C) Equimolar aliquots
of the siNP preparatives were placed on a paper substrate before analysis of the fluorescence with a time-domain fluorescence imager Optix. Results are expressed as
meanstSD of experiments performed in triplicate. (D) Comparison of absorption and emission spectra of the double dye-doped [Cy5.5+Cy7] samples NP-3 and NP-4.
(A-D) For each set of analyses, representative results out of three independent experiments are shown.

profile matching more properly our experimental setup, with an
improved brightness with respect to the other samples. For
these reasons, we have chosen the sample NP-3 for the
subsequent in vivo experiments carried out with our equipment.
On the other hand, NP-4 could be conveniently used when
optical imagers and/or cytometers have detectors in the 800 nm
region.

Whole-body and ex vivo NIR fluorescence: analysis and
biodistribution of mDD-NIRsiNPs

In the first set of experiments, NP-3 nanoparticles were deeply
analyzed for their biodistribution. For this purpose, BALB/c

mice were injected intravenously (i.v.) via the tail vein with 1
nmol of mDD-NIRsiNPs and analyzed by optical imaging.
Whole-body fluorescence analysis revealed a diffuse
distribution throughout the body of the mouse, at few minutes
after i.v. injection of the mDD-NIRsiNPs and, within the first
24 hours, a strong signal was clearly detectable mainly in the
liver and intestine decreasing over time (Fig. 2A). Of note, the
mDD-NIRsiNPs associated fluorescent signal in the gastro-
intestinal tract was highlighted by feeding the animal with
special low-fluorescent chow. The fluorescence decay of mDD-
NIRsiNPs was measured in vitro and a double exponential
model was appropriately fitted (3> = 1.03). This provided the
possibility to discriminate in vivo between the tissues and the

This journal is © The Royal Society of Chemistry 2012

mDD-NIRsiNPs based both on fluorescence intensity and
distinct lifetime profiles (data not shown).

To further investigate the extent of mDD-NIRsiNPs
accumulation in the organs and tissues, mice were sacrificed at
either 24 hours or 96 hours after i.v. injection of the mDD-
NIRsiNPs, for ex vivo optical imaging analysis of explanted
organs (i.e. kidneys, heart, spleen, brain, lungs, stomach,
intestine, liver). This approach excludes any potential influence
due to autofluorescence and scattering within the body and fur,
thereby increasing both specificity and sensitivity of the probe
detection. As shown in Fig. 2B-C, fluorescence intensity of the
explanted organs was comparatively determined. At 24 hours
after mDD-NIRsiNPs injection, the highest fluorescence signal
was documented in the liver followed by intestine, kidneys,
stomach, heart and lungs with the lowest signal observed in the
spleen and in the brain (Fig. 2C). At 96 hours after mDD-
NIRsiNPs injection, the isolated organs showed an overall
decrease of the signal with respect to the 24 hours, with the
highest fluorescence signal still in the liver and lowest signal in
the heart and the brain (Fig. 2C), confirming the preferential
localization of mDD-NIRsiNPs in the liver and a significant
presence in the gastrointestinal tract. The localization of the
mDD-NIRsiNPs  within the organs validated Dby
fluorescence microscopic examination of tissue cryosections
obtained from the explanted organs at 24 hours after mDD-

was

J. Name., 2012, 00, 1-3 | 3
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NIRsiNPs injection. Among the organs evaluated, maximum
fluorescence signal was confirmed in the liver, which exhibited
a homogeneously distributed NIR fluorescence along with NIR
fluorescent spots, consistent with clusters of mDD-NIRsiNPs in
the hepatic parenchyma (Fig. 2D). On the other hand, in
contrast with the ex vivo analysis of the organs, negligible NIR
fluorescence was observed in the small intestine wall sections
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(Fig. 2D). This apparent discrepancy was consistent with the
presence of the mDD-NIRsiNPs in the feces (data not shown).
Therefore, the overall observations derived by whole-body and
ex vivo analyses are consistent with the excretion of the silica
based nanostructures by the hepatobiliary way.'® It is of interest
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B g
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Fig. 2. Biodistribution of mDD-NIRsiNPs. BALB/c mice were injected intravenously (i.v.) via the tail vein with 1 nmol of mDD-NIRsiNPs and analyzed by optical imaging.
(A) Whole-body scan of a representative mouse in supine position; fluorescence intensity images were acquired at the indicated time post-injection and are displayed
in normalized counts (NC). (B and C) Mice were sacrificed at either 24 hours or 96 hours after i.v. injection of the mDD-NIRsiNPs, for ex vivo optical imaging analysis of
the explanted organs. (B) Ex vivo imaging of organs explanted at 96 hours after mDD-NIRsiNPs administration are shown: 1, kidneys; 2, heart; 3, spleen; 4, brain; 5,
lungs; 6, stomach; 7, intestine; 8, liver. (C) Ex vivo profile of mDD-NIRsiNPs distribution at 24 hours and 96 hours after i.v. injection. Data are expressed as meanstSD
of three independent experiments. (D) Representative fluorescence microscopy images of cryosections obtained from organs explanted from the mDD-NIRsiNPs
injected mice. DAPI staining was carried out to visualize cell nuclei, which appear in blue, while mDD-NIRsiNPs appear in red; fluorescence images have identical
exposure times to allow fluorescence comparison among tissues (liver, bar=150um; intestine, bar=100um; kidney, 50um). The arrows into the inset indicate siNPs-

clusters in the hepatic parenchyma (bar=5um).

to note that, although microscopy of kidneys sections revealed a
diffuse fluorescence signal (Fig. 2D), we did not detect any
fluorescence in urine samples, indicating that the mDD-
NIRsiNPs are above the threshold for renal clearance. These
observations are in line with data previously reported showing
that molecules with a hydrodynamic diameter > 8 nm do not
typically undergo to glomerular filtration.?'

mDD-NIRsiNPs as contrast agent for in vivo tumor imaging and
cell tracking

4| J. Name., 2012, 00, 1-3

Having characterized the biodistribution of mDD-NIRsiNPs in
healthy mice, next experiments were carried out with the aim to
evaluate the potential tumor-targeting properties of the mDD-
NIRsiNPs.? For this purpose, the JVM-2 human leukemic cells
were injected subcutaneously in SCID mice (107 cells/mouse),
causing the formation of a tumor of an average size of 0.6-0.7
cm diameter in 12-15 days after injection.”> At this point,
subcutaneous tumor-bearing mice were i.v. injected with the
mDD-NIRsiNPs and monitored for up to 48 hours (Fig. 3A). At
24 hours post-injection, in vivo whole-body TD optical imaging

This journal is © The Royal Society of Chemistry 2012
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Fig. 3. Application of mDD-NIRsiNPs as contrast agent for in vivo tumor imaging. SCID mice (n=8) were subcutaneously injected with JVM-2 cells (107 cells/mouse) and,
when xenograft tumors reached the size of 0.6-0.7 cm diameter, mice were either left untreated or i.v. injected with the mDD-NIRsiNPs. (A) Whole-body scan of a
representative tumor-bearing mouse. Fluorescence intensity images were acquired at the indicated time post-injection; arrows indicate the tumor site. (B) Ex vivo

imaging of the tumor mass explanted from mouse either left untreated or injected

with mDD-NIRsiNPs. IHC analysis documents that the tumors derive from the s.c.

injected CD20" JVM-2 cells (original magnification x200). Representative results are shown.
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Fig. 4. mDD-NIRsiNPs allow multiparametric analysis in flow-cytometry. Cells were either left untreated or incubated with mDD-NIRsiNPs at 37°C for 18 hours, to
allow siNPs cell internalization, before analyses by flow cytometry in combination with antibodies (Ab) for cell surface antigens. (A) MSC cells were labelled with mDD-
NIRsiNPs along with both CD90 and CD105 Ab, using three different flow-cytometric channels. (B) JVM-2 cells were labelled with mDD-NIRsiNPs along with the B-cell
specific CD19 Ab. Flow-cytometric analyses of multi-labeled cells are shown as two-colours dot plots in which co-expression (of either 2 different antigens or
antigen+NP) is documented by localization of the cells in the upper right quadrant. Irr., isotype-matched control Ab. The results show that mDD-NIRsiNPs
fluorescence does not interfere with the fluorescence (FITC, PE) of Ab used for phenotypical cell characterization. Representative results out of three independent

experiments are shown.

clearly revealed a significant accumulation of mDD-NIRsiNPs
in the tumor site, with a fluorescence that clearly delineated the
subcutaneous tumor mass from the background of the
surrounding tissues. The whole-body observations

confirmed by the ex vivo analysis of the explanted tumor

were

This journal is © The Royal Society of Chemistry 2013

masses, which allowed to confirm the localization of the mDD-
NIRsiNPs-fluorescence signal into the JVM-2-derived tumor
mass (Fig. 3B). At 48 hours after injection, although mDD-
NIRsiNPs uptake was mainly in the liver, according to the
hepatobiliary excretion, mDD-NIRsiNPs fluorescence was still

J. Name., 2013, 00, 1-3 | 5
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retained into the tumor mass to a significant extent. Our results
clearly demonstrate the capacity of the circulating mDD-
NIRsiNPs to passively localize into tumors due to the enhanced
permeability and retention (EPR) effect, which is the result of
leakiness of the tumor vasculature and impaired lymphatic
drainage.”* Of note, the tumor-targeting properties of mDD-
NIRsiNPs could be suitable for important applications such as
tumor imaging (for diagnostic purposes and for intraoperative
image guidance) and/or to deliver drugs encapsulated in the
mDD-NIRsiNPs core to the tumoral sites.

The lack of cell toxicity associated to these silica based-NPs,'”
20 coupled to the fluorescence properties of the mDD-
NIRsiNPs, allow their use for cell-labeling also in combination
with specific surface cell antigens (conjugated to different
fluorophores), as exemplified in Fig. 4A-B. To assess whether
the mDD-NIR-siNPs can efficiently be used for applications
combining flow-cytometry with optical imaging, we have next
investigated the possibility to track in vivo cells labeled with the
mDD-NIRsiNPs.?* For this purpose, JVM-2 cells were labeled
with mDD-NIRsiNPs and the efficiency of the intracellular
uptake was verified by flow-cytometry (Fig. 4B), before s.c.
injection in SCID mice. Injected mice were then monitored
daily by whole-body TD optical imaging. As shown in Fig. 5A,
a strong fluorescent signal was detectable in the injection site
for 3 days after cell inoculation and, although the signal
decreased progressively over time, it was still visible for 12

6 | J. Name., 2012, 00, 1-3

RSC Advances

days. Of note, the signal was still associated to the mDD-
NIRsiNPs-JVM-2 labeled cells, and not derived from cell-free
nanoparticles, as confirmed by a couple of important evidences:
1) ex vivo and IHC analyses of the explanted subcutaneous
tissue documented a co-localization of the fluorescence and of
the human CD20 antigen (the marker of JVM-2 cells),
respectively (Fig. 5B); 2) from day 8 onward a subcutaneous
tumor mass became macroscopically detectable at the injection
site (Fig. 5C), with a kinetics of growth in the next days
comparable to that observed in mice injected with unlabeled
JVM-2 (data not shown). Therefore,
capacity of mDD-NIRsiNPs-labeled cells provides a tool to

the tumor-forming

monitor both the cell localization upon injection and the site of

tumor  development, anticipating/substituting  eventual
macroscopic manifestations or autoptic examinations in animal

models.

Experimental

Nanoparticles synthesis

The preparation of core-shell silica-PEG (polyethylene glycol)
dye doped nanoparticles was obtained adapting existing
procedures (Scheme 1).'” '® For the preparation, 100 mg of

Pluronic F127 and the desired amount of alkoxysilane dye(s)

This journal is © The Royal Society of Chemistry 2012
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Fig. 5. In vivo cell tracking using mDD-NIRsiNPs as cell labeling probe. JVM-2 leukemic cells were either left untreated or incubated with mDD-NIRsiNPs at 37°C for 18
hours, to allow siNPs cell internalization, before s.c. injection in SCID mice (107 cells/mouse). (A and B) Whole-body scan of a representative mouse injected with
mDD-NIRsiNPs-labeled JVM-2 and ex vivo imaging of the explanted subcutaneous tumor mass. Microscopic analyses of tumor sections stained with haematoxylin and

eosin (H&E) and anti-human CD20 staining (original magnification x200) confirm the

co-localization of the in vivo and ex-vivo fluorescence signal with the s.c. injected

CD20+ JVM-2 cells. (C) At the indicated time post-injection of the labeled cells, fluorescence intensity images were acquired from whole-body scan of 5 mice and

results are expressed as means+SD.

(Table 1) were solubilized with a small amount (~ 1.0 mL) of
dichloromethane in a 20 mL glass scintillation vial. The solvent
was then evaporated from the homogeneous solution under
vacuum at room temperature.NaCl (68 mg) was added to the
solid residue and the mixture was solubilized at 25°C under
magnetic stirring with 1560 pL of acetic acid 1.0 M. TEOS
(180 puL, 0.8 mmol) was then added to the resulting aqueous
homogeneous solution followed by TMSCI (10 pL, 0.08 mmol)
after 180 min. The mixture was kept under stirring for 48 hours
at 25°C before dialysis treatments. The dialysis purification
steps were carried out versus water on a precise amount of
nanoparticles solution (1500 pL) finally diluted to a total
volume of 5.0 mL with water.

Cells

JVM-2 B leukemic cell line was purchased from DSMZ
(Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH, Braunschweig, Germany) and cultured in RPMI-1640
medium containing 15% FBS, L-glutamine,

This journal is © The Royal Society of Chemistry 2012

penicillin/streptomycin, supplemented with glucose 4.5 gL',
sodium pyruvate 1 mM, sodium bicarbonate 1.5 gL™', HEPES

10 mM (Gibco, Grand Island, NY).

Human bone marrow-derived mesenchymal stromal cells
(MSC) were isolated as previously reported.”> MSC cell
preparations were homogenously CD105+, CD90+, CD34-,
CDA45-, CD14-, which is a typical MSC surface antigen profile,
and were routinely cultured in MSC-Growth Medium (MSC-
GM; Lonza, Walkersville, MD).

Flow cytometry analyses

Cell labeling performance and/or efficiency of the single and
multiple DD-NIRsiNPs was quantitatively evaluated by flow
cytometry using a FACSCalibur Analyzer (Becton-Dickinson,
San Jose, CA) equipped with a 488 nm laser and a 635 nm
laser, spatially separated. The filters used in our FACSCalibur
provide the measurement of green (515-545 nm; FL1), yellow
(564-606 nm; FL2), red (> 670 nm; FL3) fluorescences excited
at 488 nm. The FL4 filter (653-669 nm) is used to measure the
red fluorescence excited at 635 nm. This is possible because of

J. Name., 2012, 00, 1-3 | 7
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the particular hardware/elettronic setting, which allows the
detection by the FL4 detector of the signals that have been
exited by the 635 nm laser. For labeling of JVM-2, cells were
seeded at 10° mL-1 in fresh medium before the addition of
siNPs (10 nM). JVM-2 cultures were then placed at 37°C, 5%
CO,, for 18 hours. For cell labeling of adherent MSC cultures,
siNPs were directly added to the medium of sub-confluent cell
layer. Cultures were then kept at 37°C, 5% CO, for 18 hours.
After 18 hours of incubation, cells were washed with PBS and
incubated with 0.25% trypsin—-EDTA (to remove any eventual
residue of siNPs attached to the outside of cells and/or to detach
MSC cells from the flask) and analyzed by flow cytometry. For
multiparametric analysis, JVM-2 and MSC cultures, either left
untreated or labeled with siNPs, were then incubated with the
following monoclonal antibodies (Ab) recognizing cell-type
specific surface antigens: FITC-conjugated anti-human-CD19

anti-human-CD105 (Immunotech;
FITC-conjugated  anti-human-CD90
(Miltenyi Biotech, Auburn, CA). For cell surface staining,

and  PE-conjugated

Marseille, France),
5x105 cells were resuspended in 200 pL of PBS containing 1%
BSA (Sigma-Aldrich, St Louis, MO) and incubated 30 minutes
at 4°C with the conjugated monoclonal Ab (CD19 for the JVM-
2 B cells; CD90 and CD105 for the MSC). Non-specific
fluorescence was assessed by incubation of cells with isotype-
matched conjugated Ab (Becton-Dickinson). Data files were
collected and analysed using the CellQuest Pro software and
displayed as single histograms and as two-colours dot plots to
measure the proportion of double-positive cells.

Mice

Female BALB/c and SCID mice (4-6 weeks old) were
purchased from Harlan (Italy) and maintained under pathogen-
free conditions with ad libitum food and water, in accordance
with the guide for the care and use of laboratory animals. All
the experimental procedures were performed in compliance
with the guidelines of European (86/609/EEC) and Italian
(D.L.116/1992) laws and were approved by the institutional
animal ethical care committee of the University of Trieste and
by the Italian Ministry of Health. BALB/c mice were used for
the biodistribution analysis of the mDD-NIRsiNPs in normal
(healthy) settings, by i.v. injection of mDD-NIRsiNPs (1 nmol
in 150 pL PBS, corresponded to 4.2 nmol of Cy5.5). SCID
mice were used to establish xenograft tumor models by
subcutaneous (s.c.) inoculation on the left flank of 107 human
leukemic cells (JVM-2) resuspended in 100 pL of PBS.
Explanted subcutaneous tumor masses, after ex vivo imaging
acquisitions, were fixed in 10% buffered-formalin solution and
embedded in paraffin for histological analysis.

Optical imaging assessment

Equimolar aliquots (20 uM) of the fluorescent single or
multiple DD-NIRsiNPs preparatives were placed on a paper
substrate and comparatively analyzed with a time-domain
fluorescence imager Optix MX2 preclinical NIRF-imager
(Advanced Research Technologies, Montreal, CA). The same
equipment was adopted for the acquisition of in vivo data in
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mouse models, as previously described.?® Briefly, mice were
shaved prior to the scanning procedure in order to reduce
scattering of the signal from fur. Throughout all imaging
sessions, mice were anesthetized with vaporized isoflurane at
1.8-2.0 volume % (Sigma). The anesthetized mice were placed
inside the acquisition system and gently fixed on a heated block
(37°C) for the entire duration of data acquisition. Two-
dimensional regions of interest (ROIs) were selected, and laser
power, integration time (repetition time of the excitation per
raster point) and scan step size were optimized according to the
emitted signal. Prior to injection of the contrast agent (either
mDD-NIRsiNPs or mDD-NIRsiNPs-labeled cells), mice were
scanned to obtain background images. The background signal
intensity, recorded with the baseline image for each animal,
was subtracted from each post injection image. For ex vivo
optical imaging, the last in vivo whole-body imaging session
was followed by euthanasia of animals. The organs were
explanted and imaged with the same Optix system. For each
explanted organ, the average fluorescence intensity was
calculated within a region of interest covering the whole sample
and subtracted by the average fluorescence intensity within a
region of the same area in the corresponding explanted organ of
a control mouse (uninjected mouse). For selected mice,
explanted organs were snap-frozen in isopentane and cooled at
-80°C for tissue analysis.

Optical imaging results were

analyzed by reporting

fluorescence intensity values in normalized counts (NC)
representing the photon count for unit excitation laser power
and unit exposure time, allowing comparison among different
images. Fluorescence lifetime results were obtained by fitting
every fluorescence decay curve corresponding to each pixel
measured by Optix using the Levenberg Marquet least squares

method.”’

Tissue analyses

For fluorescence microscopy, sections of 7- and 12-pm
thickness were cut from frozen organs with a cryostat at -20°C.
Glass slides were kept at 4°C at dark and Vectashield Mounting
Medium with DAPI (Vector Laboratories, Burlingame, CA),
diluted 1:1 with PBS, was used to stain cell nuclei. Fluorescent
images were acquired by using an inverted microscope with a
CCD camera (DVC-1412AM monochrome digital camera QE
> 62% at 550nm) and the objectives lens 10x, 40x and 63x (NA
1.63) immersion oil.

For histological analysis, 5 um thick sections were cut from
blocks
Immunohistochemistry was performed by using the primary Ab

paraffin and stained with haematoxylin-eosin.
for human CD20 (clone L26; NovocastraTM; Leica Biosystems
Newcastle Ltd, Newcastle Upon Tyne, UK), associated to the
NovoLinkTM Polymer Detection System (Novocastra), which
was used for the visualization of the primary Ab, following
manufacturer’s instruction. After staining, the slides were
examined under a Leica DM2000 optical microscope and
microphotographs were taken using a Leica DFC320 digital
camera.

This journal is © The Royal Society of Chemistry 2012
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Statistical analysis

Results from at least three independent experiments are
reported as the meanstSD and analyzed for statistical
significance by the two-tail Student's t-test and Mann-Witney
rank-sum test. Differences were considered significant when p

value was < 0.05.

Conclusions

In this work, we have reported a synthetic strategy based on the
development of silica-PEG core-shell nanostructures doped
with a donor-acceptor couple exhibiting a tunable intensity
profile across the NIR spectrum. This is a fundamental feature
in view of applications such as whole-animal optical imaging
and in vitro and in vivo cell labeling applications. In fact, this
approach allows to increase the fluorescence signal in vivo, and
to match in a versatile way the probe and experimental setup
spectral properties. Moreover, it will be possible a significant
of the
measurements with respect to the single dye preparation, since

improvement signal-to-noise ratio of optical
large pseudo Stokes-shifts can be obtained exploiting efficient
energy transfer processes within the particles.'” '® 24 282 These
features will be useful in designing new application for imaging
agents based on silica nanoparticles for different experimental

disease models.
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