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1 Introduction

Abstract. Progress in biomedical imaging depends on the develop-
ment of probes that combine low toxicity with high sensitivity, reso-
lution, and stability. Toward that end, a new class of highly fluorescent
core-shell silica nanoparticles with narrow size distributions and en-
hanced photostability, known as C dots, provide an appealing alter-
native to quantum dots. Here, C dots are evaluated with a particular
emphasis on in-vivo applications in cancer biology. It is established
that C dots are nontoxic at biologically relevant concentrations, and
can be used in a broad range of imaging applications including intra-
vital visualization of capillaries and macrophages, sentinel lymph
node mapping, and peptide-mediated multicolor cell labeling for real-
time imaging of tumor metastasis and tracking of injected bone mar-
row cells in mice. These results demonstrate that fluorescent core-
shell silica nanoparticles represent a powerful novel imaging tool
within the emerging field of nanomedicine. © 2007 Society of Photo-Optical

Instrumentation Engineers. [DOI: 10.1117/1.2823149]
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dots (QDs),l’6 metal nanoshells,7 gold, and functional silica
nanoparticles8 have begun to show their utility in imaging

Advances in biomedical imaging are expected to improve dis-
ease detection and staging, facilitate treatment selection and
monitoring, accelerate our understanding of disease pathogen-
esis and, together with the development of more selective and
higher-affinity targeted diagnostic and therapeutic agents, lead
to the transformation of general clinical practice toward per-
sonalized medicine. Among current challenges for effective
translation of newly developing biomedical imaging technolo-
gies into clinical settings is identification of the most promis-
ing versatile, biocompatible, and nontoxic optical probes. In
recent years, a variety of nanomaterials including quantum
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applications, promising the tremendous scientific and techno-
logical potential of nanobiotechnology.g_”

Currently, the most prominent class of fluorescent nano-
probes in biological imaging are QDs. They are characterized
by outstanding photostability and brightness, and have been
used for a variety of biomedical applications, such as circula-
tory system imaging, sentinel lymph node mapping, cellular
imaging, and in-vivo cell tracking. S12-18

Although QDs offer a number of potential benefits, several
properties limit their widespread application. There are con-
siderable concerns about QD disposal and the toxic heavy
metals within the QD core (i.e., cadmium, lead), which can
leach into solution and cause harm to both cells in culture and
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Fig. 1 C dot core-shell fluorescent silica nanoparticles, shown in schematic form (a) with the covalently bound TRITC dye within the particle core.
(b) Scanning electron micrographs of 30-nm-diam C dot particles. Scale bar 50 nm.

Cells with C Dots (% of total)

3 ¥4 21
Days after injection

Fig. 2 Biodistribution of C dots following tail vein injection. TRITC C dots were found to localize predominantly in (a) the spleen and (b) liver with
peak levels of particle fluorescence (red) occurring within the first week of intravenous injection (DAPI counterstaining). Hematoxylin and eosin
stained parallel sections of spleen and liver show no pathological changes. The number of fluorescent cells (meanzstandard deviation) in the liver
was monitored over time (c), showing that the C dots were almost cleared over the course of approximately 60 days (red; 0.3-uM, blue; 0.03-uM
30-nm C dots). (d) Localization of the C dots within F4/80-positive Kupffer cells (arrow, green) of the liver. FITC Avidin D method. Scale bar:
50 pwm.
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animals.'®%° Further, the lack of detailed toxicological infor-
mation on the potential side effects of in-vivo QD usage raises
the question of whether or not these nanoparticles are appro-
priate for use in biological, and particularly, -clinical
applications.]’21 Quantum dots are natively incompatible with
water, and must be coated with a polymer to allow for use in
aqueous and biological settings, thus introducing a second
foreign material into cells, tissue, or living or‘ganisms.22 Fur-
thermore, single colloidal quantum dots emit intermittently
due, in part, to uncontrolled surface states, decreasing their
usefulness in single particle tracking within live cells or intra-
cellular fluids.”

Organic and metallorganic dye molecules have long been
used for labeling biological samples to increase contrast in
both absorption-based and fluorescent amalyses.24 For fluores-
cent analyses, emitters are available in colors spanning the
spectrum from ultraviolet to near-infrared wavelengths (300
to 900 nm). Although there are a wide variety of organic fluo-
rophores available, individual dye molecules may suffer from
limited brightness (low absorption cross section and/or low
quantum yield), environment-dependent quenching, and
photobleaching.”

Recent work has shown that the properties of organic fluo-
rophores can be improved by covalently integrating them into
the core of a core-shell silica nanoparticle [Fig. l(a):|.8’26
These particles, referred to as C dots, can be synthesized with
radii down to 10 to 15 nm, as shown by scanning electron
microscopy [Fig. 1(b)]. Covalent incorporation of dye species
such as tetramethylrhodamine isothiocyanate (TRITC) [Fig.
1(a)] into the pseudo-solid-state environment within the silica
particle enhances both the brightness and photostability of the
dyes, while providing a robust, water-soluble vehicle. As pre-
viously reported,26 the brightness per C dot is more than an
order of magnitude greater than that of the constituent dye,
creating a probe with a perparticle brightness within a factor
of 2 to 3 of QDs of similar hydrodynamic size and emission
wavelength. As well, by integrating multiple independent
emitters into a single particle, the particles are less prone to
stochastic blinking, facilitating sustained imaging of the par-
ticles. Under saturated excitation, a single C dot can emit 10
or more photons in the time that a single fluorophore can emit
one photon (depending on the number of individual fluoro-
phores in particle). This makes them particularly useful for
particle tracking experiments where collecting the maximum
number of photons per particle per unit time is critical. Fur-
thermore, this architecture is readily surface functionalized to
facilitate targeting or uptake in biological systems.” Finally,
the sol-gel synthesis27 can be tailored to create particles with
narrow particle size distributions and diameters from tens of
nanometers up to microns, facilitating size-selective
analyses.26

Perhaps the most promising characteristic of C dots is that
because they are composed primarily of silica, they are ex-
pected to be biologically inert and thus potentially non-toxic
for research and biomedical applications. In this study, we
evaluate biodistribution and toxicity of these particles, and
investigate their biomedical utility in a series of in-vivo ex-
periments.

Journal of Biomedical Optics

064007-3

2 Materials and Methods
2.1 Animals

Female ICR mice, 7 to 8 weeks old, were purchased from
Taconic (Hudson, New York) for the biodistribution and tox-
icity evaluation. Male severe combined immunodeficiencies
(SCID/NCr) mice (BALB/C background), 6 weeks old, were
obtained from the National Cancer Institute (Bethesda, Mary-
land), for all other experiments. 6 to 10 week old FVB/N mice
(inbred) or transgenic mice that carry green fluorescent pro-
tein (GFP) driven by chicken B-actin promoter [FVB. Cg-Tg
(ACTB-EGFP)B5Nagy/J; strain 003516; The Jackson Labora-
tory, Bar Harbor, Maine] were used for bone marrow collec-
tion. All experiments were conducted under identical condi-
tions, following recommendations of the Institutional
Laboratory Animal Care and Use Committee of Cornell Uni-
versity.

2.2 C Dot Synthesis

The synthesis and photophysical characterization of 30-nm-
diam C dot particles has been explored at length, and the
particles used in these experiments were prepared by the same
synthetic method as reported elsewhere. 8 Briefly, an organic
dye [tetramethylrhodamine isothiocyanate or Oregon Green
488 isothiocyanate (TRITC or OG488) Invitrogen Corpora-
tion, Carlsbad, California] was conjugated via the isothiocy-
anate group to 3-aminopropyltriethoxysilane (APTS, Gelest,
Incorporated, Morrisville, Pennsylvania) at a molar ratio of
1:50 (dye:APTS) in degassed absolute ethanol (200 proof)
under nitrogen. The resulting solution was then diluted to a
concentration of 1.7 X 10~ M in an ethanolic solution of 0.02
M ammonia (Aldrich) and 0.855-M deionized water. To this, a
pure silica precursor [tetraethoxysilane (TEOS), Sigma-
Aldrich Corporation, St. Louis, Missouri]| was added to a con-
centration of 0.05 M. After reacting for at least 8 h, the cores
were coated with further TEOS (0.105 M) added in 23 equal
aliquots at 15 min intervals (to minimize secondary nucle-
ation). The core-shell particles were allowed to react for a
further 24 h and were then dialyzed [Pierce, Rockford, Illi-
nois, 3500 molecular weight cut-off (MWCO) membrane] to
18.2-MQ)/cm deionized water and analyzed to determine
size, concentration, and photophysical propenies26 before in-
jection into the mice.

2.3 Biodistribution and Toxicity Experiments

30-nm-diam particles were injected intravenously at 3.3
X 1077 or 3.3 1078 M in 200 uL of deionized water via the
tail vein of mice anaesthetized with Avertin (2.5% v/v in
0.85% NaCl; 0.02-mL/g body weight). For each concentra-
tion, at least three mice were collected at 1, 3, 7, 21, and 60
days post-injection. As a control, mice were injected with dis-
tilled water and collected over the same time schedule. Mice
were observed daily and subjected to careful pathological
evaluation at the time of necropsy. Brain, thymus, lung, liver,
kidney, adrenal gland, ovary, spleen, pancreas, intestine, heart,
thigh muscle, and skin were fixed in phosphate-buffered 4%
paraformaldehyde, and representative specimens were further
characterized by microscopic analysis of 4-um-thick paraffin
sections stained with hematoxylin and eosin following stan-
dard practices of toxicologic pathology assessment.”” For
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evaluation of C dot distribution, sections were counterstained
with nuclear stain 4’,6-diamidino-2-phenylindole (DAPI).
Quantitative assessment of fluorescence was performed by us-
ing custom image analysis software written using the Interac-
tive Data Language (IDL), image analysis platform (Research
Systems Incorporated, Boulder, Colorado). C dots (and cell
nuclei) were located by thresholding the blue (and red) chan-
nels using the median image value plus five (two) times the
image standard deviation. Nonzero regions were eroded, di-
lated, and then enumerated. Each region of fluorescence in the
C dot channel was assigned to the particular nucleus to which
it is closest. After collection of at least five images for each
specimen, all data were expressed as a mean + standard de-
viation.

2.4 Immunohistochemistry

Deparaffinized sections were exposed to 0.02% trypsin
(0.05-M Tris-HCI, pH 7.8, with 1% calcium chloride,
30 min, 37°C) for antigen retrieval. After avidin/biotin
blocking, samples were incubated with F4/80 antibodies
(AbD Serotec, Raleigh, North Carolina) for 1 h at room tem-
perature and subsequently treated with 0.3% H,0, in metha-
nol. Following incubation with the secondary biotinylated
goat anti-rat antibodies (Vector Labs Incorporated, Burlin-
game, California, 1:100, 30 min, room temperature) and fluo-
rescein avidin D (Vector Labs; 3 ug/mL, 30 min, room tem-
perature), the samples were counterstained with DAPL
Samples were mounted with Gel/Mount™ (Biomeda Corpo-
ration, Foster City, California), sealed with Clarion Mounting
Medium (Biomeda Corporation, Foster City, California), and
imaged by fluorescence microscopy (Carl Zeiss Axioskop 2).

2.5 In-Vivo Capillary and Macrophage Labeling

Mice were prepared for imaging as previously described.”
Briefly, mice were anesthetized with 3.5% Isoflurane and
placed on a heating pad throughout the experiment. Fur was
removed by shaving and Nair® application. 200 uL of
0.33-uM particles were injected into the tail vein for endo-
thelial blood vessel labeling and intradermally for macroph-
age labeling. The mice were maintained at 1.5% Isoflurane
for anesthesia and were imaged 1.5 h after particle injection
on a multiphoton microscope.30 During imaging, the dorsal
skin was immobilized to isolate the imaging area from body
motion to facilitate high-resolution imaging.

2.6 Sentinel Lymph Node Identification

40 pL of 0.4% trypan blue was injected intradermally in the
right paw of an aesthetized mouse. After 5 min, the skin was
opened and the lymph node located. 70 uL of 0.33-uM C
dots were injected intradermally at the same site on the paw.
The lymph node was imaged by brightfield and fluorescence
on an Olympus OV100 whole-mouse imaging system (Olym-
pus America Incorporated, Melville, New York).

2.7 C Dot - TAT Peptide Conjugation

Oligopeptides of the active region of the TAT protein (resi-
dues 48 to 57) were purchased from Sigma-Genosys
(The Woodlands, Texas) with a cysteine residue at the
C-terminus. To create the peptide-particle conjugates,
3-aminopropyltriethoxysilane (Gelest Incorporated,

Journal of Biomedical Optics

064007-4

Morrisville, Pennsylvania) was reacted with
N-(y-maleimidobutyryloxy)succinimide ester (GMBS, Pierce
Incorporated, Rockford, Illinois) in a 1:1.5 ratio in dimethyl
sulfoxide (DMSO) to yield a maleimide-silane. This product
was reacted overnight onto the C dot surface in basic ethanol
(0.1-M NH,OH). The maleimide-functionalized particles
were then reacted with a 100 times excess of TAT,g5; in
ethanol to yield peptide-functionalized particles. Finally, the
particles were dialyzed overnight to deionized water to re-
move unreacted peptide and ethanol, and filtered through a
sterile 0.22-um polytetrafluoroethylene (PTFE) filter.

2.8 Establishment of PCN2 and PCN2-EGFP Prostate
Cancer Cell Lines

Cell line PCN2 was established from prostate carcinoma of
241-day-old PB-Cred, p53loxPlloxPRploxPlloxP mjce 31 PCN2
tumor cells were cultured in Dulbecco’s modified eagle me-
dium (DMEM) containing 10% fetal bovine serum (FBS) at
37°C in a humidified incubator with 5% CO,. To prepare
PCN2-EGFP cells, PCN2 cells were infected with the
pLEGFP-NI retroviral vector from Clontech (Palo Alto, Cali-
fornia) to introduce EGFP to the cells. Viral supernatant con-
taining EGFP was generated by packaging cell line
EcoPack2-293 (Clontech) according to manufacturer’s proto-
cols. 1X10° PCN2 cells were exposed to viral supernatant
containing EGFP in a 6-cm dish at a multiplicity of infection
of 1:1 in the presence of 8-ug/mL polybrene (Sigma, Saint
Louis, Missouri) for 24 h. Subsequently, the viral supernatant
was replaced with fresh medium. After further incubation for
24 h, infected PCN2 cells were selected with 600-ug/mL
G418 for 2 weeks and EGFP positive cells (PCN2-EGFP)
were then sorted by FACS.

2.9 C Dot Labeling in Cell Culture

1 X 10° PCN2 cells were incubated with 1.66 picomol of ei-
ther bare or TAT-conjugated 30-nm C dots for 2 h, washed
three times with phosphate buffered saline (PBS), plated on
slides, and incubated overnight. The following day, the cells
were  incubated  with a  lipophilic ~ fluorescent
probe (DiO-C;4 Molecular Probes, Eugene, Oregon) for
plasma membrane staining, washed with PBS, counterstained
with DAPI in some experiments, mounted as before on a
Leica TCX-SP2 confocal microscope equipped with a 100X
oil 1.40 NA objective with separate excitation for the C dots
and DiO-C4 (543 and 488 nm, respectively).

2.10 Isolation and Labeling of Bone Marrow Cells
with Tat Peptide-Conjugated Particles

Femoral and tibial bone marrow cells were collected from 6 to
10 week old FVB/N or FVB.Cg-Tg(ACTB-EGFP)B5Nagy/J
mice by flushing excised and cut leg bones with washing me-
dium (DMEM including 2% FBS). The collected cells were
washed twice and filtered through a 70-um nylon filter (BD
Biosciences, San Jose, California) to remove noncellular ma-
terial. Isolated bone marrow cells were incubated with TAT-
conjugated C dots for 2 h at 1 X 107 particles/cell. After incu-
bation and washing, the cells were injected via the tail vein
into FVB/N mice irradiated with a lethal dose (11 Gy) of
x-rays to ensure removal of their own bone marrow cells. The
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30 nm.0.33'puM C dots

30 nm 0.03 uM C dots

Fig. 3 Concentration-dependent biodistribution of TRITC C dots in-
jected intravenously. Lung images 3 days after injection of (a) and (c)
0.33-uM and (b) and (d) 0.3-uM of C dots. (a) through (d) show
DAPI counterstaining. (c) and (d) are fluorescent images overlaid with
a brightfield image of the same area. The scale bar: 50 um.

mice were sacrificed by cervical dislocation 24-h post-
injection, and tissue sections were analyzed as before.

2.11  Tracking Metastatic and/or Bone Marrow Cells

10® PCN2-EGFP cells were labeled with TAT C dots as de-
scribed for cell culture experiments but without labeling with
DiO-C,4 or DAPI. Following incubation with TAT C dots for
2 h and PBS washing, cells were injected via the tail vein. For
simultaneous tracking of two types of cells labeled with dif-
ferent color C dots, a mixture of 5X 10° PCN cells labeled
with Oregon Green-based C dots (green) and 5% 10° bone
marrow cells, labeled with TRITC-based C dots (red), were
injected into mice intravenously. The lung was collected 5 h
post-injection and imaged with multiphoton microscopy.

2.12  Statistical Analyses

All statistical analyses in this study were done with InStat
3.06 and Prism 4.03 software (GraphPad, Incorporated, San
Diego, California). Means were compared by estimation of
the two-tailed P with the Mann-Whitney test. Statistical as-
sessment of multiple samples was performed by one-way
analysis of variance (ANOVA) and linear regression as nec-
essary.

3 Results

Before investigating biomedical applications of the C dots, we
first examined the biodistribution and potential toxicity of C
dots in a mouse model system. No abnormal clinical signs
were evident in mice exposed to tetramethylrhodamine
(TRITC) dye-based 30-nm-diam core-shell C dots, even at the
highest tested concentration of 0.33 uM administered in
200 uL of deionized water by tail-vein injection. The mice
behaved normally throughout the experiment, and showed no
pathological alterations typical for either acute (cellular swell-
ing, necrosis, apoptosis, hemorrhage, etc.) or chronic (hyper-
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Fig. 4 Time-dependent biodistribution of 30-nm C dots in the liver
after intravenous injection. (a) and (b) Control was injected with dis-
tilled water, imaged one day post-injection. (c) and (d) 0.33-uM
TRITC-C dots imaged one day post-injection, (e) and (f) three days
post-injection, (g) and (h) seven days post-injection, (i) and (j) 21
days post-injection, and (k) and (I) 60 days post-injection. (a) through
(I) show DAPI counterstaining. (b), (d), (f), (h), (j), and (I) are fluores-
cent images overlaid with a brightfield image of the same area. The
scale bar: 50 um.

plasia, metaplasia, fibrosis, calcification, etc.) responses to in-
jury in any of the assessed tissues and organs.

Analysis of tissue samples revealed that the C dots were
predominantly localized in the spleen, liver, and lung [Figs.
2(a), 2(b), 3, and 4] following their initial appearance in blood
vessels throughout the body (Fig. 5). The particles were
mainly localized in the cells of the mononuclear phagocyte
system such as F4/80 positive Kupffer cells in the liver [Fig.
2(d)]. The distribution pattern of C dots in the lung, liver, and
spleen was found to be time and concentration dependent, as
measured by a decrease in the number of cells with C dot
fluorescence over time [Figs. 2(c), 3, and 4]. At concentration
0.33 uM, cells with TRITC C dots became almost undetect-
able in the liver between 21 and 60 days post-injection [Figs.
2(c) and 4]. To confirm that the observed disappearance of
particles was not due to the loss of their fluorescence inten-
sity, we measured the emission of C dots incubated at 37°C
by spectrofluorometry over time, relative to samples stored at
4°C. This experiment showed that although the particle fluo-
rescence decreased slightly over time, this nonspecific degra-
dation was only ~25% per month and could not result in the
net loss of fluorescence seen in vivo [Fig. 6(a)]. Although the
particle size (30 nm diam) is too large for excretion through
the kidneys and urinary system,** the localization of the par-
ticles within the mononuclear phagocyte system indicates that
the particles may be scavenged and cleared by macrophages
consistently with results from pulmonary silica particle
exposure.” > This possibility is in agreement with our obser-
vation that the average dot fluorescence per cell remained
relatively constant [Fig. 6(b)].

Having demonstrated the C dots to be a nontoxic and mini-
mally invasive tool for in-vivo experiments, we sought to
demonstrate their capabilities for live animal imaging.

Multiphoton imaging [Fig. 5(a)] of intravenously injected
C dots showed appreciable fluorescence within capillaries at
the base of the dermis. In addition to intravenous injection, C
dots were imaged following subcutaneous injection and found
to localize within phagocytic cells within 30 min of injection
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Fig. 5 (a) Labeling of capillaries with C dots immediately following a tail vein injection of TRITC C dots. Fluorescent capillaries containing C dots
(arrow) were clearly visible in vivo at the base of the dermis via multiphoton microscopy. Here, imaging was accomplished using 880-nm
excitation. Second harmonic generation from collagen fibrils is shown in green. Fluorescence emission (500 to 650 nm) is shown in red. The large
red structure in the upper left hand corner is from an autofluorescent hair follicle. The skin was imaged in vivo using the temporary skin
immobilizer as described in Ref. 30. (b) Labeling of macrophages with C dots. Macrophages (arrow) were detected through the skin of a mouse
following intradermal injection of C dots. (c) through (f) Sentinel lymph node mapping with C dots. (c) The arrow indicates the auxiliary lymph
node marked with trypan blue. Fluorescent images of the node were taken with the Olympus OV 100 system (d) before and (e) at 1 and (f) 60 min
after administration of C dots injected at the same site as trypan blue. The scale bar: (a) 75 um, (b) 50 um, and (c) through (f) 3 mm, respectively.

[Fig. 5(b)]. Based on immunofluorescent staining for F4/80,
phagocytic cells were determined to be macrophages [Fig.
6(c)].

As a demonstration of the use of C dots as clinical tools for
biomedicine, we next tested the particles as tracers for senti-
nel lymph node mapping. After intradermal injection of Try-
pan blue followed by TRITC-based C dots into the mouse
paw, the sentinel lymph node was marked by fluorescence in
a whole-body imager from 30-s post-injection, and remained
visible up to 1 h post-injection [Figs. 5(c)-5(f) and 7].

The appeal of fluorescent silica nanoparticles as biological
probes comes not only from their bright and stable fluores-
cence, but also the ability to tune the particle surface toward
particular applications. For example, biological applications
frequently require the labeling of particular cells to facilitate
imaging and tracing in vivo. Toward that end, cell-penetrating
oligopeptides (e.g., HIV-1 TAT,55,°%) can be covalently
bound to the particle surface to mediate cellular uptake.”’ We
developed conjugation methods for functionalizing 30-nm
TRITC-based C dots with TAT peptides. These functionalized
particles were found to be readily endocytosed into intracel-
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lular vesicles in mouse prostate carcinoma cells [PCN2, Fig.
8(a)], while bare particles showed minimal uptake under simi-
lar conditions [Figs. 8(b) and 9]. TRITC particle-labeled pros-
tate carcinoma cells were introduced into the body intrave-
nously to simulate the release of metastatic cells into the
bloodstream by extravasation. Using the fluorescent C dot la-
bels, in conjunction with GFP-expressing PCN2 cells, the
cells were found to localize predominantly in the lung of the
mouse, where they were imaged via ex-vivo multiphoton im-
aging [Fig. 8(c)]. This application demonstrates the use of
these particles as tags for the tracking and identification of
metastatic cells toward a better understanding of the spread of
cancer through the body.

This protocol was expanded to label primary bone marrow
cells to demonstrate the versatility of TAT-peptide mediated
particle uptake. We exposed TAT-conjugated TRITC-based C
dots to freshly harvested bone marrow cells from transgenic
mice expressing GFP under the control of a chicken S-actin
promoter. We then administered the C-dot-labeled cells to ir-
radiated chimeric mice lacking viable bone marrow cells, and

November/December 2007 < Vol. 12(6)
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Fig. 6 The stability of C dot fluorescence intensity and C dot localization in dermal cells. (a) The intensity of C dots that were incubated at 37°C
in vitro only shows a 25% decrease over 4 weeks. The data were analyzed by linear regression (slope: y=-0.7257x+95.6, R*=0.6536). (b) The
average intensity of C dots in the liver was fairly stable and unchanged. The average intensity (meanzstandard deviation) indicates the average
pixel value of C dots in cells with particles. (c) After multiphoton imaging, F4/80 antigen was detected by FITC immunofluorescence in the sections
of the skin of imaged mice. Note colocalization (yellow, arrow) of C dots (red) and F4/80 positive macrophages (green) of the dermis. Scale bar;

50 um. (Color online only.)

monitored the distribution of the cells in the body [Figs.
8(d)-8(g)]. The TAT peptide-mediated labeling of these cells
proved effective in tracking their fate following injection into
the body, where they were found to localize predominantly in
the bone marrow [Fig. 8(e)], liver [Fig. 8(f)], and spleen [Fig.
8(2)].

Finally, we investigated the feasibility of labeling different
cell types with C dots of different colors. TAT peptide-labeled
Oregon Green 488 (OG488) and TRITC-based 30-nm C dots
were incubated with PCN2 and bone marrow cells, respec-

v 4 .

Fig. 7 Sentinel lymph node mapping with C dots. (a) Identification of
the lymph node with trypan blue, (b) before C dot injection, (c) 30 s
after C dot injection, (d) T min post-injection, (e) 5 min post-injection,
(f) 10 min post-injection, (g) 30 min post-injection, and (h) 1 h post-
injection. Arrows indicate the auxiliary lymph node. The scale bar
indicates 3 mm.
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tively. Following mixing both cell types and tail vein injection
of the combined solution, organs were harvested and imaged
using multiphoton microscopy. Optical lung sections collected
5 h post-injection showed that both cancer cells (green) and
the bone marrow cells (red) can be easily detected [Figs. 8(h)
and Video 1]. Interestingly, both cell types are commonly
found to be colocalized, indicating possible functional inter-
actions between bone marrow and metastatic cells.

4 Discussion

Biological safety concerns are among the principle roadblocks
on the way toward implementation of imaging nanoparticles
into clinical practice. For example, the issue of QD toxicity
caused by heavy metals (Cd, Pb, etc.) has been raised and is
of particular importance for long-term in-vivo experiments.
Recent studies have observed cytotoxicity in hepatocytes (a
major target of Cd*? injury), caused by the release of Cd*?
ions from the cadmium selenide (CdSe) QD core due to oxi-
dization by air or UV light.'"® % Researchers have tried to
combat this by applying surface coatings such as ZnS, poly-
mers, or surfactants to reduce the release of heavy metals, but
these treatments provide only partial protection to the core.!
Additional research has shown that certain QD surface coat-
ings (e.g., mercaptoundecanoic acid) can actually decrease
cell viability in cell culture studies.”® These problems have
prompted us to test if recently described bright core-shell
silica nanoparticles (C dots) could be a feasible alternative to
QDs in various biomedical imaging applications.

Available reports on toxicological effects of silica concen-
trate on pulmonary exposure (rather than intravenous) to
simulate human exposure to particulates in air. Toxicological
effects of colloidal (amorphous) silica are characterized fairly
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Fig. 8 Labeling and tracing cells with C dots. PCN2 cells were incubated with (a) TAT-conjugated and (b) bare silica TRITC C dots (red) for 2 h at
37°C, stained with membrane-specific DiO-C,4 lipophilic probe (green) and imaged by confocal fluorescence microscopy. The TAT-conjugated
particles show efficient uptake into vesicles within the cytoplasm, when compared to the bare silica C dots (arrows). Green dots on images are
artifacts that represent DiO droplets formed in the aqueous culture media caused by their highly lipophilic nature. (c) Tumor cells expressing GFP
(arrow) labeled with TRITC C dots (red) functionalized with TAT-peptide oligomers were imaged in the lung by multiphoton microscopy 5 h after
tail vein injection. Multiphoton microscopy is accomplished using 880-nm excitation with two broad emission filters (380 to 550 nm, green and
550 to 650 nm, red). Note that nonspecific autofluorescnce and second harmonic generation showing lung structure is also visible in the green
channel. (d) through (g) Bone marrow cells (arrows) were collected from transgenic mice that carry GFP driven by a chicken B-actin promoter, (e),
(f), and (g) labeled with TAT C dots, and (d) and (e) imaged in bone marrow smear with DAPI labeling, (f) the liver, and (g) the spleen 24 h after
tail vein injection of irradiated recipient mice. The bone marrow cells that contain TRITC C dots are (e) yellow, while those without C dot labeling
(d) are green. (h) Metastatic tumor cells labeled with OG488 C dots (green, arrow) and bone marrow cells labeled with TRITC C dots (red,
arrowhead) were detected in the lung by multiphoton microscopy. The scale bar: 25 um (a) and (b), 75 um (c) and (h), and 50 um (d) through
(g), respectively.

well as being less toxic than crystalline forms in experimental
animals.**’ However, there are studies suggesting that inha-
lation of materials such as colloidal silica by mice induces
dose- and size-dependent pulmonary effects, with ultrafine
(<100 nm) particles inducing greater lung inflammation and
tissue damage than larger particles.*’ Generally, these effects
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were characterized by an accumulation of particles in alveolar
macrophages, neutrophilic infiltration, and type-2 epithelial
cell hyperplasia.%‘42

In our studies, we have found that 30-nm C dot silica
nanoparticles administered by tail-vein injection (rather than
inhalation) show no apparent toxicity in mice when compared
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Fig. 9 TAT peptide-mediated uptake of TRITC-based C dots (red).
PCN2 murine prostate carcinoma cells (c) and (d) labeled with TAT C
dots show significant particle uptake as compared to (a) and (b) PCN2
cells exposed to bare C dots. Counterstaining with DiO-C;, lipophilic
membrane dye (green). The scale bar indicates 30 um. (Color online
only.)

with control populations, supporting the notion that colloidal
(amorphous) silica is less toxic than crystalline silica. The
discrepancy with the previous study by Kaewamatawong et
al.*! is likely due to the different administration route of our
particles. Thus, functional core-shell silica nanoparticles may
represent a valuable materials platform for in-vivo studies of
fundamental biology, as well as the development of clinical
applications for the particles.

We chose to employ multiphoton microscopy for much of
the in-vivo imaging experiments because of its ability to im-
age deeply in tissue and that it also allows for simultaneous
collection of morphological information from intrinsic tissue
emitters and collagen second harmonic.” In addition, the lo-
calized excitation eliminates photobleaching outside of the fo-
cal plane compared to single-photon wide-field or confocal
microscopy.”® This allowed us to determine the location and
trafficking of the particles within the circulatory system as
well as within the tissue of the mouse with high signal-to-
noise, and may be useful in the future for imaging of, e.g.,
tumor vasculature or ischemia.

One area where the development of nanoscale tools is of
particular interest is cancer research and diagnosis.'’ The con-
vergence of sensitive and stable imaging agent58 with ad-
vancements in multiphoton® and whole-body imaging can fa-
cilitate studies of both fundamental cancer biology as well as
potentially advancing clinical techniques. For example, early
detection of cancer dramatically increases survival rates, and
the use of targeted multifunctional nanoparticle assays with
advanced imaging techniques may decrease the detection
limit for tumor size to allow treatments to be targeted to tu-
mors before they pose a major threat to the patient.

As well, these particles may allow for greater sensitivity in
clinical applications such as sentinel lymph node mapping,
which has been proven to be an effective method for diagno-
sis of tumor metastasis and is currently the protocol of choice
to determine the likely site of tumor progression.** In this
approach, a dye or other tracer is injected in the tumor locale,
and visualized as it drains into the lymphatic basin. The sen-
tinel lymph node is the node that collects this tracer and can
then be removed for biopsy. Further analysis of the node re-
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Video 1 Tracking PCN2 and bone marrow cells by multiphoton mi-
croscopy. The colocalization of PCN2 metastatic cells labeled with
OG488-based C dots (green) and bone marrow cells labeled with
TRITC-based C dots (red) was observed in the lung of a mouse in-
jected with a mixture of both cell types. The images were taken seri-
ally at 5-um intervals from the surface of the lung. (Color online
only.) [URL: http://dx.doi.org/10.1117/1.2823149.1]

veals whether or not any metastatic cells have also drained
into the node, and provides oncologists with an effective
means to monitor the spread of the cancer through the body.
Our study demonstrates that the bright and stable fluorescence
of the 30-nm C dots make them excellent imaging agents for
the identification of sentinel lymph nodes.

Nanoparticle-based probes also facilitate studying funda-
mental cancer biology. For example, fluorescence imaging
provides an excellent tool for following the fate of metastatic
cells as they leave the tumor milieu.'® By surface-
functionalizing the C dots with cell-penetrating peptides,%’37
we were able to internally label the cells through particle up-
take and track the metastatic prostate carcinoma cells through
the body. This method may be employed in the future to study
the trafficking of different cancer cells and to determine their
response to therapeutic interventions.

One of the rapidly developing areas of metastasis research
is understanding of interactions between metastatic and bone
marrow cells.***® To test for such interactions, we developed
a multicolor labeling experiment using different colored TAT-
conjugated C dots to label prostate cancer cells and bone mar-
row cells in vivo. We then injected both particles and were
able to detect their localization by multiphoton microscopy.
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According to this assay, metastatic and bone marrow cells
were frequently localized in immediate proximity to each
other. Further experiments will determine whether observed
colocalization of metastatic and bone marrow cells reflects
biologic processes and is related to metastasis. This work
demonstrates the versatility of TAT-C dots as tools for the
labeling of various cell types, and their potential suitability to
study interactions between metastatic and bone marrow cells.

In this work, we have demonstrated the safety, efficacy,
and utility of fluorescent core-shell silica nanoparticles (C
dots) for biomedical applications from research to clinically
relevant tools for oncology and beyond. These experiments
point to the use of these particles as an appealing alternative
to QDs for a variety of in-vivo applications, including immu-
nolabeling, targeted imaging, and cell tracking. Moreover, re-
cent work has shown that the C dot architecture can be built
on further to develop core-shell particles incorporating mul-
tiple dye species. One application of these particles is the
creation of quantitative ratiometric sensors for analytes such
as pH,"” which could be of interest for probing the growth of
tumors in vivo. In the future, the modular nature of the core-
shell architecture may allow creation of multifunctional silica
particles, a concept referred to as “lab on a particle,”8 incor-
porating, e.g., imaging, drug delivery, targeting, and sensing
capabilities into a single probe. In turn, this may lead to the
production of highly integrated and functional nanoparticle
platforms for molecular medicine.
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