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Metastases are responsible for 90% of human cancer
deaths.'! Most solid tumors metastasize through the circu-
lation system, and the sentinel lymph node (LN) is typically
the first site reached by the disseminating malignant cancer
cells.”) The detection of LN metastases is therefore crucial for
accurate tumor staging and therapeutic decision making.!
The current standard method for LN assessment is lymphog-
raphy using a vital blue dye. However, this method is invasive,
involving extended nodal dissection, and can give a false
negative result if an LN is missed in surgery.”) A non-invasive
LN imaging technique is urgently needed to improve the
accuracy of tumor staging.”! Various techniques for sentinel
LN imaging have been investigated, such as near-infrared
(NIR) fluorescence imaging, computed tomography (CT),
magnetic resonance imaging (MRI), positron emission
tomography (PET), and ultrasound and photoacoustic imag-
ing.[***°l However, each technique has its drawbacks, and
none is sufficient to provide all the necessary information for
LN assessment.*! PET is the most sensitive and specific
technique for in vivo molecular imaging,”! but it suffers from
low spatial resolution. In contrast, fluorescence imaging has
high resolution and allows spatial visualization, which is
helpful for intraoperative guidance; but its application is
limited by poor tissue penetration. Therefore, combination of
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both PET and fluorescence imaging together potentially
permit non-invasive assessment of LNs with high sensitivity
and excellent spatial resolution.

Silica nanoparticles (NPs) are widely used for biomedical
imaging applications because of the good biocompatibility
and optical transparency of silica.’! We recently developed
a versatile, size-controlled, monodisperse, drug/dye silica
nanoconjugate (NC) that allows for conjugation with a variety
of functional moieties.”! The robust silane chemistry and the
formulation strategy permit the construction of multifunc-
tional NCs, such as multi-modal imaging probes for in vivo
applications. It is generally accepted that the physicochemical
properties of NPs, especially their size, play a vital role in the
systemic and lymphatic biodistribution.!'” Because the size of
the silica NCs can be precisely controlled, they are ideal for
investigating size effects on their trafficking behavior in the
lymphatic system. The silica NCs are multifunctional and give
excellent size control for the preparation of nanoparticulate
probes with optimized properties for improved imaging of LN
metastases.[1]

There have been many studies on the targeting of primary
tumors,'!! but very few attempts have been made to actively
target metastatic tumors specifically."” As an alternative to
antibodies for cancer targeting, aptamers, single-stranded
oligonucleotides that can bind to target molecules with high
specificity and affinity, have attracted much attention because
they are small, easy to synthesize, non-immunogenic, and can
be modified to resist denaturation and biodegradation.!”® The
capability of aptamers to target primary tumors has been
demonstrated in several studies in vivo.'*><) However, active
targeting of lymphatic metastases using aptamers has not
been reported.

Herein, we report a convenient, one-pot synthesis of
monodisperse, size-controlled silica NC probes for dual-
modal LN imaging using PET and NIR fluorescence. Mono-
disperse 20 nm silica NCs accumulated in sentinel LNs more
rapidly and to a greater extent than larger NCs (200 nm) and
were superior for efficient LN imaging. To further enhance
the targeting of LNs with metastatic tumors, we functional-
ized the 20 nm silica NCs with a 26-mer G-rich DNA aptamer
(Apt) derived from AS1411, which has high binding affinity
for nucleolin (NCL), a protein that is over-expressed in the
cytoplasm and on the plasma membrane of some cancer cells,
including breast cancer cells.'! The NCL-Apt-functionalized
silica NCs showed markedly enhanced uptake in LNs with
metastatic tumors in a murine breast tumor model, and
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improved the detection efficiency of
metastatic tumors in LNs.

Silica NCs for dual-modal imag-
ing were synthesized in a manner S
similar to that reported recently.”
We first synthesized a silane-modi-
fied NIR dye (NIR-sil) and a silan-
ized chelating reagent (DOTA-sil)
that can bind a radionuclide (e.g.,
#Cu) for PET imaging. Because
silica is optically transparent and
its excitation and emission wave-
lengths can pass through the silica
matrix, NIR-sil was added immedi-
ately after the addition of tetraethyl
orthosilicate (TEOS) so that the
NIR-imaging ligand was stably
bound to and homogeneously dis-
tributed in the silica NCs (Sche-
me 1).5*1 DOTA-sil was added to
the NIR-dye-doped silica NCs for
conjugation of DOTA to their sur-
face for chelation of radionuclides.
Poly(ethylene  glycol)-containing
silane (PEG-sil) was then used to
conjugate PEG to the surface of the
silica NCs. Surface PEGylation of
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NPs is routinely employed to pro-
long circulation, minimize nonspe-
cific absorption, and reduce particle
aggregation in vivo.'¥! Finally, the
as-prepared PEGylated NCs were
labeled with %Cu, by means of
a chelation reaction (Scheme 1;
Supporting Information, Figure S1).

We used the described proce-
dure to prepare NIR- and DOTA-
modified silica NCs with controlled sizes of 200 nm and 20 nm
(denoted NC200 and NC20, respectively; Figure 1a). NC200
and NC20 showed strong fluorescence emission at 4., values
of 802.5 nm and 808.0 nm, respectively (Figure 1b).l'"! Effec-
tive surface modification with DOTA was shown by the -
potential measurement (Figure 1c). Both NC200 and NC20
had negatively charged surfaces (—34.8 mV and —136.3 mV,
respectively; Figure 1c) at pH 7.4, owing to the surface-bound
carboxy groups of DOTA (Scheme 1). These NCs chelated
#Cu cations (t;,=12.7h, f*=17.4%) with high labeling
efficiency (greater than 60 %, Figure 1c¢ and Figure S1) and
good stability in 50 % reconstituted human serum (mimicking
physiological conditions; Figure S2).

As expected, the size of the as-prepared, dual-modal silica
NCs was well controlled.”’ Scanning electron microscopy
(SEM) indicated that the diameters of NC200 and NC20 were
198.7+11.8 and 23.1+2.3 nm, respectively (Figure 1a,c).
Remarkably narrow size distributions with coefficients of
variation (CV), less than 10 %, were observed for both NCs.
Thus, these silica NCs, which we designed for preparing multi-
modal nanoparticulate imaging probes, feature synthetic
convenience, flexibility, excellent size control, and modularity

fluorescence imaging.

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Scheme 1. Preparation of aptamer-functionalized dual-labeled silica NCs for both PET and NIR

that allows for alteration of the functionality and surface
chemistry.

To explore the use of the silica NCs for non-invasive PET/
CT imaging of LNs in vivo and to identify the optimal NP size
for the most efficient LN accumulation, we investigated the
lymphatic trafficking of **Cu-labeled NC200 and NC20 in
normal C57BL/6 mice (Figure2a). Each mouse received
small-volume interstitial injections (a commonly used admin-
istration route for lymphatic distribution studies)!°* ¥l of the
two NCs, one into each rear hock (left, NC20; right, NC200).
PET imaging was carried out to monitor the distribution of
the NCs on both sides (Figure 2b). The positions of popliteal
LNs (P-LNs), which are the closest LNs to the injection sites,
can be clearly identified in the CT images (yellow arrows,
Figure 2b). The overlaid CT and PET images show noticeable
radioactivity in the left P-LN as early as 12 minutes post
injection (p.i.) but not in the right P-LN. The signal increased
rapidly in the left P-LN from 3.5 % injected dose per gram of
tissue (% LD.g™!) at 12 minutes p.i. to 9.8% LD.g! at
62 minutes p.i., suggesting fast and efficient lymphatic drain-
ing of NC20 (Figure 2d). The amount of accumulated NC20
in the left P-LN continued to increase slightly over time,
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Figure 1. a) SEM images of silica NCs. b) Fluorescence emission
spectrum of dual-labeled silica NCs. c) Characterization of silica NCs.
([a] Sizes of the hard cores were measured by SEM. D =average
diameter, SD =standard deviation. [b] CV=SD/D. [c] Conjugation effi-
ciencies (C.E.) of Ctrl- and Apt-DNA were determined by quantifying
the DNA concentration in the supernatant with a Nanodrop spectro-
photometer after the NCs were centrifuged down. [d] Number (No.) of
DNA molecules per NC was calculated from the DNA/NC feeding
ratio and the C.E. value. The silica NC density was set at 2.56 gcm ™.
[e] *Cu labeling efficiency (L.E.) was determined by quantifying the
radioactivity in the supernatant with a y-counter).

eventually reaching a plateau at about six hours p.i. (10.3%
I.D.g™"). This high level of lymphatic accumulation was
maintained for as long as 24 hours p.i. (104% LD.g™"),
suggesting that NC20 particles were preferentially retained in
the LNs, presumably because they were taken up by
phagocytosis by resident nodal macrophages and dendritic
cells.B+19019 Ty contrast, the signal detected in the right P-LN,
on the side that had been injected with NC200, was negligible
during the first hour p.i. (0.66 and 1.9% 1.D.g™' at 12 minutes
and 62 minutes p.i., respectively); the majority of the NC200
particles remained highly localized at the injection site. The
radioactivity in the right P-LN remained low at 6 hours and
24 hours pi. (1.3 and 2.7% LD.g™', respectively). These
observations suggest that NC20 gained entrance to and
traveled more easily in the lymphatic system than the
NC200. Three-dimensional reconstructed image and movie
(Figure 2¢, Movie S1) also provide evidence for the signifi-
cantly enhanced accumulation of NC20 in the left P-LN at
6 hours p.i. At 24 hours p.., accumulation of NC20 was
approximately 3.8 times that of NC200 (Figure 2d). These
results were confirmed by exvivo measurement of the
radioactivity in the excised P-LNs with a y-counter
(0.50 uCig™ for NC20 and 0.13 uCig™' for NC200; Fig-
ure 2e).

Because the silica NCs were also labeled with NIR dye,
they have the potential to be useful for intraoperative
guidance and high-resolution LN imaging. To demonstrate
the use of the integrated NIR fluorophore for fluorescence
imaging, we harvested the inguinal LNs (I-LNs) from both
sides 24 hours p.i. for ex vivo imaging with an Odyssey NIR
imaging system (Figure 3a,b). A strong fluorescence signal
(298.9) was observed in the left I-LN where NC20 was
injected into the ipsilateral hock; whereas a much weaker
fluorescence signal (50.5 a.u.) was detected in the right I-LN
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Figure 2. a) Dual-labeled NC20 (left) and NC200 (right) were adminis-
tered to normal C57BL/6 mice by hock injection; the same amount of
radioactivity was injected on each side. b) In vivo whole-body dynamic
PET/CT imaging of mice was performed to assess the accumulation of
the silica NCs in the P-LNs (yellow arrows). c) Corresponding three-
dimensional PET/CT image at 6 h p.i. shows enhanced accumulation
of NC20 in the left P-LN (yellow arrow). d) Accumulation of *Cu-
labeled NCs over time in the P-LNs was quantified by selecting the
regions of interest in the PET images and analyzing with the instru-
ment software. e) The radioactivity in the excised P-LNs (24 h p.i.) was
measured ex vivo with a y-counter (average+SD; n=3; *=p <0.05).
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Figure 3. a) Dual-labeled NC20 (left) and NC200 (right) were adminis-
tered to normal C57BL/6 mice by hock injection. b) I-LNs were
collected and imaged for NIR fluorescence at A.,, =800 nm (green,
top) and autofluorescence from tissues (including the surrounding fat)
at Ao, =700 nm (red, top). The I-LNs are indicated by yellow circles
and arrows. The bottom row shows the pseudo-colored images of the
NIR fluorescence intensity in the I-LNs. c) NIR fluorescence intensity
in each I-LN was measured ex vivo at A, =800 nm with an Odyssey
NIR imaging system (average+SD; n=3; *=p <0.05).

after injection with NC200 (Figure 3c). The fluorescence
enhancement of NC20 in the left I-LN indicates that NC20
migrated approximately six times as efficiently to distant
regional LNs through the lymphatic vessels as did NC200.
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The preferential accumulation of NC20 in both the P-LN
and the I-LN demonstrates that NC20 was taken up by the
lymphatic system much more rapidly and was retained in the
LNs at a higher level and for a longer time than their larger
counterparts. Because of the sustained LN accumulation, use
of NC20 might overcome the problem with vital blue dyes
(e.g., Evans blue), which is that they diffuse away from the
LNs too rapidly to allow prolonged imaging.*>1%! Clearly, the
size of the nanoprobes played a vital role in controlling their
lymphatic trafficking. NC20 diffused rapidly from the inter-
stitial space into the lymphatic vessels, owing to their small
size, and they efficiently migrated to the draining LNs once
they reached the lymphatic vessels.'’**! NCs with diameters
greater than or equal to 100 nm are likely to be internalized
by peripheral dendritic cells first and then taken to the LNs by
these cells.'""®! This process usually takes more than
24 hours, which could explain the small increase in LN
accumulation of NC200 at 24 hours p.. (Figure 2d). Our
observations agree with recent reports by Wang et al.l%! and
Reddy et al.'? that 20-30 nm NPs are transported to LNs
much more efficiently than 100 nm NPs after interstitial
injection. The 20 nm NPs may also outperform the 30-50 nm
NPs with regard to lymphatic uptake.®¢t2!l In contrast, NPs
with sizes less than 8 nm may preferentially migrate to the
blood circulation and be cleared rapidly by way of the renal
system."®d Thus, 20 nm silica NCs are likely in the optimum
size range (10-20 nm) for the most efficient passive targeting
of LNs.

Next, we functionalized the surface of NC20 with NCL-
Apts to assess the capability of aptamer-functionalized NCs to
target metastatic sentinel LNs. Scheme 1 illustrates the
conjugation of NCL-Apt to the surface-bound PEG of silica
NCs. Control DNA (Ctrl-DNA) with a random sequence was
also conjugated to NC20 for comparison. Conjugation of
DNA sequences was achieved with high conjugation effi-
ciency (C.E.; 73.2% for Ctrl-DNA- and 79.6 % for NCL-Apt-
functionalized NC20s (designated as NC20-Ctrl and NC20-
Apt); Figure 1¢). The DNA surface densities of NC20-Ctrl
and NC20-Apt were on average 8.6 and 9.4 DNA molecules
per NC, respectively (Figure 1c).

To evaluate the targeting capability of NC20-Apt in vitro,
we separately incubated Rhodamine B isothiocyanate
(RITC)-labeled NC20-Ctrl and NC20-Apt with 4T1 murine
breast cancer cells. Flow-cytometric analysis showed that
there was a 1.6-fold increase in mean fluorescence intensity in
4T1 cells treated with NC20-Apt (20.8 a.u.) versus cells
treated with NC20-Ctrl (13.1 a.u.; Figure 4a). Of the cells
incubated with NC20-Apt for two hours, 70.7% became
fluorescently positive, whereas only 57.5% became positive
after incubation with NC20-Ctrl (Figure S3). These results
clearly demonstrate that NC20-Apt had the enhanced ability
to bind to 4T1 breast cancer cells in vitro.

Because NC20-Apt was selectively taken up by the 4T1
cancer cells, we expected that NC20-Apt would show
enhanced accumulation in LNs with metastatic 4T1 tumors.
Therefore, we evaluated the capability of NC20-Apt to target
metastatic tumors in sentinel LNs in vivo. First, we estab-
lished an LN metastasis tumor model by hock inoculation of
4T1 cells (stably transfected with firefly luciferase) in both
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Figure 4. a) In vitro 4T1 cell targeting with NC20-Apt. Internalization of
NC20-Ctrl and NC20-Apt by 4T1 cells after 2 h incubation at 37°C was
evaluated from the mean fluorescence of treated cells measured using
flow cytometry (** =p <0.01). b) Dual-labeled NC20-Ctrl (left) and
NC20-Apt (right) were administered to BALB/c mice with metastatic
LNs by hock injection. ¢) In vivo whole-body PET/CT imaging of BALB/
¢ mice was performed at 24 h p.i. to assess the accumulation of silica
NCs in mP-LNs (yellow arrows). d) Accumulation of the **Cu-labeled
NCs in the mP-LNs was quantified by selecting the regions of interest
in the PET images and analyzing with the instrument software.

e) Accumulation of the %Cu-labeled NCs was confirmed by ex vivo
measurement of excised mP-LNs with a y-counter (average +SD;
n=3; *=p<0.05).

legs of female BALB/c mice through interstitial injection.[5*%?!
After eight days, visible primary tumors had developed, and
strong localized bioluminescent signals from 4T1 tumors were
detected (Figure S4a). Tumor cells also metastasized to the P-
LNs, as evidenced by their enlarged sizes and histological
analysis of the excised metastatic P-LNs (mP-LNs, Fig-
ure S4b-d).l*?! Next, NC20-Ctrl and NC20-Apt were sub-
cutaneously injected into the interstitial space between the
primary tumors and the mP-LNs (Figure 4b) in a mouse with
mP-LNs on both sides. We acquired PET/CT images 24 hours
p-i. to compare the uptake of both NCs in the mP-LNs. A
much stronger PET signal was observed in the right mP-LN;
on the side injected with NC20-Apt (Figure 4c). The accu-
mulation of NC20-Apt in the mP-LN was approximately 2.3
times that of the NC20-Ctrl, as indicated by quantification of
the radioactivity in the PET images (6.2% 1.D.g* for NC20-
Ctrl and 14.6 % 1.D.g ™! for NC20-Apt; Figure 4d). This result
was also confirmed by ex vivo measurement of the radio-
activity in the excised mP-LNs with a y-counter (6.5% L.D.g™
for NC20-Ctrl and 14.8% 1.D.g™' for NC20-Apt; Figure 4¢),
which correlates well with the in vivo data. In addition, mice
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with an mP-LN on one side (right) and a normal P-LN on the
other (left) received interstitial injections of NC20-Apt in
both rear hocks (Figure S5a). There was an approximately
2.1-fold increase in NC20-Apt accumulation in the mP-LN
compared to the normal P-LN (5.9% LD.g! for P-LN and
12.1% 1.D.g! for mP-LN; Figure S5b).

The increased accumulation of NC20-Apt in the mP-LNs
was likely due to selective uptake by the metastatic 4T1 cells
in the mP-LNs."* The enhanced uptake and retention of the
aptamer-functionalized dual-modal silica NCs in metastatic
LNs permits discrimination of metastatic and normal LNs and
thus improves the efficiency of tumor metastasis detection. A
widely used strategy for improving accumulation of NPs in
LNs is surface decoration of NPs with sugar molecules to
enhance uptake by macrophages, which home to the LNs.”!l
However, macrophages that take up the sugar-modified NPs
may also transport these NPs to the blood, resulting in non-
specific accumulation in other organs (e.g., liver and spleen).
Antibodies!"*?! and peptides®™ 122 are also employed as
active targeting ligands to modify the surface of NPs, to
improve the targeting efficiency for metastatic tumors in LNG.
However, the application of antibodies or peptides is limited
by their relative instability, high cost, and difficult large-scale
preparation. Highly specific aptamer-functionalized silica-NC
imaging probes may overcome these limitations and have
potential applications in the clinic.

In conclusion, we have developed monodisperse, size-
controlled silica NCs for dual-modal PET/NIR imaging of
sentinel LNs. Dual-modal imaging using this novel probe has
unique advantages over conventional lymphatic imaging
techniques. For example, PET imaging is a noninvasive
diagnostic method and overcomes the depth insensitivity of
optical imaging tools, and NIR fluorescence imaging can
compensate for the relatively low spatial resolution of PET
imaging and potentially provide convenient intraoperative
guidance for resection of metastatic LNs once they are
identified. When the size of the silica NCs was controlled as
20 nm, they accumulated rapidly and effectively in LNs, thus
allowing for improved LN imaging in vivo. For the first time,
aptamers were used to functionalize silica NCs for active
targeting of lymphatic metastases. Uptake and retention of
the aptamer-functionalized silica NCs in metastatic LNs were
significantly enhanced compared to the non-targeted silica
NCs. These dual-labeled silica NCs hold great potential for
improving the accuracy of clinical tumor staging by serving as
probes for efficient noninvasive targeted imaging of meta-
static LNGs.
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