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Abstract

The inability to visualize the true extent of cancers represents a significant challenge in many
areas of oncology. The margins of most cancer types are not well demarcated because the cancer
diffusely infiltrates the surrounding tissues. Furthermore, cancers may be multifocal and
characterized by the presence of microscopic satellite lesions. Such microscopic foci represent a
major reason for persistence of cancer, local recurrences, and metastatic spread and are usually
impossible to visualize with currently available imaging technologies. An imaging method to
reveal the tumor extent is desired clinically and surgically. Here we show the precise visualization
of tumor margins, microscopic tumor invasion, and multifocal loco-regional tumor spread using a
new generation of surface-enhanced resonance Raman scattering (SERRS) nanoparticles, which
are termed here SERRS-nanostars. The SERRS-nanostars feature a star-shaped gold core, a
Raman reporter resonant in the near-infrared spectrum, and a primer-free silication method. In
mouse models of pancreatic cancer, breast cancer, prostate cancer, and sarcoma, SERRS-nanostars
enabled accurate detection of macroscopic malignant lesions as well as microscopic disease,
without the need for a targeting moiety. Moreover, the sensitivity (1.5 femtomolar limit of
detection under in vivo Raman imaging conditions) of SERRS-nanostars allowed imaging of
premalignant lesions of pancreatic and prostatic neoplasias. High sensitivity and broad
applicability, in conjunction with their inert gold-silica composition, render SERRS-nanostars a
promising imaging agent for more precise cancer imaging and resection.

INTRODUCTION

The accurate determination of cancer spread is critical for diagnosis, staging, treatment and
follow-up of oncologic patients. Imaging methods, and in particular those based on
molecular techniques, have the potential to address this crucial aspect of cancer management
in a noninvasive, nondestructive fashion (1). Current clinically available molecular imaging
methods mostly use positron emission tomography (PET) or magnetic resonance imaging
(MRI) (1). Several new molecular imaging methods are being explored for cancer, including
ultrasound with molecularly targeted contrast agents (2, 3), hyperpolarized MRI (1, 2),
photoacoustic imaging (4), and fluorescence imaging (5, 6). However, no single molecular
imaging method to date has been able to fulfill all of the criteria that, in combination, would
be considered transformative in the field of oncology: 1) both high sensitivity and high
specificity for cancer; 2) high spatial resolution, allowing identification of microscopic
tumor clusters; and 3) universality (one probe that could be used for all cancer types).
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Fluorescence imaging has so far been a leading modality with regards to combining high
sensitivity and high spatial resolution. However, natural emission of light by biological
structures (autofluorescence) can result in false positives; rapid photochemical destruction
(photobleaching) of fluorescent molecules limits study duration; and photon scattering and
limited depth penetration further reduce its utility in clinical settings. The utility of some
other emerging methods is limited by factors such as the destruction of the contrast agent
during imaging (ultrasound microbubbles) (2, 3) or limited spatial resolution
(hyperpolarized MRI) (1, 2).

Raman imaging using surface-enhanced Raman scattering (SERS) nanoparticles has shown
promise in animals in overcoming these limitations (7, 8). Raman imaging is an optical
imaging modality based on the inelastic scattering of photons upon interaction with matter.
Suitable molecules (Raman reporters) of different composition generate unique, fingerprint-
like Raman spectra. Although the Raman effect is intrinsically relatively weak (only 1 in 107
scattered photons is Raman-active), the Raman cross-section of a molecule is greatly
enhanced when these molecules are brought in close proximity to metal nanoparticle
surfaces through a phenomenon known as SERS; in this instance, enhancement factors of
1071020 have been reported (9).

SERS thus allows for the realization of highly sensitive nanoparticle-based Raman imaging
probes that are more intense and more stable than current fluorescent agents (10), and can be
detected with higher certainty due to their molecular Raman “fingerprints” (8). Without a
priori targeting, non-resonant SERS nanoparticles have been shown to enable visualization
of only one type of primary tumor in vivo after intravenous injection (7); this limitation was
likely due to the fact that nanoparticle accumulation varies widely in different tumor types,
and that the signal strength of previous SERS probes was not sufficiently high to visualize
those tumor types with lower nanoparticle accumulation. We hypothesized that the design of
a new generation of Raman nanoparticles with markedly improved signal intensity could
expand their use to many other tumor types, and enable the visualization of the full extent of
tumors both macro- and microscopically.

Theoretical considerations have suggested that orders-of-magnitude-higher SERS signals
can be achieved when the metal-molecule system of the nanoprobe is in resonance with the
incident detection laser (11). With biological applications in mind, we therefore designed,
synthesized and tested a new surface-enhanced resonance Raman scattering (SERRS)
nanoprobe that is resonant in the NIR window, where optical penetration is maximized. Our
SERRS-nanoprobe has the following features: 1) a 75-nm star-shaped gold core
demonstrating a localized surface plasmon resonance in the NIR window; 2) a Raman
reporter molecule that is in resonance with the detection laser (785 nm); and 3) a
biocompatible encapsulation method that allows efficient loading of the resonant Raman-
reporter molecule at the gold surface. This SERRS nanoparticle — termed SERRS-nanostar —
has a detection limit that is ~ 400-fold lower than that of previous generations of non-
resonant Raman nanoparticles (7).

Here, we report that SERRS-nanostars enabled the visualization of the full tumor extent in
state-of-the-art transgenic mouse models of breast cancer, sarcoma, pancreatic ductal

Sci Transl Med. Author manuscript; available in PMC 2016 January 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harmsen et al.

RESULTS

Page 4

adenocarcinoma, and prostate cancer, without requiring a dedicated targeting moiety; in
other words, a “one-probe-fits-all” concept. At a very low injected dose, the SERRS-
nanostars enabled Raman imaging of the margins of the primary cancerous lesion,
microscopic tumor foci invading into the surrounding tissues, regional micrometastases, and
even precancerous lesions. The inert composition of the SERRS-nanostars and ongoing
development of more advanced Raman detection systems (12-14) should help facilitate
eventual clinical translation of this versatile nanoparticle-based molecular-imaging probe.

Design, synthesis, characterization, and biodistribution of SERRS-nanostars

The 75-nm star-shaped gold core was synthesized by rapidly reducing gold chloride with
ascorbic acid. The gold nanostars were coated with silica in the presence of the resonant
Raman reporter, IR780 perchlorate, without the need for any surface primers. Our SERRS-
nanostar synthesis produced narrowly dispersed nanoprobes with a hydrodynamic diameter
of ~140 nm and a localized surface plasmon resonance (LSPR) red-shifted towards the near
infrared (NIR) window (Fig. 1, A and B; figs. S1, A and B). SERRS-nanostars generated
photostable SERRS signal with a limit of detection of 1.5 femtomolar (fM) in solution (Fig.
1, C and D). In absolute terms, this corresponds to 12 zeptomoles at 100 mW/cm? laser
power, 1.5-s acquisition time, using a 5x objective.

SERRS-nanostars showed a high degree of batch-to-batch consistency with minimal batch-
to-batch variation in SERRS signal intensity (+4.5% coefficient of variation) and size
distribution (+2.8% coefficient of variation) (figs. S1, C and D). Functional groups were
introduced to the SERRS-nanostar silica surface via condensation of functional silane
precursors (mercapto- or aminopropyltrimethoxysilane) with silanol groups on the silica
surface. Conjugation of 2000-Da poly(ethylene glycol) (PEG)-maleimide onto the silica
surface of the sulfhydryl-modified SERRS-nanostars produced PEGylated SERRS-nanostars
with high stability in serum at 37°C (< 72 hours) in terms of both SERRS signal intensity
(3.2% decrease in signal intensity) (Fig. 1E) and hydrodynamic diameter (0.4% increase in
size) (Fig. 1F).

We then evaluated the biodistribution of PEGylated SERRS-nanostars (from here referred to
only as SERRS-nanostars) in vivo in wild-type C57BL/6 mice (n = 5). The mice were
injected with SERRS-nanostars (30 fmol/g) intravenously, sacrificed after 16 hours, and
homogenized tissues analyzed by Raman imaging (fig. S2A). In addition to the expected
accumulation of nanoparticles in organs of the reticuloendothelial system (RES), such as the
liver and spleen, the gallbladder also demonstrated substantial SERRS-nanostar signal,
indicating clearance of the nanoparticles from the liver into the bile.

For further confirmation of biliary clearance, we examined the entire gastrointestinal tracts
of a separate set of C57BL/6 mice (n = 5) 16 hours after injection with SERRS-nanostars
(30 fmol/g). SERRS-nanostar signal could be detected starting from the second portion of
the duodenum (where bile is delivered from the liver into the bowel via the common bile
duct) and throughout the intraluminal compartment of the more distal small bowel and colon
(fig. S2B). SERRS-nanostar signal from other organs was negligible.
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Delineation of primary tumors using SERRS-nanostars

To visualize macroscopic primary tumors, detect microscopic, infiltrative tumor margins
and satellite metastases, and detect pre-malignant lesions, we performed Raman imaging of
SERRS-nanostars in murine cancer models. These models were selected a priori because
they are especially relevant to humans given their high incidence (breast, prostate), mortality
and/or morbidity (pancreas, breast), or recurrence rate (sarcoma, breast). We chose mouse
models that are genetically engineered to recapitulate human biology as closely as possible:
the KPC pancreatic ductal adenocarcinoma (PDAC) model (n = 5) (15); the Hi-myc prostate
cancer model (n = 5) (16); the inkda/arf~~ fibrosarcoma model (n = 4) (17); the mouse
mammary tumor virus-polyoma virus middle T antigen (MMTV-PyMT) breast cancer
model (n = 6) (18); and the implanted human dedifferentiated liposarcoma (DDLS) model (n
=7) (19). All mice were injected with the same dose of SERRS-nanostars (30 fmol/g)
intravenously via tail vein. Raman imaging and tumor resections were performed 16-18
hours later to allow sufficient time for the nanoparticles to clear from the vasculature and
accumulate in the tumor tissue.

Raman images of primary tumors in all five models were acquired to evaluate SERRS-
nanostar accumulation. The tissues were then examined histopathologically and compared
with the Raman images. Raman imaging accurately delineated the macroscopic extent of all
examined tumor types (Fig. 2, A and B; Fig. 3, A, B and C; Fig. 4A; Fig. 5, A and B; Fig.
6). This was further corroborated by histological correlation of positive anti-PEG
immunohistochemistry (IHC) staining (indicating the presence of SERRS-nanostars) with
staining for respective tumor markers.

Detection of infiltrative margins and microscopic satellite metastases using SERRS-

nanostars

Following surgical resection of the bulk tumors in the MMTV-PyMT breast cancer, DDLS
liposarcoma, and ink4a/arf~'~ fibrosarcoma models, we evaluated the ability of Raman
imaging to detect SERRS-nanostars in the infiltrative tumor margins and microscopic
satellite metastases. Careful correlation of the Raman and histological images was
performed to identify microscopic disease in the tissues surrounding the primary tumors. In
a representative example of the mouse MMTV-PyMT breast cancer model, the two primary
tumors were resected by a surgeon based on white light illumination only, being blinded to
the Raman signal (Figs. 2, A and B). No residual tumor tissue could be identified with
white-light imaging (Fig. 2C). However, when a Raman image of the resection bed was
acquired (Fig. 2C, upper panel), multiple sub-millimeter foci were identified that were
positive for the Raman spectral fingerprint of the SERRS-nanostars. H&E staining and
overexpression of PyMT (Fig. 2C, lower panel) confirmed the presence of microscopic
tumor cell deposits in these SERRS-nanostar-positive foci.

In the inkda/arf~/~ fibrosarcoma mouse model, we found areas in the skin overlying the
bulk tumor containing SERRS-nanostars (Fig. 3B), which were confirmed by IHC to be
fibrosarcomatous skin infiltrations (Fig. 3D). In the human DDLS sarcoma model, the tumor
bed was scanned after primary tumor resection was performed using white light illumination
only. Residual lesions harboring SERRS-nanostars were consistently found by Raman
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imaging in the resection beds of all sarcomas and were confirmed to represent infiltrating
microscopic tumor by IHC (Fig. 4B). Of note, in some of the mice, such lesions were
detected by Raman imaging at a substantial distance (5-10 mm) from the bulk
liposarcomatous mass. In the example shown in Fig. 4C, Raman imaging detected five
microscopic SERRS-nanostar foci (as small as 100 pm) approximately 10 mm from the bulk
tumor margin, all of which were confirmed by IHC for human specific vimentin to be
micrometastatic satellite lesions. The residual tumor and the micrometastases would have
been missed by the surgeon without the SERRS-nanostar Raman image-guidance.

Detection of premalignant lesions using SERRS-nanostars

Next we aimed at investigating the ability of SERRS-nanostar-based Raman imaging to
detect pre-malignant cells. To this end, we selected the KPC and Hi-Myc mouse models,
because they demonstrate multifocal, heterogeneous tumor development closely resembling
the hallmarks of human pancreatic and prostate cancer development, respectively (15, 16).
In KPC mice, Raman imaging of the exposed pancreas was performed in situ. This not only
delineated the bulk tumor, but also detected smaller, sub-millimeter SERRS-nanostar-
positive foci in the body and tail of the pancreas (Fig. 5, A and B). Histologic examination
of the bulk tumor (Fig. 5 B, arrow 1) demonstrated that the SERRS-nanostars accumulated
both in the tumor stroma and within epithelial tumor cells. Interestingly, examination of the
small scattered foci (arrow 2) demonstrated the presence of pancreatic intraepithelial
neoplasia (PanIN), a precursor of invasive pancreatic cancer, confirmed by histology (Fig.
5C). These premalignant lesions are known to develop and ultimately progress to overt
PDAC with 100% penetrance (15). Of note, these lesions were also detected in situ in a
simulated intraoperative scenario (Fig. 5A).

In 10-month old Hi-Myc mice, SERRS-nanostar-positive foci were found in multiple areas
of the prostate, each correlating with neoplasias of different stage, grade, and cell
differentiation. In a representative example, the Raman positive focus 1 was resected first
(Fig. 6A, arrow 1, along the dashed line). A second Raman scan was then obtained and a
larger partial prostatectomy performed to resect other SERRS-nanostar-positive areas (Fig.
6A, arrows 2 and 3, dashed line). Following the second resection, a third Raman scan
demonstrated residual signal within the resection bed (Fig. 6A, arrow 4, dashed line), which
was also removed. IHC of all three specimens showed expression of Myc, androgen
receptor, and a-PEG, the latter confirming the presence of SERRS-nanostars. High-grade
prostatic intraepithelial neoplasia (arrow 1 in Fig. 6A), a premalignant stage, was identified
in the tissue of the first resection (Fig. 6B). Invasive prostatic carcinoma with squamous
differentiation (arrow 2 in Fig. 6A) and invasive prostatic carcinoma with mucous cell
differentiation (arrow 3) were identified in the tissue obtained from the second resection
(Fig. 6B). Invasive adenocarcinoma (arrow 4) was identified in the prostatic tissue obtained
from the third resection (Fig. 6B).

Macropinocytosis and cellular uptake of SERRS-nanostars

Recent studies have shown that macropinocytosis, a rapid multistep endocytic process
capable of bulk endocytosis, is selectively upregulated by tumor cells (20). Furthermore,
macropinocytosis has also been implicated in the active cellular uptake of nanoparticles with
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similar size and composition as the SERRS-nanostars (21). We therefore investigated the
role of macropinocytosis as an underlying mechanism involved in the active uptake of
SERRS-nanostars by cancer cells.

In order to faithfully recapitulate the uptake in vitro, we studied SERRS-nanostar uptake in
cell lines derived from tumors from the same mouse models used for the in vivo studies (Fig.
2-6). These cell lines constituted the MMTV-PyMT murine breast cancer-derived AT-3 cell
line (22), the KPC-derived murine PDAC cell line PCC-9 with mutated p53 and Kras (23),
the c-myc—derived murine prostate cancer cell line Myc-CaP (24), and the human
DDLS2218 liposarcoma cell line. The cell lines were pretreated with 4 different small
molecule inhibitors: the Na*/K*-exchange inhibitor 5-(N-ethyl-N-isopropyl)amiloride
(EIPA); the phosphatidyl-4,5-bisphosphate 3-kinase (P13K) inhibitors NVP-BEZ235 and
wortmannin; and the actin-polymerization inhibitor cytochalasin D (21). After 30 minutes,
the cells were incubated with SERRS-nanostars and Raman images were obtained.

Pretreatment with the different inhibitors markedly decreased the uptake of SERRS-
nanostars by all cell lines (~70-90% reduction; Fig. 7). Because PI3K underlies other forms
of endocytosis as well (e.g. clathrin-mediated endocytosis), PI3K inhibition alone is not
sufficient to identify macropinocytosis. However, the ability of EIPA and cytochalasin D to
significantly decrease cellular SERRS-nanostar uptake does distinguish macropinocytosis
from phagocytosis and other endocytic processes as the mechanism underlying cellular
SERRS-nanostars accumulation (25, 26).

DISCUSSION

Here we report the development of SERRS-nanostars that, because of their low limit of
detection (1.5 fM using parameters amenable to in vivo imaging), enabled the visualization
of different cancer types, from premalignant to highly invasive, with microscopic precision.
The Raman signal intensity of the SERRS-nanostars is a 400-fold improvement over that of
other recently reported SERS nanoparticles (7). This increase was achieved by the
application of: i) a star-shaped gold core that red-shifted the LSPR to the near-infrared
region; ii) a Raman reporter that is in resonance with the NIR detection laser; and iii) a new
silica-based encapsulation method, which allowed the incorporation of ionic NIR dyes
(resonant Raman reporters) in the absence of widely used stabilizing agents, such as
polyvinylpyrrolidone, cetyltrimethylammonium bromide, sodium dodecylsulfate, and
albumin (7, 27-29). As a result, the surface of the gold core was not compromised by
primers or stabilizing agents that could replace the Raman reporter at the gold-silica
interface. In addition, because the spectral fingerprint of the SERRS-nanostars is unique to
the Raman reporter and is nonexistent in biological tissues, the detection of this spectral
fingerprint unequivocally corresponds to the presence of SERRS-nanostars. This is in
contrast to other optical methods, such as fluorescence-based imaging, which usually rely on
detection of one broad-based emission peak, and where tissue autofluorescence can lead to
false-positive signals (30).

The femtomolar sensitivity and high signal specificity of SERRS-nanostars enabled
delineation of not only primary tumors in mice, but also residual tumor cells after radical
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resection of the bulk tumors, and microscopic loco-regional metastatic tumor deposits as
small as 100 um in diameter, independent of the cancer stage, type, and subtype. It is
thought that these microscopic tumor deposits cause local recurrence after seemingly
adequate surgical treatment (31). Identification of such microscopic lesions by SERRS-
nanostars could enable more complete resection, particularly in the treatment of cancers
such as sarcomas and breast cancer where the recurrence rate is high even after wide
surgical excision (32, 33).

Because the accumulation of SERRS-nanostars in the lesions did not require specific
targeting moieties on the nanoparticle surface, we conclude that their uptake depends on a
property of cancer that is not unique to a specific type, subtype, or stage. It is already known
that nanoparticles within a certain size range and surface charge accumulate specifically in
cancer tissue, but not in normal tissues (34). This phenomenon, termed the enhanced
permeability and retention (EPR) effect, is a passive targeting mechanism for nanoparticles
with similar compositions and dimensions as SERRS-nanostars and may explain the
accumulation of these probes in cancerous tissues. The EPR effect has been reported to exist
in nearly every cancer type in animal models (34). Sarcomas have been reported to exhibit a
lower EPR effect than carcinomas, making it theoretically even more difficult to detect with
nanoparticle imaging agents (35). We therefore deliberately chose to also test SERRS-
nanostars in sarcomas in order to evaluate nanoparticle uptake in the most challenging
scenario. Despite the expected low accumulation of nanoparticles in such tumors, the high
sensitivity of the SERRS-nanostars enabled robust visualization of both spontaneous and
human-implanted sarcoma types (Fig. 4).

The accumulation of SERRS-nanostars in both premalignant cells and cancer cells suggests
an active cellular uptake mechanism selectively exploited by both premalignant and
malignant cells. Macropinocytosis has recently gained the attention of both the
nanotechnology as well as the cancer research communities. It is an endocytic process that
rapidly internalizes macromolecules in bulk from the extracellular milieu. It has been shown
that the driving oncogene in pancreatic cancer, mutant K-Ras, stimulates macropinocytosis
to obtain amino acids from the internalized proteins (e.g. serum albumin) to support cancer
cell metabolism (20). Because oncogenic mutation is a very early event in cell
transformation and shared by many cancers, we reasoned that macropinocytosis might be an
underlying mechanism for active SERRS-nanoprobe internalization by cancer cells. Indeed,
we found that macropinocytosis inhibitors markedly reduced the intracellular uptake of
SERRS-nanoparticles in vitro. A cancer type that is notoriously difficult to image as a result
of poor vascularization and the abundant presence of poorly perfused fibrotic stroma is
PDAC (36). In the KPC mouse model, which closely recapitulates human PDAC, SERRS-
nanostars accumulated in the tumor stroma and within tumor cells throughout the primary
tumor, whereas no SERRS-nanostars were found in the surrounding normal acinar tissue.
Interestingly, the SERRS-nanostars were also able to visualize PanIN in vivo. Direct
comparisons between Raman imaging and histology (IHC) demonstrated the accumulation
of SERRS-nanostars in both the stroma surrounding the PanIN and within PanIN-associated
epithelial cells. The presence of SERRS-nanostars in PanINs may be linked to tumor
angiogenesis at the very early stages of neoplasia (37). The inert materials used in SERRS-
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nanostars make them biocompatible. Gold-silica SERS nanoparticles similar in size and
composition to the SERRS-nanostars have been evaluated extensively with regard to their in
vivo biocompatibility, with no significant adverse effects observed (38). Other gold-silica
nanoparticles developed for therapeutic purposes are already being tested in clinical trials
(39). Moreover, the (at least partial) biliary excretion we observed for the SERRS-nanostars
in mice decreases their potential for toxicity, as does the fact that they do not require a
surface-targeting moiety, which reduces concerns for potentially immunogenic surface
moieties needed for targeted probes.

Our study and the Raman imaging technology reported herein still have several limitations.
First, Raman spectroscopy is not inherently a deep-tissue imaging method, and therefore
whole-body imaging methods, such as computed tomography, MRI, and PET, will continue
to be essential for the initial staging examinations in most cancer patients. Second, the extent
of the EPR effect and of macropinoctyosis may vary substantially between mouse models
and human patients, and clinical trials will be needed to assess how well SERRS-nanostars
perform in the clinical setting. Third, more advanced Raman imaging systems, such as
clinical wide field scanners, will have to be developed to enable Raman-guided cancer
resection in patients.

Collectively, our data demonstrate that SERRS-nanostars represent a new class of molecular
imaging agent that enables delineation of primary tumors, microscopic loco-regional tumor
deposits as small as 100 um, and premalignant lesions. We show in relevant animal models
that this is feasible regardless of the cancer stage, type, and subtype, and without the need
for a priori active targeting. Our data in mice are promising, as Raman imaging was
performed in vivo under conditions that are close to those required for clinical translation,
such as relatively low laser power (10-100 mW/cm?) and near-real-time imaging conditions.
New Raman imaging devices are currently being developed that also enable endoscopic
detection (14, 40), detection in deeper tissues (41), and even tomographic Raman imaging
(13) (fig. S3). We envision that these advances will result in a broadened clinical application
of Raman imaging in oncology, ranging from much-improved image-guided tumor
resections in open or minimally invasive approaches, to early cancer detection using Raman
endoscopes, to noninvasive imaging of deeper tissues.

MATERIALS AND METHODS

Study design

The objective of this study was to design, synthesize and characterize a new generation of
SERRS nanoparticles, and to test their ability to accurately detect and delineate both
premalignant and malignant lesions after intravenous administration in multiple murine
cancer models. All animal experiments were approved by the Institutional Animal Care and
Use Committees of Memorial Sloan Kettering Cancer Center. Sample sizes (at least 4 mice
per group) were chosen on the basis of previously published work (7). All Raman scans
were acquired 16-18 h after intravenous SERRS-nanostar injection, using 10-100 mW/cm?
laser power, a 1.0-1.5 second acquisition time, and a 5x objective. Raman images were
generated by applying a direct classical least square (DCLS) algorithm, which linearly
matches the predefined Raman spectrum of the SERRS-nanostars with the Raman spectra of
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the scanned tissues. The scanned tissues were processed for histological examination and
independently interpreted by two veterinary pathologists who were blinded to the Raman
data (J.R.W. and S.M.). The mechanism of intracellular uptake of SERRS-nanostars was
assessed in cell lines derived from tumors of the mouse models used in this study. The cell
lines were incubated with typical macropinocytosis inhibitors before addition of the SERRS-
nanostars. The difference in SERRS-nanostar internalization was normalized to the vehicle
control for each separate cell line and plotted accordingly. The difference in uptake between
vehicle- and inhibitor-treated cells was determined in three separate experiments in triplicate
without excluding any samples.

Gold chloride trihydrate (HAuCl,4-3H,0), ascorbic acid, tetraethoxyorthosilane (TEOS),
IR-780 perchlorate, ammonium hydroxide 28% (v/v), mercaptopropyltrimethoxysilane
(MPTMS), 2-(N-morpholino)ethanesulfonic acid (MES), methoxypolyethylene glycol
(mPEG; M, 2000 Da)-maleimide, ethanol, N,N-dimethylformamide (DMF) were purchased
from Sigma-Aldrich.

Gold nanostar synthesis and encapsulation

Gold nanostars were synthesized by rapidly adding 10 mL of 20 mM HAuUCI, to 990 mL of
40 mM ascorbic acid at 4°C. The nanostars were collected by centrifugation (10 min, 4000 x
g, 4°C) and dialyzed (3.5 kDa molecular-weight cutoff; Slide-A-Lyzer G2, Thermo Fisher
Scientific, Inc.) against 18.2 M2 @ cm water. Dialyzed gold nanostars (~75 nm) were
directly coated with dye-embedded silica via a modified Stéber method without the need for
surface priming. In brief, 1.0 mL 3.0 nM gold nanostars in water were added to 8.5 mL
ethanol to which 15 pL 25 mM resonant IR-780 perchlorate in DMF, 320 uL TEQOS, and 130
pL 28% ammonium hydroxide were added and allowed to react for 25 minutes. The as-
synthesized SERRS-nanostars were isolated by centrifugation (3,500 x g, 10 min) and
washed with ethanol.

SERRS-nanostar surface modification

To enable PEGylation, sulfhydryl groups were introduced on the silica surface by heating
the SERRS-nanostars for 1 hour at 72°C in ethanol containing 1% (v/v) MPTMS. The
surface-modified SERRS-nanostars were thoroughly washed with ethanol and water to rid
the surface modifier and redispersed in 10 mM MES buffer (pH 7.1). An equal volume of 10
mM MES buffer (pH 7.1) containing 2% (w/v) methoxy-terminated (m)PEGyggo-maleimide
was added to 3.0 nM as-synthesized SERRS-nanostars. The mPEGyggp-maleimide was
allowed to react with the sulfhydryl-modified silica surface for 2 hours at ambient
conditions. The PEGylated SERRS-nanostars were thoroughly washed with water and
redispersed in filter-sterilized 10 mM MES buffer (pH 7.3) and stored at 4°C prior to
injection.

In vivo Raman imaging of SERRS-nanostars

Mouse models of human cancer were generated as described in Supplementary Materials.
The mice were injected with SERRS-nanostars (30 fmol/g) via tail vein. Raman imaging
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was performed after 16 — 18 hours. The MMTV-PyMT, DDLS, inkda/arf~/~, KPC, and Hi-
Myc mice were anesthetized by intraperitoneal injection of 10 pL/g of a ketamine (15
mg/mL) and xylazine (1.5 mg/mL) cocktail and scanned in vivo. All Raman scans were
performed on an InVia Raman microscope (Renishaw) equipped with a 300 mW/cm? 785-
nm diode laser and a 1-inch charge-coupled—device detector with a spectral resolution of
1.07 cm™L. The SERRS spectra were collected through a 5x objective (Leica). Laser output
at the microscope objective was measured with a handheld laser power meter (Edmund
Optics, Inc.) and determined to be 100 mW/cm? when the laser was running at 100% laser
power at the microscope objective. Typically, in vivo and ex vivo Raman scans were
performed at 10-100 mW/cm? laser power, 1.5 s acquisition time, in StreamLine high-speed
acquisition mode. The Raman maps were generated and analyzed by applying a DCLS
algorithm (WIRE 3.4 software, Renishaw).

Immunohistochemical staining

The tissues from the imaging studies were collected and fixed in 4% paraformaldehyde, 4°C
overnight and subsequently processed to be embedded in paraffin. The Discovery XT
biomarker platform (Ventana) was used to stain the tissue sections (5 um). Heat-induced
epitope retrieval was performed using citrate buffer (pH 6.0). The primary antibodies were
diluted as follows: anti-polyomavirus medium T antigen (PyMT) antibody (1:800, ab15085,
Abcam); anti-PEG antibody (1:100, PEG-B-47, ab51257, Abcam); anti-Ki67 antibody
(1:250, VP-RMO04, Vector Laboratories); anti-Vimentin antibody (1:5000, V6389, Sigma-
Aldrich); anti-cytokeratin 19 antibody (1:5000, 3863-1, Epitomics); anti-c-Myc (C-19)
antibody (1:100, sc-788, Santa Cruz); and anti—androgen receptor (N-20) antibody (1:150,
sc-816, Santa Cruz). All biotin-labeled secondary antibodies, including anti-rabbit antibody
(1:300, BA-1000), anti-rat antibody (1:300, BA-9400), and anti-mouse antibody (1:300,
BA-9200) were purchased from Vector Laboratories. All histological results were reviewed
by two experienced mouse pathologists (J.R.W. and S.M.) from the Tri-Institutional
Laboratory of Comparative Pathology who were blinded to the Raman data and used
published consensus reports for lesion grading (42).

Statistical analysis

Statistical analysis was performed in Excel (Microsoft). Detailed information on the sample
size is described in the figure legends. All values in figures are presented as means + SD
unless otherwise noted in the text and figure legends. Statistical significance was calculated
on the basis of the Student’s t-test (two-tailed, unpaired) and the level of significance set at
P < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Characterization of SERRS-nanostars
(A) Schematic and 3D representations of the SERRS-nanostar geometry. Transmission

electron micrographs shown are of a single SERRS-nanostar and of a population of SERRS-
nanostars. (B) SERRS-nanostar size distribution as determined by nanoparticle tracking
analysis. (C) Raman spectra showing photostability of 1 nM SERRS-nanostars during
continuous laser irradiation at 100 mW/cm? for 30 min. Spectra were acquired at 5-min
intervals (50 uW/cm? laser power, 1 s acquisition time, 5x objective). (D) Limit of detection
of SERRS-nanostars in solution was 1.5 fM at 100 mW/cm?, 1.5 s acquisition time, 5x
objective. Data are representative of 3 separate experiments. (E and F) Serum stability of the
SERRS signal intensity (E) and hydrodynamic diameter (F) of 1.0 nM PEGylated SERRS-
nanostars during incubation in 50% mouse serum. Data are means * s.e.m. (n = 3).
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Photograph

Fig. 2. Imaging of breast cancer in the MMTV-PyMT mouse model
Images are representative of n = 6 mice. (A and B) Two adjacent tumors developed in the

upper and lower right thoracic mammary glands. Gray dashed box in photograph indicates
areas scanned with Raman imaging. (A) After imaging, the first tumor was resected along
the white dotted line. Anti-PEG IHC staining shows presence of SERRS-nanostars in the
tumor. (B) The second tumor was then also resected along the white dotted line. (C) Gray
dashed box in photograph indicates resection bed after removal of tumors in (A and B).
Staining for PyMT indicated residual microscopic tumor. Raman signal intensity is
displayed in counts per second.
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Fig. 3. Imaging microscopic tumor infiltration into the skin in the ink4a/arf '~ fibrosarcoma
model

Images are representative of n = 4 mice. (A) White dashed box in photograph highlights the
primary tumor on the right shoulder of an ink4a/arf~/~ fibrosarcoma-bearing mouse after
hair removal. Despite the red discoloration, the skin overlying the tumor is intact. Images
were obtained prior to surgical exposure of the tumor. (B) The photograph on the upper left
shows the bulk tumor (black box 1) after the overlying skin (gray box 2) had been lifted off.
Raman images of each boxed area were acquired, focusing on the bulk tumor (box 1) and
the skin overlying the tumor (box 2), respectively. (C and D) Histologic analysis of the
resected bulk tumor (C) and the skin overlying the tumor (D) at different magnifications of
indicated regions. Antibody against the marker Ki-67 (a-MKI67) indicated cell proliferation
and a-PEG stained for SERRS-nanostars. Raman signal intensity is displayed in counts per
second.
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Fig. 4. Microscopic infiltration at tumor margins and regional satellite metastases in the human
dedifferentiated liposarcoma (DDLS) mouse model

Images are representative of n = 7 mice. (A) SERRS-nanostars were detected by Raman
imaging of the bulk tumor. IHC staining for human vimentin indicated the presence of tumor
cells; anti-PEG, the presence of SERRS-nanostars. (B) Raman image of the resection bed
acquired after surgical excision of the bulk tumor in (A); resection was guided by white light
only. IHC images on the far right are magnified views of the areas indicated with arrows 1
and 2. (C) In a different mouse bearing a liposarcoma, multiple small foci of Raman signal
(arrows 1 to 5) were found ~10 mm away from the margins of the bulk tumor. As confirmed
by IHC, each of these five SERRS-nanostar-positive foci correlated with a separate tumor
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cell cluster (vimentin+) as small as 100 um (micrometastases). Images on far right are
magnified views of the metastases labeled 4 and 5. Raman signal intensity is displayed in
counts per second.
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Photograph Raman Overlay

Fig. 5. Imaging of pancreatic ductal adenocarcinoma (PDAC) and pancreatic intraepithelial
lesion (PanIN) in the KPC mouse model

Images are representative of n = 5 mice. (A) In situ photograph of the exposed upper
abdomen in a mouse with a PDAC in the head of the pancreas (outlined with white dotted
line). Corresponding Raman image, showing SERRS-nanostar signal in the macroscopically
visible tumor in the head as well as small scattered foci of SERRS-signal in other normal
appearing regions of the pancreas, are also shown. (B) Photographic and high-resolution
Raman images of the excised pancreas from (A). (C) H&E staining of the whole pancreas,
including PDAC (arrow 1) and PanIN (arrow 2). Histology and KRT19 staining in regions 1
and 2 confirmed lesions. Raman signal intensity is displayed in counts per second.
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Fig. 6. Imaging different stages and grades of prostatic neoplasia within the same prostate in the
Hi-myc mouse model

Images are representative of n = 5 mice. (A) Sequential resection of the prostatic tumors
with correlating Raman images. White dotted lines indicate the margins of each resection.
(B) Histological staining for the tumor marker MY C, androgen receptor (AR), and PEG
(indicating the presence of SERRS-nanostars) of the respective resected tumors in (A).
Raman signal intensity is displayed in counts per second.
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Fig. 7. Macropinocytosis is a major contributor to SERRS-nanostar uptake by tumor cells
Four small-molecule inhibitors—5-(N-ethyl-N-isopropyl)amiloride (EIPA), NVP-BEZ235,

wortmannin, and cytochalasin D—were applied in vitro to tumor cell lines established from
primary spontaneous tumors of the MMTV-PyMT [AT-3], KPC [PCC-9], and Hi-myc
[Myc-CaP] transgenic mice and DDLS-8817 liposarcoma cells. Raman images of the cells
were acquired and the Raman signal from the accumulated SERRS-nanostars was quantified
and normalized to the cell number. Data are means + SD normalized to DMSO vehicle
control (defined as 100%), and are representative of 3 separate experiments. *P < 0.05
versus the DMSO control; unpaired t-test.
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