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Abstract
Metastases rather than primary tumors are responsible for killingmost patients with cancer. Cancer cells often

invade regional lymph nodes (LN) before colonizing other parts of the body. However, due to the low sensitivity
and specificity of current imaging methods to detect localized nodal spread, an invasive surgical procedure—
sentinel LN biopsy—is generally used to identify metastatic cancer cells. Here, we introduce a new approach for
more sensitive in vivo detection of LN micrometastases, based on the use of ultrasound-guided spectroscopic
photoacoustic (sPA) imaging ofmolecularly activated plasmonic nanosensors (MAPS). Using ametastaticmurine
model of oral squamous cell carcinoma, we showed that MAPS targeted to the epidermal growth factor receptor
shifted their optical absorption spectrum to the red-near-infrared region after specific interactions with nodal
metastatic cells, enabling their noninvasive detection by sPA. Notably, LN metastases as small as 50 mm were
detected at centimeter-depth range with high sensitivity and specificity. Large sPA signals appeared inmetastatic
LNwithin 30minutes of MAPS injection, in support of the clinical utility of this method. Our findings offer a rapid
and effective tool to noninvasively identify micrometastases as an alternate to sentinal node biopsy analysis.
Cancer Res; 74(19); 5397–408. �2014 AACR.

Introduction
Accurate detection of regional lymph node (LN) metastases

is a critical step in staging, prognosis, and development of a
treatment plan for patients with cancer (1–3). Lymphatic
mapping with sentinel LN (SLN) biopsy has been introduced
as an alternative to elective LN dissection and has gained rapid
acceptance because it allows improved accuracy and
decreased patient morbidity for regional cancer staging
(4, 5). However, SLN biopsy still has major limitations. The
procedure requires two or more injections of radionuclide
tracers followed by an invasive surgical procedure associated
with removal of one or more LNs identified as SLNs with
associated risks of short- and long-term morbidity and up to 2
weeks of waiting for full histopathology evaluation (6, 7). In

addition, the detection limits for pathologic identification of
metastatic cells remain subject to the skill and patience of the
pathologist. In fact, LNmetastases go undetected in up to 9% of
patients with melanoma, allowing the disease to spread
untreated (8). Therefore, there is a definite and urgent clinical
need for an imaging technique that is widely available, is
noninvasive and simple to perform, is safe, and can reliably
detect and adequately diagnose LN micrometastases in real
time.

Ahost of imagingmodalities have been tested in animals and
patients in attempts to improve the accuracy and safety of SLN
biopsy (9–14). For example, ultrasound imaging has been used
to detect changes in LN size, shape, and blood flow, which are
associated with metastasis (10). In addition, ultrasound imag-
ing ofmicrobubbles and fluorescence imaging of dye have been
proposed as an approach to guide SLN biopsy (14, 15). Positron
emission tomography (PET) has showed limited sensitivity in
detection of metastatic deposits and has been able to reliably
detect metastases only with sizes greater than 80 mm3 (11).
Magnetic resonance imaging (MRI) of systemically injected
superparamagnetic iron oxide nanoparticles has been shown
to indirectly indicate potential presence of metastasis by
detecting a disrupted drainage in metastatic LNs (16). There-
fore, although these imaging approaches have shown potential
in providing usefulmorphologic and functional information, to
date, none have demonstrated sufficient sensitivity and spec-
ificity to replace the current invasive SLN procedure (11, 12).

Photoacoustic imaging has recently been introduced as a
modality that can improve the detection threshold and sen-
sitivity of radiographic imaging modalities (17–22). It is an
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emerging hybrid imaging technique that combines the high
contrast and sensitivity of optical imaging with the excellent
depth resolution of ultrasound imaging. Images are acquired
by detecting broadband ultrasoundwaves that propagate from
sites of optical absorption after the tissue is irradiated with a
nanosecond pulsed laser. Previous studies have shown that
photoacoustic imaging can accurately track intradermally
injected dyes or nanoparticles for localization of LNs with
high sensitivity (23, 24). However, even though these
approaches eliminate the use of radioactive compounds, they
still require surgical removal and histopathologic evaluation of
the SLNs and they do not provide information about the
metastatic state of the SLN.

To address the need for molecular-specific detection of
micrometastasis with enhanced specificity and sensitivity, we
developed a novel method based on spectroscopic photoa-
coustic (sPA) imaging with molecularly activated plasmonic
nanosensors (MAPS). The MAPS (Fig. 1A) consisted of 40-nm
spherical gold nanoparticles (AuNPs) targeted to the epider-
mal growth factor receptor (EGFR), a molecular target asso-
ciated with carcinogenesis in many cancers, including lung,
oral cavity, and cervix (25), through directional conjugation
with anti-EGFR monoclonal antibodies and polyethylene gly-
col (PEG; refs. 26, 27). Here, we show that MAPS can be used in
in vivo applications where nonspecific signal due to delivery of
a contrast agent hinders the ability to visualize the underlying
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Figure 1. The effect of plasmon resonance coupling inmolecular-specific imaging of EGFR-expressing cancer cells. A, a schematic of the EGFR-targetedMAPS;
relative dimensions of antibody molecules and a gold nanoparticle (AuNPs) are preserved. B, hyperspectral dark-field microscopy was used to obtain optical
spectra from unlabeled cells (blue), MAPS dispersed in extracellular space (green) and cells labeled with MAPS (violet). Dark-field optical images (C, D, and E;
scale bar, 10mm)and cartoon (F, G, andH) show cancer cells in the absence of gold nanoparticles (C and F); cells in the presence of nonspecificAuNPs (D andG);
and cells labeledwithMAPS (EandH).Unlabeled cells havea characteristic bluishwhite appearance due to intrinsic light scattering properties (C)while a greenish
haze is evident in the presence of nonspecific AuNPs that strongly scatter green light (D). Molecular-specific interactions between MAPS and EGFR-
overexpressing cancer cells lead to receptor-mediated endocytosis that results in plasmon resonance coupling between MAPS and the associated strong
changes in their optical properties (E). The colored stars in C–E identify the regions from which the same-color spectral curves are displayed in B.
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molecular expressions. In an orthotopic nude mouse model of
squamous cell carcinoma of the oral cavity (SCCOC) that
develops LN micrometastases (28), we show that a single
peritumoral injection of MAPS followed by sPA imaging is
sufficient to detect micrometastases as small as 50 mm in size.
Molecular-specific interactions between the EGFR-targeted
MAPS and tumor cells lead to a dramatic change in the
spectroscopic signal ofMAPS in sPA imaging that enables highly
sensitivedetectionofmicrometastasis. Thus, the combinationof
traditional ultrasound imaging to provide guidance and ana-
tomic information with sPA MAPS-based detection of cancer
cells provides an integrated technique for the detection of small
micrometastases with high sensitivity and specificity. Ourmeth-
odhas a great potential for clinical translationbecause it is based
on a combination of a well-established ultrasound imaging and
emerging clinically translatable sPA imaging and MAPS. This
powerful combination can provide dramatic improvement in
the clinical staging, prognosis, and therapeutic planning for
patients with cancer with metastatic disease.

Materials and Methods
Nanoparticle synthesis
Molecular-targeted AuNPs were synthesized as previously

described (26). First, 40-nm spherical AuNPs were prepared
by heating 100 mL of a 0.01% (w/v) water solution of
chloroauric acid (HAuCl4; Sigma-Aldrich) to boiling, and
rapidly adding 4 mL of a 1% (w/v) solution of sodium citrate.
Then, anti-EGFR or anti-RG16 monoclonal antibodies (clone
C225 or RG16; Sigma-Aldrich) were attached to the AuNPs
using directional conjugation chemistry that uses a carbo-
hydrate chain on the Fc portion of the antibody leaving
antigen binding sites on the Fab moiety available for target-
ing (26). Briefly, antibodies at 1 mg/mL in 40 mmol/L HEPES
buffer, pH 7.5 and 100 mmol/L sodium periodate (NaIO4;
Sigma-Aldrich) were mixed at 10:1 (v/v) ratio, respectively,
and were incubated for 30 minutes in dark at room tem-
perature to oxidize hydroxyl groups of the carbohydrate
chain in the Fc antibody regions. Then, approximately
100-fold molar excess of a heterofunctional hydrazide-
-PEG–dithiol linker (dithiolaromatic–PEG6k–CONHNH2;
SensoPath Technologies) was added to the oxidized anti-
bodies for 1 hour. The hydrazide portion of the linker reacts
with aldehydes on antibody molecules to form a stable
linkage. The antibody–linker complexes were purified using
a 100,000 Da molecular weight cutoff centrifugal filter (Milli-
pore). After purification, the modified antibodies were resus-
pended in 40 mmol/L HEPES (pH 7.4) at concentration of 0.1
mg/mL and were mixed with prepared AuNPs at 1:10 anti-
body:nanoparticle (v/v) ratio for 20 minutes at room tem-
perature. During this step, a stable bond is formed between
the gold surface and the linker's thiol groups. Subsequently,
10�5 mol/L 1� phosphate-buffered saline (PBS) solution
of methoxy-poly(ethylene-glycol)thiol (mPEG-SH; 14 kD;
Shearwater Polymers) was added at ca. 1:10 mPEG-SH to
nanoparticle ratio (v/v) for 20 minutes to passivate the
surface of nanoparticle conjugates that is not covered by
antibodies (Fig. 1A). The final conjugates were washed using

centrifugation (4,000 rpm, 30 minutes) and were resus-
pended in 1� PBS at concentration of ca. 1 � 1012 nano-
particles/mL.

Animal studies
All animal studieswere approved by the Institutional Animal

Care and Use Committee at The University of Texas at Austin
(Austin, TX). Balb/c nudemice of 2 months of age were used in
this study (Charles River Laboratories). The primary tumors
were initiated with a submucosal injection of 300,000 FaDu-
Luciferase cells suspended in 30 mL of DMEM media into the
tongue. The FaDu cells (ATCC, 2009) are a primary human
squamous cell carcinoma of the pharynx cell line that were
validated at the Fragment Analysis Facility at Johns Hopkins
University (Baltimore, MD) via short-tandem repeat profiling
on January 20, 2011. The cells were passaged for fewer than 6
months before these studies. The tumors were allowed to grow
to 3 to 4 mm in diameter before the imaging experiments were
performed. At this point, 82% of the inoculatedmice developed
micrometastases in the cervical LNs.

During ultrasound and photoacoustic imaging, the mice
were anesthetized with isoflurane (1.5%, 0.5 L/min O2). Heart
rate, respiration rate, and body temperature were monitored
using a heated electrocardiogram pad. The mice were imaged
before the injection of nanoparticles. Forty microliters of
sterile-filtered nanoparticle solution was injected peritumo-
rally immediately after the first imaging session while themice
were still under anesthesia. The total injected dose was 1.6
pmol of nanoparticles that is equivalent to 40 mg of gold.
Imaging was performed continuously for 2 hours following
the injection of nanoparticles.

Following the ultrasound and photoacoustic imaging, the
bioluminescent cancer cells in the mice were imaged using an
IVIS Spectrum (PerkinElmer). Once anesthetized with isoflur-
ane, the mice were injected with 100 mL of RediJect D-Luciferin
(PerkinElmer). Bioluminescence imagingwas performed for 10
to 15 minutes following the injection. Then, mice were eutha-
nized by an overdose of isoflurane and cervical dislocation.
Bioluminescence imaging was performed to guide the resec-
tion of the primary tumor and metastases. The primary tumor
and cervical LNs were fixed in 10% formalin for 24 hours and,
then, were transferred to 70% ethanol. Samples were then
embedded in paraffin for histologic analysis.

Photoacoustic and ultrasound imaging
A Vevo LAZR high frequency ultrasound and photoacoustic

imaging system (VisualSonics) equipped with a linear array
transducer (LZ-550, 40 MHz center frequency) was used to
acquire all photoacoustic and ultrasound images. The co-
registered spatial dimensions of the collected ultrasound and
photoacoustic images were 14 mm (width) by 15 mm (depth).
Ultrasound and photoacoustic images at each optical wave-
length covering three-dimensional (3D) volumes surrounding
the cervical LNs were acquired by scanning the ultrasound
transducer in the elevational direction with a step size of 76
mm. The laser was tuned to optical wavelengths of 680, 700, 720,
740, 760, 780, 800, 820, 840, and 860 nm. Laser fluences,
measured by a Nova II power meter with a PE50BB sensor
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Figure 2. Generation of sPA images. A, in each 2D plane photoacoustic images are acquired using excitation wavelengths spanning 680 to 860 nm in steps of
20 nm. B, each pixel is compared with hemoglobin and activated MAPS; the dashed lines represent the expected spectra, while the colored boxes are
representative measured photoacoustic signals. Spectral unmixing is performed using a least squares method (29). An example of spectral unmixing of a
series of photoacoustic images is shown in C–H. Photoacoustic images acquired at 680 nm (C) and 860 nm (D) show the raw photoacoustic signal. E–G, the
spectra derived from three pixels (denoted by orange, red, and blue stars, for E, F, and G, respectively) of the photoacoustic images acquired at 10
wavelengths, including the images from C and D, exhibit distinct spectral signatures that correlate well with the spectra of hemoglobin or MAPS. The pixel
containing signal correlating to the MAPS spectrum steadily increases in amplitude over time (E), while the signals corresponding to blood remain relatively
constant (F and G). H, after spectral unmixing, the different absorbers are clearly distinguished as either blood (red/blue) or activated MAPS (yellow).
Scale bars, 1 mm. PA, photoacoustic.
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(Ophir), were 10 to 20mJ/cm2; all laser energies were below the
American National Standards Institute (ANSI) safe exposure
level for human skin. Photoacoustic images were averaged
eight times, thus suppressing uncorrelated noise. Each photo-
acoustic image was normalized by the measured fluence to
correct for the pulse-to-pulse laser energy variations.
To resolve different types of optical absorbers, we developed

an ultrasound-guided sPA imaging algorithm. We restricted
our analysis to three predominant absorbers: oxygenated
hemoglobin (HbO2), deoxygenated hemoglobin (Hb), and acti-
vated MAPS. The ultrasound image was used to automatically
segment themouse to remove photoacoustic imaging artifacts
on the surface of the skin. The relative contributions ofHbO2,

Hb, andMAPS to the overall photoacoustic signal in each pixel
was determined using a previously developed linear least
squares method (29). Pixels containing negative concentra-
tions (an artifact arising from noise or the presence of absor-
bers other thanHbO2, Hb, and MAPS) were not displayed. The
oxygen saturation of hemoglobin (SO2) was computed as the
ratio of HbO2 concentration to total hemoglobin concentra-
tion. The sPAHb signal was defined as the total hemoglobin
concentration while the sPAMAPS signal was defined as the
concentration of activated MAPS. sPA images were displayed
using yellow color for activated sPAMAPS and blue/red colors
for sPAHb with SO2 varying from 60% (blue) to 100% (red). The
range from 100% to 60% was chosen because it represents
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Figure 3. In vivo imaging of LN micrometastases. A, 3D ultrasound image of a mouse with an overlaid cartoon of the primary tumor in the tongue and
micrometastases in the cervical lymph nodes. Inset, a 2D cross-section of the ultrasound image with a LN seen as the dark, hypoechoic bean-shaped region.
B, a representative bioluminescence image confirms the presence of FaDu cells in the primary tumor and in the lymphatic system. Representative
overlaid ultrasound (US) and sPA images of a tumor-bearing mouse with a LNmetastasis 2 hours after a peritumoral injection of either EGFR-targetedMAPS
(C) or control RG16-conjugated AuNPs (D) and a normal mouse (E) 2 hours after a submucosal injection of EGFR-targeted MAPS. Hemoglobin (sPAHb) is
depicted in red–blue, as determined by the oxygen saturation, while the presence of cancer cells labeled with MAPS (sPAMAPS) is depicted in yellow
(see an arrow pointing to a micrometastasis in C); the anatomic location of a cervical LN is outlined by a dashed white line. Note the strong sPAMAPS signal
in tumor-bearing mice injected with EGFR-targeted MAPS. F, the LNs were split into three categories for analysis: (i) LNs containing metastases in
mice injectedwith EGFR-targetedMAPS (N¼ 7), (ii) LNs in tumor-bearingmice injectedwith RG16-conjugated AuNPs (N¼ 7), and (iii) LNswithoutmetastasis
in mice with or without a primary tumor injected with EGFR-targeted MAPS (N¼ 8). The total signal of activated MAPS was used as indicator of metastases.
The metastatic LNs in tumor-bearing mice exhibit a statistically significant increase in the sPAMAPS signal. The P values are from a Mann–Whitney U
test and error bars correspond to one standard deviation. G, a 3D reconstruction of the ultrasound images with the SLN volume segmented from the
2D ultrasound images (cyan), with the overlaid 3D sPA image showing the volumetric distribution of the sPAMAPS signal. All scale bars, 1 mm.
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normal physiologic extremes of blood oxygen saturation (e.g.,
arterial and venous blood). Pixels below 60% SO2 were colored
blue. The intensity of the sPA signal was determined from the
average photoacoustic signal.

The SLNswere identified andmanually segmented using the
3-D visualization of ultrasound data. Only the signal inside or
within 100 mm of the LNs was considered. The estimated
concentrations were filtered with a 5 � 5 � 5 voxel median
filter to suppress physiologic motion. The ratio between the
residual of the least squares approximation and the average
concentration was used as a threshold to discard pixels whose
spectra did not correlate strongly with the analyzed absorbers.
In general, most pixels were retained during this operation.We
noticed that this step mainly led to a suppression of the signal
generated at the surface of the skin (because melanin was not
included in spectral analysis). Finally, the total signal stem-
ming from the activated MAPS was summed throughout each
node to be used as an indicator of metastasis.

Histology and optical imaging
Formalin-fixed, paraffin-embedded samples were sliced in

100-mm levels. The samples were stained using hematoxylin
and eosin (H&E) stain to show tissue morphology and silver
stain to detect gold and anti-EGFR rabbit polyclonal anti-
bodies (Sigma HPA018530) for molecular-specific identifi-
cation of EGFR(þ) metastatic cells. A Leica DMI 3000B
microscope coupled to a DFC 290 camera was used to
record color images.

Dark-field and hyperspectral imaging were performed on a
Leica DM 6000 microscope with a 20� objective and xenon
lamp. Hyperspectral imaging was carried out with PARISS
system (Lightform, Inc.) attached to the Leica DM 6000 micro-
scope. The system was calibrated using a multi-ion discharge

lamp (MIDL) with known emission spectrum. To normalize
scattering spectra with the incident lamp spectrum, a spec-
trum of the excitation xenon lamp was acquired using a
Labsphere Spectralon calibrated scattering substrate.

Statistical analysis
A Lilliefors test was used to determine that the sPAMAPS

signal in the LNs did not follow a normal distribution. A
nonparametric Mann–Whitney U test was used to test the
null hypothesis that the sPAMAPS signal in metastatic nodes
was not significantly greater than the controls. All LNs from
mice injected with EGFR-targetedMAPSwere used to evaluate
the sensitivity and specificity of the imaging technique. A
receive operator characteristic (ROC) curve constructed from
the sPAMAPS signal was used to determine the threshold for
sensitivity and specificity.

Results
Three distinct states can be encountered in vivo after

injection of MAPS (Fig 1A): (i) cells with no MAPS present at
the site of interest, (ii) no interactions between cells and
delivered MAPS due to the lack of a molecular biomarker of
interest, and (iii) molecular-specific interactions between cells
and targeted MAPS. Hyperspectral and dark-field optical
microscopy of cell cultures simulating these three states (Fig.
1) show that delivery ofMAPS increases optical absorption and
scattering in the wavelength range near nanoparticle plasmon
resonance peak (Fig. 1B and D), while molecular-specific
interactions between MAPS and EGFR-expressing cancer cells
are associated with plasmon resonance coupling, resulting in
striking optical changes including red spectral shift in excess of
100 nmand broadening of nanoparticle extinction spectra (Fig.
1B and E). This sensing method is unique among optical
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Figure 4. Spatial correlation
between sPAMAPS signal and
bioluminescence. A and B,
photograph with overlaid
bioluminescence image showing a
small metastasis at the edge of the
LN. C, ultrasound image showing
the imaging plane depicted in D. E,
an ultrasound image of the plane
depicted inDandoverlaid sPAMAPS

signal shows twomicrometastases
that generated the
bioluminescence signal and a third
that was undetected by
bioluminescence.
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activatable imaging agents, which typically rely on enzymatic
cleavage for activation and, therefore, are mostly limited to
detection of various proteinases (13).
To establish the utility of MAPS in vivo, we performed sPA

imaging with MAPS for noninvasive detection of micrometas-
tases in the lymphatics of the orthotopic nudemouse model of
SCCOC (28). Either EGFR-targeted MAPS or control AuNPs
conjugated with a nonspecific RG16 monoclonal antibody
were injected peritumorally and were allowed to drain to the
cervical LNs of tumor-bearing mice. In clinical practice, a

similar injection of radionuclide tracers is routinely performed
to identify the location of LNs; however, it does not allow for the
detection of cancer cells. The RG16 antibody acts as a non-
specific control because it targets heavy chains of rabbit IgG/
IgM/IgA, which are not present in mouse or FaDu cells. The
injected dose was approximately 1.6 pmol, which is signifi-
cantly less than a dose of AuNPs with any reported cytotoxicity
in vivo (30). The cervical LNs, the site ofmicrometastatic foci in
this mouse model (28), were identified using ultrasound
imaging.
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Combined ultrasound and sPA
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containing two LNs (center), and
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region on the border of the left LN
(left) and right LN (right; A) before,
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and 125 (G) minutes after the
injection of MAPS. The steadily
growing region of activated MAPS
in the right LN indicates that MAPS
are gradually being delivered to
and are interacting with cancer
cells on the border of the LN. Scale
bars, 1 mm.
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To differentiate cancer cells labeled with MAPS from the
background, we implemented an image analysis algorithm to
spectroscopically resolve the twomajor contributors to photo-
acoustic signal in our studies—hemoglobin (sPAHb) and
MAPS-labeled cancer cells (sPAMAPS)—in the red-near-infrared
(NIR) wavelength region (Fig. 2). The relative contributions of
sPAHb and sPAMAPS to the overall photoacoustic signal were
determined via a linear least squares method (29). The SO2, as
calculated by the ratio between the concentration of oxygen-
ated hemoglobin and total hemoglobin, was used to assign a
color to the sPAHb signal. No significant changes in the red-NIR
photoacoustic signal intensity from LNs were evident in con-
trol groups for several hours following injection ofMAPSdue to
low absorption of noninteracting MAPS in this spectral region
and no apparent changes in blood flow. In contrast, a strong
increase in the photoacoustic signal was observed in LNs
harboring metastases less than 2 hours after administration
of MAPS (Fig. 2).

Overlaid ultrasound and sPA images of cervical LNs
(Fig. 3C–E) depicting the anatomy (gray) and contributions
from sPAHb (blue/red) and sPAMAPS (yellow) 2 hours after
the peritumoral injection of MAPS show the ability of our
method to detect micrometastases in the lymphatics with
high spatial resolution. LNs are identifiable by a dark bean-
shaped region in the ultrasound images (outlined using
white dashed line); the hypoechoic contrast is typical for
LNs in ultrasound imaging (see an example in Supplemen-
tary Fig. S1; ref. 31). The injection of EGFR-targeted MAPS
leads to a strong increase in the sPAMAPS signal from the LNs

with micrometastases (Fig. 3C). A 3D reconstruction of the
ultrasound/sPA images shows that the sPAMAPS signal is
constrained to a small region on the edge of the LN (Fig. 3G),
which is consistent with the location of metastases observed
in this mouse model. Furthermore, there was excellent
correlation between the spatial location of the sPAMAPS

signal and the in situ bioluminescence signal from meta-
static cells (Fig. 4).

Overall, tumor-bearing mice injected with EGFR-targeted
MAPS exhibit a statistically significant increase in sPAMAPS

signal from metastatic LNs (N ¼ 7 nodes) over LNs of control
mice injected with RG16-conjugated AuNPs (N¼ 7 nodes; P¼
0.006) and either LNs of normal mice (N¼ 5 nodes) or healthy
LNs in tumor-bearing mice (N¼ 3 nodes) injected with EGFR-
targetedMAPS (totalN¼ 8 nodes; P¼ 0.005; Fig. 3F). Statistical
analysis of the data results in a sensitivity of 100% and a
specificity of 87.5% of our method in detection of LN micro-
metastasis. The results show that our method is able to detect
metastases as small as 50 mm (which was determined by
measuring the longest diameter of the metastasis across all
histology slices), which corresponds to approximately 30 cells
(if we assume a spherical metastasis and cell diameter of 15
mm). The single false-positive came from a LN in a tumor-
bearing mouse with a confirmed metastasis in the contralat-
eral cervical LN. Given the fact that bilateral LN metastases
developed in a large portion of mice in this study (21% of
metastatic mice), it is possible that MAPS are more sensitive
than the validation using histology (the current gold standard)
and this false-positive represents an occult metastasis.
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shows elevated expression of
EGFR in the micrometastases
(G and H) and negligible EGFR
expression in normal nodes (I).
Scale bars, 200 mm (A–C) and
100 mm (D–I).
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Continuous sPA imaging of cervical LNs immediately fol-
lowing MAPS injection shows progressive labeling of cancer
cells over the course of 2 hours, indicating quick delivery and
uptake of the nanoparticles (Fig. 5). A steady increase in
sPAMAPS signal amplitude and volume is seen in a small
localized region on the border of the LN. The vasculature that
is visible throughout the rest of the image experiences little
variation over the same timescale. The contrast generated by
MAPS generally tended to plateau after 2 to 3 hours. This
indicates that the optimal time point to perform imaging
occurs in the first few hours after the injection. Furthermore,
the 2-hour timescale is consistent with nanoparticle drainage
through the lymphatics observed in vivo (32, 33) and cellular
uptake of MAPS observed in vitro (34). Taken together, these
observations provide additional support to the conclusion that
the highly localized signal is due to tumor cell–mediated
activation of MAPS.
H&E staining (Fig. 6A–F) confirmed the presence of the

metastases that were indicated by the bioluminescence
imaging and were detected by sPA imaging of MAPS. The
metastases had a tendency to form in the subcapsular region
of the node near the afferent lymphatic vessel or within the

vessel itself. This trend is in excellent correlation with the
regions of elevated sPAMAPS and bioluminescence signal
(Figs. 3, 4, and 6). Immunohistochemistry confirmed the
overexpression of EGFR in the micrometastases (Fig. 6G–I).
Furthermore, hyperspectral dark-field reflectance optical
microscopy of the excised tissue slices showed strong label-
ing of tumor cells and plasmon resonance coupling between
MAPS at the location of the micrometastases (Fig. 7). No
such signal was observed in the metastatic mice injected
with RG16-conjugated AuNPs. These results further indicate
that activation of MAPS is specific to EGFR overexpressing
cells.

Discussion
Molecular-specific imaging of small cellular clusters in vivo

at substantial depth remains a great challenge in modern
biology andmedicine (35). Attempts have beenmade to extend
virtually every biomedical imaging modality, including PET
(36), MRI (37), ultrasound imaging (38, 39), optical imaging
(40), and photoacoustic imaging (21, 22), to localize molecular
expressions in vivo. Nevertheless, accurate measurements of
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Figure 7. Optical hyperspectral
microscopy of specific
nanoparticle uptake and plasmon
resonance coupling of MAPS. H&E
stains of metastases (dashed red
outline) in mice injected with either
EGFR-targetedMAPS (A) or RG16-
targeted AuNPs (B). C and D, dark-
field reflectance hyperspectral
microscopy of adjacent tissue
slices shows tumor cell uptake of
EGFR-targeted MAPS and
plasmon resonance coupling
between theMAPS as evident from
a strong red-NIR shift in their
plasmon resonances, with no
plasmon resonance coupling
observed after the injection of
RG16-targeted AuNPs. The color
in C and D indicates the
wavelength of peak scattering
intensity, while the brightness
indicates the magnitude of
scattering; the range of colors is
depicted in the color bar. Scale
bars, 100 mm.
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molecular expressions in a tissue remain a difficult task.
Indeed, it is commonly assumed that the presence of a molec-
ularly targeted contrast agent correlates to the level of expres-
sion of the targeted molecule. What this assumption fails to
consider is that delivery of a contrast agent to a site of interest
and interaction between the agent and its target are two
independent events. Therefore, passive accumulation of a
contrast agent in a tissue (e.g., via the enhanced permeability
and retention effect in tumors; ref. 41) leads to decreased
specificity in molecular sensing (35, 42).

Advanced optical imaging techniques, such as F€orster Res-
onance Energy Transfer (43) or fluorescent imaging using
activatable probes (13), are able to provide a much more
specific visualization of molecular expressions. However, these
methods suffer from low penetration depth (less than one
millimeter in the ballistic regime of photon transport) or poor
resolution and sensitivity at greater depths (40). Furthermore,
fluorescent probes are prone to photobleaching. All of these
factors severely limit clinical applicability of optical techniques
for molecular detection of diseases, including micrometas-
tases. Photoacoustic imaging addresses these limitations
by combining the high contrast of optical imaging with the
excellent resolution of ultrasound imaging at depths up to 5 cm
(20–22, 44). In addition, plasmonic nanoparticles characterized
by enhanced optical absorption and photostability provide
strong contrast in photoacoustic imaging (19, 44, 45). However,
previous efforts to combine plasmonic nanoparticles with in
vivo photoacoustic imaging have not addressed the fundamen-
tal challenge in specificity that most other molecular imaging
modalities suffer from: nanoparticles that have interacted with
a molecule of interest cannot be differentiated from those that
have simply been delivered to the region.

Our approach based on nanoscale interactions between
cells and MAPS provides a straightforward mechanism to
decouple nanoparticle delivery from molecular interactions
(Supplementary Fig. S2). Our results show an excellent
ability to detect small colonies of cancerous cells. Indeed,
the 100% sensitivity and 87.5% specificity of sPA imaging of
MAPS are significantly better than the results obtained using
other noninvasive imaging modalities (46). For example,
PET, while more sensitive than many other radiographic
modalities, has 50% sensitivity and 87% specificity in detec-
tion of impalpable cervical metastases in human patients
with oral cancer (47). Demonstrated here is the capacity to
detect metastatic tumors consisting of just few tens of
malignant cells deep inside tissue.

The translation of this technique to the clinic will require
both a clinical imaging system and a clinically approved
contrast agent. The clinical imaging systemmust be developed
to image tissues at 3 to 5 cm depth. This could be achieved by
combining a clinically relevant lower frequency ultrasound
transducer (e.g., 10 MHz center frequency) with a tunable laser
source in the red-NIR spectral region that provides sufficient
pulse power at clinically save irradiation levels; this combina-
tion will achieve light penetration in tissue and propagation of
acoustic waves that are appropriate for LN imaging inmultiple
anatomic locations including LNs associated with oral and

breast cancers. In general, we do not expect the approach to
depend on the location of the primary tumor or its proximity
to the SLN. What is important is that the primary tumor needs
to be accessible for an injection of the MAPS and the LNs must
be accessible for photoacoustic imaging (i.e., they must be
within a few centimeters of a handheld or endoscopic imaging
probe).We expect that the sensitivity of our imagingmethod in
the clinic will be primarily limited by the ability to deliver light
deep in tissue. In addition, while the dose of gold used in this
study is well below any previously reported toxicity threshold
(30), gold nanoparticles are not yet accepted for widespread
clinical use. One of the concerns associated with gold nano-
particles is potential long-term toxicity because particles larger
than 5 to 6 nm are not easily cleared from the body. Previous
studies have shown that nanoparticles with sizes below ca.
6 nm can undergo efficient clearance through urine and feces
(48–50). Therefore, scaling down the MAPS to 5 nm is a viable
path toward clinical acceptance. Because the MAPS are deliv-
ered through the lymphatics, the short half-life of small par-
ticles in the bloodstream will not affect our technology as
opposed to applications requiring systemic delivery where
small particles can undergo quick renal clearance. Overall, the
clinical translation of the developed method is possible and
anticipated.
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