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Abstract

Improved imaging approaches are needed for ovarian cancer screening, diagnosis, staging, and
resection guidance. Here, we propose a combined photoacoustic (PA)/Raman approach using gold
nanorods (GNRS) as a passively targeted molecular imaging agent. GNRs with three different
aspect ratios were studied. Those with an aspect ratio of 3.5 were selected for their highest ex vivo
and /n vivo PA signal and used to image subcutaneous xenografts of the 2008, HEY, and SKOV3
ovarian cancer cell lines in living mice. Maximum PA signal was observed within 3 h for all three
lines tested and increased signal persisted for at least two days postadministration. There was a
linear relationship (/2 = 0.95) between the PA signal and the concentration of injected molecular
imaging agent with a calculated limit of detection of 0.40 nM GNRs in the 2008 cell line. The
same molecular imaging agent could be used for clear visualization of the margin between tumor
and normal tissue and tumor debulking via surface-enhanced Raman spectroscopy (SERS)
imaging. Finally, we validated the imaging findings with biodistribution data and elemental
analysis. To the best of our knowledge, this is the first report of /n vivo imaging of ovarian cancer
tumors with a photoacoustic and Raman imaging agent.
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Earlier detection of ovarian cancer (OvCA) should eventually be possible and may
significantly improve patient survival times.1~* Patients diagnosed with early stages of
OVCA when the disease is confined to the ovary have a five-year survival of up to 95%
following conventional therapy. In late stages, however, the 5-year survival is a dismal 25—
30%.5 Thus, a convenient and accurate method to quickly and accurately identify affected
individuals in the early stages of disease could be highly beneficial.

There are two main approaches to the early detection of OvCA: /n vitro blood-based
biomarker testing including CA125 and HE4 and Jn vivo imaging.® Realistic clinical
solutions will likely require the strengths of both approaches, and work on serum assays
continues elsewhere.5-2 Here, we describe improvements in imaging. Computed
tomography (CT) may have utility for tumor staging, but offers poor soft tissue contrast with
resulting poor sensitivity and specificity in screening.® 19 Magnetic resonance imaging
(MRI) offers excellent contrast without ionizing radiation, but has temporal and financial
needs that are likely inconsistent with high throughput screening.® Positron emission
tomography (PET) with a very high sensitivity can interrogate various molecular/
biochemical properties, but is more suitable for monitoring response to therapy than
detecting early lesions due to limited spatial resolution.® 11 In contrast, ultrasound (US)
imaging is real time, affordable, and offers clinical sensitivity near 90% in select patient
cohorts;® transvaginal US, transabdominal US, or both are currently considered the first-line
imaging tool(s) whenever an ovarian lesion is suspected.? 12 Ultrasound can likely be well
complemented by photoacoustic (PA) imaging.13-18 In PA imaging, a short light pulse
incident on the target tissue causes rapid heating and thermal expansion that produces a
pressure wave capable of acoustic detection. PA imaging produces a tomographic image /n
vivo with very high spatial resolution (up to 50-500 um) and depth of penetration up to 5
cm. PA imaging can use endogenous contrast like hemoglobin and melanin or a variety of
exogenous imaging agents including small molecules and nanoparticles. Here, the former
offers better tissue access and the latter produces significantly more signal on a mole-to-
mole basis.19 20 Common nanoparticle PA imaging agents include carbon nanotubes,
copper sulfide, and iron oxide, with detection limits in the nM range depending on
instrumentation.18: 21, 22 Finally, Raman imaging is a next generation optical technique that
uses noble metal nanoparticles for surface-enhanced Raman spectroscopy (SERS) or surface
enhanced resonance Raman spectroscopy (SERRS), resulting in highly sensitive (fM) and
multiplexed (17> 5) imaging.23-29

The current work combines the attributes of PA and SERS imaging into a single multimodal
imaging agent v7a gold nanorods (GNRs). While we have previously used gold spheres for
both PA and SERS,30 GNRs have several advantages that motivate this work.31-33 They
have a sufficiently large optical absorption cross section to maximize the agent's PA signal,
yet are small enough to delay/minimize uptake by the reticuloen-dothelial system. GNRs are
easily functionalized with a variety of SERS reporters for multiplexing,34 and their tips offer
higher SERS effects relative to spheres.3> GNRs may also better extravasate via the
enhanced permeability and retention (EPR) effect into the tumor space versus spherical
nanoparticles due to their higher aspect ratios.36: 37 Furthermore, gold has been used
clinically for decades,38 and GNRs likely lack much of the toxicity concerns that have
hampered other PA imaging agents such as carbon nanotubes.3% 40 Finally, GNRs have
great potential as photothermal ablation tools that could be incorporated into a combined
therapeutic/diagnostic or “theranostic” approach.31. 34, 41-43

In this report, we prepare and characterize dual modality SERS and PA GNRs and use them
to image ovarian tumor subcuatneous xenograft models /n vivo. We envision using this
combined imaging agent to evaluate ovarian lesions in at-risk patients first identified by
blood-based screens. This imaging agent offers both PA signal for diagnostic or prognostic
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imaging studies and optical SERS signal for image-guided resection. The PA modality
overcomes the SERS challenge of poor depth of penetration and the SERS modality
compensates for PA limitations with sensitivity. Three different sizes of GNRs were studied
with low /n vitro toxicity and stable signaling capacity. The imaging agent easily imaged the
xenograft tumors of three common OvCA cell lines: 2008, HEY, and SKOV3. Tumor
margins were clearly visualized optically with the SERS modality, and the imaging data was
validated with inductively coupled plasma spectrometry. To the best of our knowledge, this
is the first report of /nn vivoimaging of OvCA tumors with a PA imaging agent and the first
report of a combined PA/SERS imaging probe.

GNR Physical Characteristics and Signaling Capabilities

GNRs with different resonances were physically characterized and analyzed for their
capacity to produce both SERS and PA signal.34 44 The size of the GNRs was tuned by
changing the concentration of silver nitrate.** Three batches were selected for further study
—GNRs with peak absorbance at 661, 698, and 756 nm. TEM imaging confirmed the
expected morphology (Figure 1 A and Supporting Information Figure S.1) and indicated that
1-5% of each batch was not composed of GNRs, but rather gold particles with assorted
morphology including gold nanosquares, nanospheres, and nanopolyhedrons. The width and
length (and thus aspect ratio) of at least 30 different GNRs from multiple TEM fields-of-
view were measured using ImageJ software. Absorbance spectroscopy (Supporting
Information Figure S.2A) indicated that higher aspect rods had more red-shifted absorbance
peaks,*> 46 and PA analysis confirmed that the wavelengths of highest absorbance
correlated to the highest PA signal (Supporting Information Figure S.2B). A blue shift of
approximately 5-10 nm from peak resonance was sometimes observed in the first week after
synthesis, similar to other reports.*” GNRs were dialyzed with an IR laser dye and thiol-
PEG versus distilled water to remove cetyltri-methylammonium (CTAB) and increase SERS
signal. Zeta potential in 1:1 water/PBS before and after functionalizing with IR792 and
thiol-PEG showed a consistent shift away from a positive zeta potential (due to quarternary
ammonium on CTAB) to a more neutral value when PEG-coated (Table 1).

Different dyes produce different SERS spectra as shown in Figure 1B. Each GNR type in
Figure 1B has unique peaks that could be easily spectrally unmixed from a combination of
the three for multiplexed analysis. These peaks include 934 and 1206 cm™ for IR792, 789,
852, and 1080 cm™1 for DTTC, and 1310 and 1433 cm™1 for IR140. The data in Figure 1B
are normalized relative to each species' maximum absorbance; however, the three dyes
produced very different data on an absolute scale. The IR792 dye produced the highest
signal. Other molecules were at lower intensity: DTTC (16.2%; 849 cm™1), IR140 (9.9%;
1312 cm™1), IR1061 (0.48%; 1558 cm™1), and Coumarin (0.27%; 1038 cm™1). The number
in parentheses indicates the signal intensity at the maximum peak relative to IR792 and the
peak of dye maximum signal. IR792 functionalized GNRs were used for the remainder of
the experiments.

The 661, 698, and 756 nm GNRs (100 L at 5.4 nM) were studied using PA imaging with
laser excitation at 680, 698, and 756 nm, respectively (Table 2). The 756 nm GNRs
produced the most intense signal; 698 GNRs were most intense when normalized to laser
intensity. Unfortunately, the highest absorbance peak of the 661 nm GNRs could not be used
because the lower range of the laser is 680 nm. All batches had similar SERS signal using
the IR792 dye (Table 2) and 785 nm excitation. If two more rounds of centrifugation and
washing were done during the postdialysis purification, we noticed visible aggregates that
could be only be resuspended with ultrasonication. Although visibly resuspended, TEM
imaging, absorbance spectroscopy, and SERS analysis indicated that some residual
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aggregation remained (Supporting Information Figure S.3). The formation of “hotspots”
between the nanoparticles increased the SERS effect 2-fold versus monodisperse
GNRS.48’ 49

The ex vivo LOD of the GNRs was determined in both the SERS (Supporting Information
Figure S.4) and PA (Supporting Information Figure S.5C) modalities. The in vitro SERS
detection limit was 17 fM; the /n vivo SERS detection limit was 8.5 pM (Supporting
Information Figure S.4). The SERS intensity of the GNRs was compared to silica-coated
gold nanospheres at 17 pM (Figure 1D) described previously.23 2550, 51 The results indicate
that the GNRs produce nearly a log order more signal on a per particle basis. In the PA
modality, the ex vivo LOD of the 756 nm GNRs is 24 pM (Supporting Information Figure S.
5B). The batch-to-batch signal reproducibility of four different batches of GNRs was studied
with a relative standard deviation of 15.5% and 3.6% for the SERS and PA modalities,
respectively.

Probe Stability and Toxicity

PA Imaging

GNR stability was tested in water and murine serum. GNRs were brought to 0.13 nM and
analyzed longitudinally over 30 h. There was no decrease in the probe SERS intensity in
water, but nearly a doubling of SERS signal in serum. This observation was present in
repeated experiments and attributed to aggregation of the GNRs causing SERS “hot spots”
that further enhance the SERS signal.#8 Toxicity was studied in a pilot fashion with a
modified version of the Alamar Blue assay (Presto Blue).52 We first confirmed the ability of
the reagent to measure metabolic activity of the OvCA cells lines 2008, HEY, and SKOV3
using increasing concentrations of cells (Supporting Information Figure S.6). The
correlation coefficient (/2) was above 0.97 for all three OVCA cell types. In a separate plate,
increasing concentrations of the 756 nm GNRs were added to 10 000 OvCA cells in
replicate (r7=6) wells of a 96 well plate and allowed to incubate overnight. A decrease in
metabolic activity was observed at 0.5 nM for 2008 cells; no toxicity up to 1 nM GNRs was
observed for HEY and SKOV3 cells (Figure 2.). However, 1 nMof GNRs prior to exchange
of PEG for CTAB had significantly (p < 0.05) higher toxicity for all three cell lines (Figure
2).

We envision using PA imaging as an accessory to B-mode ultrasound, and it would be used
to identify and characterize OvCA tumors. To determine stability of PA signal we
repeatedly imaged one tumor bearing mouse without any molecular imaging agents through
three different sets of challenges: (1) no movement of the animal between scans, (2)
removing and repositioning the mouse in between scans by the same operator, and (3)
removing and repositioning the mouse in between scans by different operators. The relative
standard deviation (RSD) for these three challenges is 9.6, 13.5, and 6.5%, respectively
(Supporting Information Figure S.7A). Differences in absolute intensity are expected
because not all experiments were done on the same day. We also studied whether any
photothermal effects are observed during PA imaging and saw no temperature increase due
to the relatively low laser power (<7 mJ) and the stabilized water bath temperature
(Supporting Information Figure S.7B)

Next, we performed /in vivo PA imaging of a MDA-435S xenograft model, which is reported
to accumulate intravenously injected GNRs and was used as a positive control.31 The above
data and published reports regarding the “optical window” of tissue suggested that the 756
nm GNRs may be most suitable for /n vivo imaging,>3 but we performed additional
experiments to verify this hypothesis. The PA signal of the different GNR batches was
explored /n vivo with both intratumoral (50 uL 5.2 nM GNR in 50% matrigel) and
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intravenous (200 uL 10.4 nM) injection in MDA-435S tumor-bearing animals (Supporting
Information Figure S.8). The enhancement after intratumoral injection was 1.6, 2.0, and 2.3-
fold for 660, 698, and 756 nm GNRs. The peak enhancement after intravenous injection was
1.6, 1.5, and 3.5-fold for the 660, 698, and 756 nm GNRs, respectively. For these reasons
and data in Table 2, all future work used the 756 nm GNRs.

A standard dose of 200 pL of 5.4 nM 756 nm resonance GNRs was used with subcutaneous
tumor xenografts (n7=3) for 2008, HEY, and SKOV3 cells lines unless otherwise noted.
These studies determined the tumor PA background, kinetics of contrast, and GNR /in vivo
LOD. Prescan images were collected followed by time points at approximately 1, 3, 6, 24,
and 48 h postinjection. The size of these tumors was 261 + 100, 257 £ 78, and 1350 + 500
mm3 for 2008, HEY, and SKOV3 cell lines, respectively. The PA background for 2008,
HEY, and SKOV3 tumors were 7.5 + 0.6, 8.6 + 1.8, and 8.4 £ 1.5 arb unit, respectively.
Representative pre-and postinjection scans shown as volumetric renderings projecting from
the interior to the exterior are shown in Figure 3 and illustrate the capacity of this approach
to image a wide variety of ovarian tumor types.>* The normalized time activity curves in
Figure 4 illustrate the different tumor behaviors and show a fairly rapid increase in tumor
signal followed by slow release of molecular imaging agent from the tumor. The times to
half max (7%2) are 90 and 30 min for the 2008 and HEY xenografts (Figure 4A),
respectively. Also see non-normalized source data for these experiments in Supporting
Information (Figure S.9 and movies) presenting tomographic video of the tumor before and
3 h after injection of contrast. Although only performed in two animals, the SKOV3 data
also suggests rapid accumulation (Supporting Information Figure S.10).

To demonstrate discrimination between different amounts of contrast, we injected increasing
concentrations of GNRs in a constant volume of 200 uL into replicate animals (7= 3)
bearing 2008 tumors due to its ease of handling and our previous work with this model
(Supporting Information Figure S.11).% Figure 4B plots the signal increase above baseline.
When interpreted with linear regression, the relationship has a correlation coefficient of /2 =
0.97. Importantly, sham injections of 0 nM GNRs (saline only) are near unity and within
normal variance of the instrument. From the slope of the line and variance of the vehicle
control, a LOD of 0.4 nM was calculated. Importantly, even at the highest concentration
tested (16.8 nM), no naticeable to changes to animal behavior, posture, or activity were
noted. HEY and SKOV3 tumors were imaged with 2.5 nM GNRs, but the LOD was not
quantified further.

To validate the PA signal and understand the biodistribution of GNRs in tumor bearing mice
we analyzed tissues for gold content with ICP spectrometry. Important controls to validate
this approach were the calibration curve, matrix interference studies, and percent recovery
analysis. Gold standards from 0.01 to 100 ppm were analyzed at the 2427 A gold line and
the signal correlated with concentration at /2 > 0.999 (Supporting Information Figure S.
12A). When decreasing volumes of 756 nm resonance GNRs were dissolved in aqua regia,
the gold signal was also linear at /2 > 0.99 (Supporting Information Figure S.12B). We also
spiked digested tissues with gold standard to 10 ppm and compared that signal to 10 ppm in
aqua regia only. The signal in blood, tumor, spleen, liver, lung, and kidney was 104%,
103%, 106%, 109%, 106%, and 107% of the signal without digested tissues (Supporting
Information Figure S.13A). Finally, to determine if analyte was lost in the sample
preparation process, 50 uL of GNRs was added to mouse tissues, digested, analyzed, and the
signal compared to the signal from 50 pL of GNRs digested with aqua regia only and no
processing (Supporting Information Figure S.13B). Percent recovery values ranged from
96.7% for spleen to 100.9% in lung, which indicated nearly complete recovery of analyte
and sample. For these reasons, we used the raw data collected from experimental samples
(Figure 5) and did not apply any correction factors.
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Not surprisingly, there is longitudinal accumulation of the GNRs in organs of the
reticuloendothelial system(RES) like the spleen and liver and a corresponding decrease in
GNRs available in the blood pool (Figure 5A)%6: 57 (see also Supporting Information Table 1
for the raw gold content). Thirty minutes postinjection the blood pool contains 47.3 + 5.0%
ID/g of gold,; this value decreases to 16.1+ 2.1%ID/g 6 h postinjection. However, one key
finding is that the tumor signal remains elevated (3 pug Au/g) at the 24 h time period, after
the blood pool level has returned to baseline (0.2 pg Au/g) indicating retention of GNRs
within the tumor bed. Importantly, there was a linear (R2 > 0.91) relationship between the
PA signal measured in the tumor and the gold content in the tumor. Both values peaked at 3
h postinjection. Tumors were shown to have maximum gold content of 3 h with 3.80 pg of
gold per gram of tissue (Supporting Information Table S.1). When converted to molar
concentrations of GNRs using a density of 1 g/mL tumor, this value is 29 pM, well above
the /n vivoand in vitro detection limits presented in Supporting Information Figure S.4.

SERS Imaging

The GNRs have both PA and SERS signaling capacity, and the SERS imaging modality was
used to discriminate tumor margins for image-guided resection 24 h after injection (Figure
6). A SERS signal was clearly present in all three OvCA tumor types. SERS maps were
constructed by comparing the SERS spectrum at each point to a reference spectrum
constructed from GNRs before injection through dynamic least-squares analysis. The
intensity of the pixel is a measure of how well the collected spectrum matches the reference
spectrum. Brighter pixels are more closely matched. This mapping shows that the brightest
pixels correlate to the tumor (Figure 6 A,B). In addition to illustrating tumor boundaries, the
Raman signal can also be used for image-guided resection (Figure 7). The number of
positive pixels in the tumor area decreased from 65.7% before resection (Figure 7A) to 6.2%
after resection (Figure 7C).

DISCUSSION

We report a GNR molecular imaging agent with PA and SERS imaging capabilities and
used this to image OvCA tumor models. To the best of our knowledge, this is the first
example of a dual PA/SERS imaging with OvCA tumors. The GNR was stable with minimal
toxicity in cell culture (Figure 2) and had detection limits (17 fM SERS, 24 pM PA) better
than other reported PA (50 nM carbon nanotubes;2! 50 pM gold spheres3%) and SERS (gold
core/silica shell) imaging agents (610 fM).23: 24 Higher signal intensity of GNRs would be
useful to generate high contrast or to generate a moderate amount of contrast with a low
injected dose. The GNRs had an order more signal per mole versusthe core/shell agents.
The 120 nm silica shell/gold core particle previously described in our work has a volume of
108 nm3, 51. 58 while the GNR has a volume of 10% nm3. Thus, this approach offers a 10-fold
improvement in SERS signal versus alternative approaches, but using only 1% of the
volume. (When comparing to the gold core only (1.1 x 10° nm3), this factor is 8.8% of the
volume.) Surprisingly, the Raman reporters BPE and S403 that had previously shown
excellent performance when used with silica-coated gold nanospheres had no utility with the
GNRs.23: 51 Other reports suggested 1,5-dimercaptonapthalene may be a suitable Raman dye
for GNRs,>® but it produced no signal above the background of nonfunctionalized GNRs.
This low signal is likely caused by the different surface chemistry of CTAB-functionalized
GNRs versus citrate-stabilized spherical nanoparticles.

GNRs with three different aspect ratios were studied, and the most red-shifted batch (aspect
ratio = 3.5) was selected for /n vivo imaging of OVCA tumors because it offered the highest
in vivo signal in subcutaneous implants. This is likely due to better passage of the PA
excitation light through tissue at 756 nm versus the maximum absorbance wavelengths of
more blue-shifted GNRs.50: 61 Stronger PA excitation energy at 756 nm, despite potential
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concerns with increased scatter relative to absorption,%2 may also contribute to a better /n
vivosignal. Nevertheless, the PA signal is highly reproducible (<20% relative standard
deviation) above background and is longitudinally stable (Figure 4A, Supporting
Information Figure S.9 and S.10).

Different aspect ratio GNRs may also have different extravasation potential. Greater
extravasation and retention of 756 nm GNRs by EPR effect, compared to more blue-shifted
(lower aspect ratio, more spherical) GNRs, may be an additional explanation for strong
levels of PA signal.3” Previously, we observed low extravasation of quantum dots via
intravital microscopy in the SKOV3 OvCA line relative to the LS174T colon cancer cell
line.%3 These quantum dots are much smaller than GNRs, but have markedly different aspect
ratios. Literature suggests that rodlike designs may extravasate from the vasculature better
than spheroids,36 and we may be benefiting from this extravasation enhancement in the
current work. The imaging data suggest that the PA signal in the 2008 cell line may be
increasing v/ia EPR accumulation due to the slow increase in signal from 1 to 3 h (Figure
4A). The long-term (2-3 days) PA imaging data suggest retention of the imaging agents.
Importantly, the ICP data indicated that the gold content in the tumor remains elevated at the
24 h time period after gold levels in the blood returned to baseline (Supporting Information
Table S1). This is strong evidence in support of GNR extravasation from the vasculature or
immobilization in the tumor bed viathe EPR effect. Future work will employ fluorescently
labeled GNRs and histology/intravital microscopy to understand the exact location of GNRSs
in the tumor bed. We will also transition to an orthotopic model of ovarian cancer that more
accurately recapitulates the vasculature of human disease.

One interesting observation is the relatively low increase in the PA signal after intratumoral
injection of GNRs. This study was done at half the concentration and 25% of the volume of
intravenous injection (8-fold fewer moles), but delivered to the entire dose to the tumor. The
PA signal increase is 1.6, 2.0, and 2.3-fold for 660, 698, and 756 nm GNRs after
intratumoral injection and 1.6, 1.5, and 3.5-fold for the 660, 698, and 756 nm GNRs after
intravenous injection (Supporting Information, Figure S.8). We do not interpret this to mean
that 24th of the injected dose accumulates in the tumor. Because the intratumoral injection
was deep in the center of the 5-8 mm tumors, significantly more tissue is present to
attenuate and scatters the PA excitation laser. GNRs injected intravenously are present both
deep in the tumor as well as in the superficial vasculature/tissue where they are exposed to
higher excitation energy likely resulting in a higher signal with a presumably lower amount
of GNRs.

PA imaging could potentially be used for molecular imaging purposes and to complement
B-mode ultrasound for characterizing tumor size, stage, and morphology. Then, SERS
imaging could help guide resection with only one injection of molecular imaging agent. In
this study, the resection goals were 2-fold: (1) the identification of margin between tumor
and normal tissue (Figure 6), and (2) monitoring the removal of tumor tissue during
resection (Figure 7). Although these scans took 20 min at 500 um resolution, we are
developing wide-field SERS imaging systems that reduce these scans times by a factor of at
least 10-fold. The use of SERS imaging is especially important in molecular imaging due to
its capacity for multiplexed imaging of many biomarkers concurrently.23 However, one
limitation of optical techniques such as SERS is the poor transmission of signal through
tissue. The use of PAs with increased (3—4 cm) depth penetration helps overcome this
limitation. We are also developing PA and SERS catheters including transvaginal designs to
further increase the number of sites accessible to these modalities including OvCA.50: 64
Fortunately, tissue attenuation will not be a challenge during image-guided resection with
SERS (Figure 6). Although described here as SERS, cases in which the Raman dye has
electronic transition at the same wavelength as the laser excitation is known as surface-
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enhanced resonance Raman (SERRS) and the IR792 dye at 785 nm does meet this definition
of a unique Raman subtype.%5

Future work will involve GNRs targeted to vascular and cellular biomarkers of OvCA to
discriminate malignant from benign masses.> 66 Targeting has been shown to increase
tumor uptake,?L: 67 68 and this transition from anatomic to molecular imaging might offer
significant improvements in specificity, which is a current limitation to existing OvCA
imaging modalities. Importantly, the small size of the GNRs will allow molecular imaging
of targets outside of the vasculature, which is a key limitation of the microbubbles used in
contrast enhanced ultrasound.59

CONCLUSION

We report a gold-based molecular imaging agent that allows presurgical PA visualization of
a tumor for loco-regional staging as well as intraoperative SERS imaging for complete
resection of tumor margins. GNRs with higher aspect ratios offered increased ex vivoand in
vivosignal. The agent is nontoxic to cells ex vivo at relevant doses and produces stable
SERS signal /n vivo. The concurrent SERS and PA signatures have complementary
capabilities in presurgical/diagnostic and intraoperative resection. Future work will
transition from EPR-based tumor accumulation to see potential advantage of targeted
molecular imaging, if any.

MATERIALS AND METHODS

Reagents

The following reagents were acquired and used as received: cetyltrimethylammonium
bromide (CTAB; Sigma Aldrich), gold(111) chloride (Sigma Aldrich), sodium borohydride
(Fluka), ascorbic acid (Sigma Aldrich), silver nitrate (Acros), Presto Blue (Invitrogen),
growth factor reduced matrigel (BD), and phosphate buffered saline (PBS, Gibco). Millipore
water at 18 MOhm and analytical grade nitric and hydrocholoric acid (Sigma) were used for
biodistribution studies.

Instrumentation

Size and zeta potential were determined via dynamic light scattering (DLS) on a
Zetasizer-90 instrument from Malvern Instruments (Worcestershire, UK). The
measurements were made in 50% PBS/50% water. A Synergy 4 (Biotek) microplate reader
was used for cell assays and absorbance measurements. All transmission electron
microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS) was performed with a
Tecnai G2 X-Twin (FEI Co.) instrument operating at 200 kV. To measure SERS signal, we
used a customized Raman microscope (InVia, Renishaw, Gloucestershire, UK). This
microscope uses 785 nm point source laser, piezo-controlled stage for micrometer-resolved
spatial mapping and a 1 in. CCD detector for spectral resolution of 1.07 cm™. An infinity-
corrected 12-objective (NA = 0.4) was used. Typical mapping scans for SERS-guided
resection were approximately 1.5 cm x 1 cm and were collected in 15 min with 500 um
resolution. Each spectrum was analyzed by least-squares analysis with Wire 2.0 Software
(Renishaw). A reference spectrum for analyses was obtained from GNR suspensions on
quartz slides. Least squares coefficients for each sample spectrum from 0 (no match) to 1
(perfect match) were possible. These coefficients were used to create SERS maps with a
threshold value of 0.2.

PA imaging was performed with an Endra Life Sciences Nexus 128 instrument (Endra Inc.,
Michigan, USA). The system is equipped with an optical parametric oscillator (OPO)
tunable laser and 128 detectors submerged in 38 °C water in a hemispherical fashion around
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a central imaging immobilization tray with a bowl-like design. This tray has a dimple in the
center to immobilize xenograft tumors and provide consistent spatial location. After
positioning the animal, the dimple has 2 mL of water added to couple the animal subject to
the detectors arranged beneath the tray. A typical scan used 120 angles and 75-150 pulses
per angle. The excitation wavelength was selected based on the imaging agent to be studied.
Adetailed description of this instrument is in preparation for publication elsewhere. Spectral
PA imaging was performed on a Visualsonics LAZR instrument equipped with a 21 MHz-
centered transducer as described previously.22.70 The system uses a flashlamp pumped Q-
switched Nd: YAG laser with OPO and second harmonic generator operating at 20 Hz
between 680 and 970 nm with a 1 nm step size and a pulse of 4-6 ns. The peak energy is 45
+ 5 mJ at 20 Hz at the source. The spot size is 1 mm x 24 mm, and the full field of view is
14-23 mm wide. The acquisition rate is 5 frames per second.

Gold Nanorod Synthesis

The GNRs were prepared via the seeded-growth mechanism previously described with slight
modifications.4 71 Briefly, gold seed was prepared by the addition of 5 mL of 0.2 M CTAB
to 5 mL of 0.005 M gold chloride in a scintillation vial. Then, 0.6 mL of 0.01 M NaBH,
(prechilled for 10 min in an ice water bath) was quickly added and the mixture shaken for 2
min. The growth mixture was prepared with the following: 250 mL of 0.2 M CTAB, 250 mL
of 0.001 M AuCls, and 8-16 mL of 4 mM AgNOs. This solution was yellow/brown, but
became translucent upon the addition of 3.5 mL of 0.0788 M ascorbic acid. Seed (0.6 mL)
was then added and the solution became purple/brownish over 60 min. The GNRs were
purified with two or three rounds of centrifugation and water washing at 16 000 rcf for 20
min and characterized with TEM, UV-vis spectroscopy, and DLS. Molar extinction
coefficients were interpolated from published literature values and were 3.11 x 109, 3.57 x
109, and 4.28 x 10° M~1 cm™1 for the 661, 698, and 756 nmpeak resonance GNRs.46

Raman Activation

Cell Culture

GNRs were adjusted to 2.2 nM in distilled water and then Raman-active molecules were
added to a working concentration of 10 pM. The Raman dyes used include 3,3’-
diethylthiatricarbocyanine iodide (DTTC, Sigma Aldrich), 3,3"-diethylthiadicarbocyanine
iodide (DTDC, Sigma Aldrich), 2-[2-[3-[(1,3-dihydro-3,3-dimethyl-1-propyl-2 A-indol-2-
ylidene, 4-[2-[2-chloro-3-[(2,6-diphenyl-4 H-thiopyran-4-ylidene)ethylidene]-1-
cyclohexen-1-yl]ethenyl]-2,6-diphenyl-thiopyryliumtetra-fluoro-borate (IR1061, Sigma
Aldrich), 1,5-dimercaptonapthalene (DMN, Tokyo Chemical Industry, Inc.), 5,5"-
dichloro-11-diphenylamino-3,3’-diethyl-10,12-ethylenethiatricarbocyanine perchlorate
(IR140, Sigma Aldrich), trans-1,2-bis-(4-pyridyl)-ethylene (BPE, Sigma Aldrich), and 5-(4-
pyridyl)-1,3,4-oxadiozole-2-thiol (S403, Sigma Aldrich).34 After incubation of the dye with
GNRs for 10 min, thiolmethoxy polythelene glycol (PEG; 5000 MW; Rapp Polymere) was
added at 1 mg/mL. The mixture was sealed in a 3500 molecular weight cutoff dialysis
membrane (Pierce) and placed under constantly regenerated distilled water overnight. The
mixture was purified and concentrated by two rounds of centrifugation and resuspension
with distilled water. Decreasing concentrations were diluted in water and placed on quartz
slides and analyzed with Raman microscopy (12x objective, 1 s exposure time). For IR792,
the signal at 1202 cm™1 was used and averaged across five replicate scans. For i vivo
studies of sensitivity, GNRs were implanted subcutaneously with matrigel stabilizer into a
nude mouse and similarly imaged with Raman microscopy.

Cell lines were acquired from ATCC and grown in DMEM according to the provided
protocols and include MDA-435S, and OvCA lines HEY, 2008 (also known as OV2008),
and SKOV3. Toxicity assays were performed by plating 10 000 cells/well in 96 well plates
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and analyzing wells in replicate (1= 6). Cells were exposed to 0-1 nM GNRs overnight 24 h
after plating. Viability was determined with the Presto Blue (Invitrogen) cell viability
reagent followed by fluorescent readout at 540 nm excitation and 600 nm emission. Spectral
widths of optical filters were 40 nm.

Animal Studies

All animal work was conducted in accordance with the Administrative Panel on Laboratory
Animal Care at Stanford University. Female nu/nu mice age 6—16 weeks were studied in
triplicate at each data point unless otherwise noted. Prior to handling, mice were
anesthetized with 2% isofluorane in oxygen at 2 L/min. Subcutaneous doses of GNRs
diluted from 1-1000 pM in 50% matrigel were implanted subcutaneously to estimate
sensitivity. For subcutaneous xenograft tumors, 107 cells in 50% growth factor reduced
matrigel/50% PBS were subcutaneously implanted into the hind limb of a nude mouse.
These tumors were imaged 2—4 weeks after implantation depending on tumor type.
Intratumoral injections employed 50 pL of 50% matrigel/50% GNRs. This material was held
at room temperature for 5 min prior to injection. Intravenous injections utilized GNRs
suspended in 1:1 PBS/water at 200 pL volume.

Biodistribution and Inductively Coupled Plasma

Nude mice with subcutaneous 2008 tumor xenografts were injected via tail vein with 200 uL
of 5.4 nM 756 nm resonance GNRs and sacrificed at 0.5, 1, 3, 6, and 24-h time points as
well as animals with no injection for background studies. Blood was collected by cardiac
puncture and after euthanasia, the liver, spleen, lungs, kidneys, and tumor were also
collected, weighed, and frozen. The tissues were digested with 8 mL of 15.8 M nitric acid
and 2 mL of 37% HCI. The acidic specimens were sealed inside Teflon microwave vessels
and digested with the following protocol on a CEM Mars Digestion Express microwave
oven: (1) 45 min ramp to 150 °C at 1600 W with 20 min of hold, (2) 25 min hold, (3) 45 min
ramp to 195 °C at 1600 W with 20 min of hold, (4) final 25 min of hold.”2 Afterward, the
vessels were washed with Millipore water three times and the washes were used to dilute the
aqua regia digest to 40 mL. Samples from mice without any GNR injection and GNR
standards were similarly dissolved after being spiked with 50 pL of GNRs. Gold standards
(Fluka) were dissolved in 25% aqua regia matrix. Additional GNR standards were dissolved
in aqua regia without the microwave digestion. Samples were analyzed for the presence of
gold at 2427 A with an IRIS Advantage/1000 Radial ICAP spectrometer (Thermo
Scientific).”® The final emission intensity value was the average of three replicates.

Data Analysis

SERS spectra were collected in tab delimited files and analyzed with Excel. For IR792
GNRs the signal at 1202 cm~1 was used to monitor the relative intensity of different
concentrations of samples. The limit of detection (LOD; also known as sensitivity) was
defined as the minimal concentration detectable 3 standard deviations above the signal of the
blank. Time to half max (7%2) was defined as the time halfway between the “zero” time
point and maximum PA intensity. SERS maps were created using software (Renishaw Wire)
with dynamic least-squares analysis.23 PA reconstructions were generated using the filtered
backprojection algorithm proposed by Wang et a/.’* and Amide software (http:/
sourceforge.net/projects/amide/) with all images thresholded to the same global maximum.>*
For videos, we used an alternative approach where the Fourier division deconvolution was
replaced by a Wiener filter deconvolution. The maximum intensity projection (MIP) movies
were generated by rotating the reconstructed volumes in 3D using trilinear interpolation in
Matlab, and for each rotated view computing a maximum intensity projection using Matlab's
max function. Image quantitation used MicroView(GE) software and a 15 mm x 15 mm x
15 mm cube around the region of interest (ROI). Mean voxel values throughout this cubic
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ROI were measured for analysis and discussion below and assigned the values of arbitrary
units (arb unit).

Statistical Treatment

Averages and standard deviations were defined according to the “AVERAGE” and
“STDEV” functions in MS Excel. The standard error of the mean was computed by dividing
the standard deviation of the sample (s) by the square root of the number of replicates (7).
Statistical treatment used a two tailed, homoscedastic #test.”

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Gold nanorods for PA and SERS Imaging. (A) TEM image of GNRs shows typical
morphology with an aspect ratio of 3.5. (B) After functionalization with different Raman

reporter molecules, a unique spectrum is recorded for each type of GNR. Each spectrum is
normalized to its own maximum value. (C) The GNRs have both a longitudinal (~760 nm)
and an axial (~530 nm) absorbance peak. (D) A comparison of the SERS signal of GNRs

(left ordinate) to a similar silica-coated spherical nanoparticle (right ordinate) shows
enhanced signaling capacity, but with higher baseline for the GNRs. In panel D, both spectra
are collected from a 17 pM sample, 1 s acquisition time, and a 12x objective.
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Figure 2.

Stability and cellular toxicity of GNRs. (A) GNRs at 0.13 nM were incubated in water or
100% mouse serum at 37 °C; the signal at 1202 cm~1 was plotted as a function of time. The
signal in water is constant while the serum samples increase, perhaps due to aggregation in
serum proteins creating SERS “hotspots.” This suggests that the adherence of the IR792
Raman dye onto the GNR surface is stable even in biological environments. The error bars
in panel A represent the standard deviation of three replicate spectra. (B) Three different
OVCA cell lines (10 000 cells per well (7= 6 wells) in a 96 well plate) were treated with
increasing concentrations of GNRs as well as GNRs before dialysis and PEGylation
(CTAB-coated GNRs; indicated by and asterisk (*)). Cells were then studied with the Presto
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Blue metabolic assay (reagent previously validated; see Supporting Information, Figure S.6).
A positive control (POS) consisted of 0.25 mg/mL CTAB. The 2008 cell line is more
sensitive to GNR toxicity than the HEY and SKOV3 lines. All cell lines showed
significantly reduced metabolic toxicity in the presence of CTAB-coated GNRs (*). The
error bars in B represent the standard deviation of six replicate wells. Data are presented
relative to the mean of the six wells not treated with GNRs (NEG).
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Figure 3.

PA Tumor Imaging with GNRs. PA images were constructed with a volumetric rendering
via Amide software with global thresholding values before (top) and 6 h post (bottom) tail-
vein injection of 200 uL of 5.4 nM GNR (756 nm resonance) contrast. (A) MDA-435S
tumors serve as a positive control. Panels B, C, and D, are 2008, HEY, SKOV3 tumors,
respectively. Intensity and scale bar to right apply to all images.
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Figure 4.

Longitudinal and dose-dependent PA tumor imaging with GNRs. (A) Xenograft tumors of
the 2008 and HEY cells lines were imaged repeatedly after intravenous injection of 200 pL
of 5.4 nM GNRs. PA intensity values are normalized relative to the preinjection intensity
(see absolute values in Supporting Information Figure S.9). Error bars in panel A represent
the standard error for the population of mice. PA signal increases after injection and remains
elevated for several hours. (B) Increasing concentrations of GNRs were injected via tail-vein
into mice (7= 3) bearing 2008 xenograft tumors (constant 200 L volume). These subjects
were imaged preinjection and 3 h postinjection. The signal increase is plotted relative to the
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injected dose. Error bars represent the standard error of measurement for the population of
animals.
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Figure5.

Biodistribution and validation. (A) Time course biodistribution data indicates a blood pool
supply greater than 10% ID/g for at least 6 hours after intravenous injection. Major sites of
accumulation include the spleen and the liver, typical of RES uptake. Tumor accumulation
peaks at 3 h at 3.8£1.0%ID/g. (B) Importantly, there is a positive linear relationship between
the concentration of gold in the tumor and PA signal. Both the PA signal and gold
concentration peak at 3 h postinjection. In panel A error bars represent the standard
deviation of three animals; error bars in panel B are the standard error.
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Figure®6.

Tumor margin identification with SERS imaging. (A) Photograph of mouse bearing a 2008
tumor (M = muscle; T = tumor; L = liver) with epidermis removed. Green box indicates
region subjected to SERS imaging 24 h postinjection. (B) SERS imaging of area indicated in
panel A shows increased SERS in the tumor (red). This SERS map was created by
comparing the SERS spectra at different spatial locations (red curve in panels C and D) to a
reference spectra (blue curve in panels C and D) collected ex vivo. A close match of sample
and reference spectra (C) yields an intense pixel in the SERS map (tumor; white arrow, B).
A poor match of the sample and reference spectra (D) yields a dim pixel (adjacent muscle;
red arrow in B). Intensity bar in B represents the least-squares coefficient comparing
reference and sample spectra (see Methods). Panels C and D present spectra normalized to

maximum signal for each spectrum.
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Figure7.

Image-guided resection with SERS imaging. Tumor xenografts from the 2008 cells line
were resected 3 h after tailvein injection of GNR contrast. Panels on the left are white light
photographs and panels on the right are maps of SERS intensity prepared as for Figure 6
with regions of highest intensity correlating to highest SERS signal. The green square
overlaid on the photographs highlights the region subjected to SERS mapping. Panels A and
Ai are after removal of epidermis with tumor exposed (A). The tumor bed in all panels is
illustrated by the dashed outline. Panels B and Bi were created after removing the lower half
of the tumor followed by a marked reduction in SERS signal. Panels C and Ci are after
removal of remaining tumor bulk, which was confirmed with SERS imaging. Intensity bar in
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Ai and scale bar in Ci apply to all right-hand panels. Nonspecific SERS signal in upper right
(white arrows Bi and Ci) is due to liver uptake (black arrows in B and C).
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