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ABSTRACT

Photoacoustic molecular imaging is an emerging technology offering non-invasive high
resolution imaging of the molecular expressions of a disease using a photoacoustic imaging
agent. Here we demonstrate for the first time the utility of single walled carbon nanotubes
(SWNTs) as targeted imaging agents in living mice bearing tumor xenografts. SWNTs were
conjugated with polyethylene-glycol-5000 connected to Arg-Gly-Asp (RGD) peptide to target
the o,fB3; integrin that is associated with tumor angiogenesis. In-vitro, we characterized the
photoacoustic spectra of the particles, their signal linearity and tested their uptake by o,ps-
expressing cells (US7MG). The photoacoustic signal of SWNTs was found not to be affected by
the RGD conjugation to the SWNTs and was also found to be highly linear with concentration
(R*= 0.9997 for 25-400nM). The cell uptake studies showed that RGD-targeted SWNTs gave
75% higher photoacoustic signal than non-targeted SWNTs when incubated with U87MG cells.
In-vivo, we measured the minimal detectable concentration of SWNTs in living mice by
subcutaneously injecting SWNTs at increasing concentrations. The lowest detectable
concentration of SWNTs in living mice was found to be 50nM. Finally, we administered RGD-
targeted and non-targeted SWNTs via the tail-vein to U§7MG tumor-bearing mice (n=4 for each
group) and measured the signal from the tumor before and up to 4 hours post-injection. At 4
hours post-injection, tumors of mice injected with RGD-targeted SWNTs showed 8 times higher
photoacoustic signal compared with mice injected with non-targeted SWNTSs. These results were
verified ex-vivo using a Raman microscope that is sensitive to the SWNTs Raman signal.
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INTRODUCTION
Photoacoustic imaging is an emerging imaging modality that overcomes, to a great extent, the

resolution and depth limitations of optical imaging but maintains the high-contrast of optics'”.
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When a short light pulse is used to illuminate tissues, the light is scattered and absorbed as it
propagates through the tissues. The absorbed light is converted into heat, which in return causes
the material to locally expand, creating a pressure wave. The pressure wave can then be detected
by an ultrasound system placed outside the subject of interest. By measuring the pressure waves
from several positions, a full tomographic image can be reconstructed. However, many diseases,
especially in their early stages, do not exhibit a natural photoacoustic contrast, therefore
administering an external photoacoustic contrast agent is necessary. While a number of contrast
agents for photoacoustic imaging have been suggested previously®'®, most were not shown to
target a diseased site in living subjects. The ideal molecular imaging agent will have a
sufficiently large optical absorption cross section to maximize the agent’s photoacoustic signal,
but yet be small enough to escape uptake by the reticuloendothelial system (RES), specifically
the liver and the spleen. However, designing such an imaging agent is not trivial since a

particle’s absorption cross section and its size are highly correlated.

In this study, single walled carbon nanotubes (SWNTs) were shown to have utility as
photoacoustic contrast agents. Since SWNTs are essentially folded single layers of graphite,
which have strong light absorption characteristics, they may act as photoacoustic contrast agents.
SWNTs can be made as small as 1 nm in diameter but yet their length can extend to hundreds of
nanometers increasing their absorption cross section and their intrinsic photoacoustic contrast.
This unique geometry of SWNTs led to several applications of SWNTS in nanomedicine
including drug delivery'® and photothermal therapy'’. However, in order to successfully translate
these emerging applications into practice, it is essential to non-invasively monitor the physical
location of the SWNTS in the subject of interest'®. To monitor SWNTs in living subjects,
previous studies attached reporting molecules (fluorophores' or radioactive isotopes®) to the
nanotube’s surface. Conversely, photoacoustic imaging of SWNTs does not require attaching
any additional reporting molecules on the nanotubes and can produce three dimensional images

with much higher spatial resolution and high depth penetration.

1. METHODS AND MATERIALS
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SWNT conjugates synthesis. A complete description of the synthesis of SWNT-RGD and plain
SWNT can be found elsewhere®. The SWNTs used in this work were 50-300 nm in length and
1-2 nm in diameter and have an average molar weight®' of 170 kDa per SWNT (based on 150
nm length and 1.2 nm diameter). were coupled to the RGD peptides through polyethylene glycol-
5000 grafted phospholipid (PL-PEGsgg). These SWNT-RGD conjugates bind with high affinity
to ayB; integrin that is over-expressed in tumor neovasculature as well as to other integrins
expressed by tumors but with lower affinity*> **. We also synthesized non-targeted SWNTs by
conjugating them solely to PL-PEGsg (plain SWNT) (Fig. 1).

SWNT-RG

Figure 1 - Illustration of plain SWNT and SWNT-RGD. The phospholipid (PL) binds to the sidewall of
the SWNT connecting the polyethylene glycol-5000 (PEGsgg) to the SWNT. The RGD allows the SWNT
to bind to tumor integrins such as a,3;.

Photoacoustic imaging instrument. Our photoacoustic system”* is illustrated in Fig. 2. A
tunable pulsed laser with a repetition rate of 10 Hz and a pulse width of 5 ns (Nd:YAG Surelight-
ITI-10 connected to Surelite OPO Plus, Continuum) illuminated the object through a fiber optic
ring light (50-1353 Ringlight, Fiberoptic Systems Inc.). The average energy density of the laser
at 690 nm wavelength was measured to be ~9 mJ/cm” at the target site, which is below the ANSI
limitation for laser skin exposure®. A 5 MHz focused transducer (25.5 mm focal length, 4 MHz
bandwidth, F number of 2.0, depth of focus of 6.5 mm, lateral resolution of 600 pm, and axial
resolution of 380 um. A309S-SU-F-24.5-MM-PTF, Panametrics) was used to acquire both pulse-
echo and photoacoustic images. In addition, high resolution ultrasound images were acquired
using a 25 MHz focused transducer (27 mm focal length, 12 MHz bandwidth, F number of 4.2,
depth of focus of 7.5 mm, lateral resolution of 250 pm, and axial resolution of 124 um. V324-
SU-25.5-MM, Panametrics). A precision xyz-stage (U500, Aerotech Inc.) with minimum step
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size of 1um was used to move the transducer and the fiber ring along a planar 2D trajectory. At
every position, the acquired signal was averaged over 16 laser pulses. The time of arrival and the
intensity of the laser pulses were recorded using a silicon photodiode (DET10A, Thorlabs). This
information was used to synchronize the acquisition and compensate for pulse-to-pulse
variations in laser intensity. The analog photoacoustic signals were amplified using a 40 dB
preamplifier (5676/115VAC, Panametrics) and digitized using an oscilloscope (Infiniium
54825A, Agilent). The photoacoustic and ultrasound images were reconstructed as follows: the
a-scan from each position of the transducer was band pass filtered with 100% fractional
bandwidth, compensated for laser intensity variation and envelope detected. The a-scans were
then combined to reconstruct a 3D intensity image of the target. No further post-processing was
done on the images. The ultrasound images acquired using the 5 MHz and 25 MHz transducers
were aligned together using small vertical translations so that the object’s skin level matches in
both images. Then, photoacoustic and the high frequency ultrasound images were analyzed, co-

registered and displayed using AMIDE® software.
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Figure 2 Photoacoustic imaging instrument. A tunable pulsed laser (Nd:YAG laser and OPO)
illuminated the subject through a fiber optic ring light. The photoacoustic signals produced by the sample
were acquired using a 5 MHz focused transducer. A precision xyz-stage was used to move the transducer
and the fiber ring along a planar 2D trajectory. The time of arrival and the intensity of the laser pulses
were recorded using a silicon photodiode. This information was used to synchronize the acquisition and
compensate for pulse-to-pulse variations in laser intensity. The analog photoacoustic signals were
amplified using a 40 dB preamplifier and digitized using an oscilloscope.

Animal experiments. All animal experiments were performed in compliance with the

Guidelines for the Care and Use of Research Animals established by the Stanford University
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Animal Studies Committee. For the tumor targeting experiments, female nude mice (n = 4 in
each group) 6-8 weeks old were inoculated subcutaneously at their lower right back with 10’
US7MG cells (American Type Culture Collection, ATCC) suspended in 50 pl of saline (PBS pH
7.4 1X, Invitrogen). The tumors were allowed to grow to a volume of ~100 mm’. The SWNTs
were sonicated for 5 min under 1 W RMS (Sonifier 150, Branson) to separate SWNTs that may
have aggregated. The mice were then injected with 200ul of 1.2uM SWNTs into the tail-vein.
During the injection the mice positioning was not changed. At 4 hr post-injection, the mice were
sacrificed and their tumors were surgically removed for further ex-vivo analysis. The ultrasound
images from the different time points were aligned to one another, by vertically translating the
images (translation was typically less than 0.5 mm). The same alignment was then applied to the

photoacoustic images.

2. RESULTS

Characterization of SWNT photoacoustic properties. In a phantom study we measured the
photoacoustic signal of plain SWNT and SWNT-RGD at wavelengths of 690-800 nm (Fig. 3a)
(shorter wavelengths are less desirable as the depth of penetration through the tissues is
reduced®’). These photoacoustic spectra suggested that 690 nm is the preferable wavelength
since the SWNTs photoacoustic signal is highest. Furthermore, the ratio of SWNTs to
hemoglobin signal is higher at this wavelength as compared to other wavelengths. Importantly,
the photoacoustic signal of SWNTSs was found to be unaffected by the RGD peptide conjugation.
In a separate non-absorbing and non-scattering phantom study, we also validated that the
photoacoustic signal produced by SWNTSs is linear to their concentration (Fig. 3b) with R* =
0.9997.
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Figure 3 - Characterization of SWNT photoacoustic properties. a, The photoacoustic signal produced
by SWNTs was observed to be linearly dependent on the concentration (R* = 0.9997). b, The
photoacoustic spectra of plain SWNT (blue) and SWNT-RGD (dotted red) are overlaid on the known
optical absorbance of HbO2 (green) and Hb (dotted green). The spectral overlap between plain SWNT
and SWNT-RGD suggests that the RGD conjugation does not perturb their photoacoustic signal.

Cell uptake studies. We exposed SWNT-RGD to U887MG cells that express a,fB3 integrin on
their surface for 30 min. Control studies included U87MG cells exposed to either plain SWNT or
saline and HT-29 cells, which do not express a,f3 integrin on their surface, exposed to SWNT-
RGD. After exposure, the cells were washed with saline to remove unbound SWNTs and
scanned ex-vivo using a Raman microscope. SWNTs produce a very unique Raman signal™,
allowing a Raman microscope to detect low concentrations of SWNTs in cells. U87MG cells that
were exposed to SWNT-RGD were found to have 75% higher signal than US7MG cells exposed
to plain SWNT (p < 0.05) and 195% higher signal than HT-29 cells exposed to SWNT-RGD (p
< 0.05). Cells exposed to saline only showed negligible signal compared to any of the groups (p

<0.05) (Fig. 4).

120 ~ I 1

100 -

BO -

e —

60 -

o

40 -

20 - ”[7 &k
0 : ‘ .

UB7MG - SWNT-RGD  UBTMG - Plain SWINT  HT-29 - SWWNT-RGD UB7MG - Saline

Raman Signal {a.u.)

Figure 4 — SWNT cell uptake studies. US7MG incubated with SWNT-RGD showed 75% higher SWNT
signal than control US7MG cells which were incubated with plain SWNT and 195% higher SWNT signal
than HT-29 cells which were incubated with SWNT-RGD. “ * “ indicates p < 0.05. US7TMG cells
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incubated with saline only showed significantly lower signal than all groups (“** indicates p < 0.05
compared to all other groups on the graph).

Photoacoustic detection of SWNTs in living mice. We then injected the lower back of a mouse
subcutaneously (under the skin) with 30 pl of SWNTs-matrigel mixtures at concentrations
between 50 to 600 nM (n = 3 for each concentration). Matrigel alone produced no photoacoustic
signal (data not shown). Upon injection, the matrigel solidified, fixing the SWNTs in place and
three-dimensional (3D) ultrasound and photoacoustic images of the inclusions were acquired
(Fig. 5a). While the ultrasound images showed the mouse anatomy (e.g., skin and inclusion
edges), the photoacoustic images revealed the SWNTs contrast in the mouse. The photoacoustic
signal from each inclusion was quantified using a three dimensional region of interest (ROI)
drawn over the inclusion. We observed a linear correlation (R* = 0.9929) between the SWNTSs
concentration and the corresponding photoacoustic signal (Fig. Sb). We concluded that the

photoacoustic signal produced by tissues (background) was equivalent to the photoacoustic

signal produced by 50 nM of SWNTs (i.e., signal to background ratio = 1).
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Figure 5 - Photoacoustic detection of SWNTs in living mice. a, Mice were injected subcutaneously
with SWNTs at concentrations 50-600 nM. One vertical slice in the 3D photoacoustic image (green) was
overlaid on the corresponding slice in the ultrasound image (gray). The skin is illustrated in the ultrasound
images, while the photoacoustic images show the SWNTs. The dotted lines on the images illustrate the
edges of each inclusion. b, The photoacoustic signal from each inclusion was calculated and the
‘background level’ represents the endogenous signal measured from tissues. The error bars represent
standard error (n = 3). The linear regression is calculated on the five most concentrated inclusions (R* =
0.9929).

SWNT tumor targeting in living mice. We then injected two groups of mice, bearing U87MG
tumor xenografts (~100 mm’) via the tail-vein (IV) with either 200 ul of plain SWNT (n = 4) or
SWNT-RGD (n = 4) at a concentration of 1.2 pM. 3D ultrasound and photoacoustic images of

the tumor and its surroundings were acquired before and up to 4 hr after injection. We found that
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mice injected with SWNT-RGD showed a significant increase of photoacoustic signal in the
tumor compared to control mice injected with plain SWNT (Fig. 6a). The images from the
different time points were aligned with one another using simple vertical translations to account
for small vertical movements in the transducer positioning. This alignment allowed
quantification of the photoacoustic signal at all time points using a single ROI. We then
calculated a subtraction image between the photoacoustic image taken at 4 hr post-injection and
the photoacoustic image taken pre-injection. The subtraction image better visualize the real
SWNTs distribution as it removes, to a large extent, the background signal. For example, in the
mouse injected with plain SWNT (Fig. 6a), a high photoacoustic signal, likely produced by a
large blood vessel, was seen in the pre-injection and post-injection images. However, the
subtraction image showed much lower signal from this area, reflecting the likely low
concentration of plain SWNT there. We calculated the photoacoustic signal by drawing a 3D
ROI around the tumor (tumor boundaries were clearly visualized in the ultrasound images). The
photoacoustic signal increase was quantified as a function of time (Fig. 6b). While SWNT-RGD
led to a consistently higher photoacoustic signal, plain SWNT led only to a temporary increase in
the photoacoustic signal of the tumor (p < 0.001 for comparing the entire time-curves, and p <
0.05 for comparing the signals at each time-point independently). The temporary photoacoustic
signal observed by plain SWNT is likely caused by circulating SWNTs that are eventually
cleared from the blood stream. Conversely, SWNT-RGD bind to the tumor vasculature creating a
consistent photoacoustic signal from the tumor. On average, at 4 hr post-injection, SWNT-RGD

led to ~8 times higher photoacoustic signal increase compared to plain SWNT.

ey

mor Smm Tumor 5mm

—m—Plain SWNT
* %* | 4—SWNT-RGD

Photoacoustic Signal Increase (%)

Time (Hours)

Proc. of SPIE Vol. 7177 717725-8



Figure 6 - SWNT targets tumor in living mice. a, Ultrasound (gray) and photoacoustic (green) images
of one vertical slice (white dotted line) through the tumor. The ultrasound images show the skin and the
tumor boundaries. Subtraction images were calculated as 4 hr post-injection minus pre-injection. The high
photoacoustic signal in the mouse injected with plain SWNTSs (indicated with white arrow) is not seen in
the subtraction image, suggesting that it is due to a large blood vessel and not SWNTSs. b, Mice injected
with SWNT-RGD showed a significantly higher photoacoustic signal than mice injected with plain
SWNT (p <0.001). The error bars represent standard error (n = 4). “ * ” denotes where p < 0.05.

We further validated our photoacoustic results using a Raman microscope, as an independent
method for detection of SWNTs. At the conclusion of the photoacoustic study, 4 hr post-
injection, the mice were sacrificed; the tumors were surgically removed and scanned ex-vivo
under a Raman microscope. The 2D Raman images of the excised tumors were found to match
the photoacoustic images (Fig. 7a). The mean Raman signal from the tumors was calculated
from the Raman images. Similarly to the photoacoustic results, the Raman signal from the
tumors was ~4 times higher in mice injected with SWNT-RGD compared to mice injected with

plain SWNT (Fig. 7b).
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Figure 7 Validation of the in-vivo photoacoustic images by ex-vivo Raman microscopy. a,
Photographs of the tumors in mice and the corresponding photoacoustic subtraction images shown as
horizontal slices through the tumors. After the photoacoustic scan, the tumors were excised and scanned
using a Raman microscope (red). Mice injected with plain SWNT (left column) showed both low
photoacoustic and Raman signals compared to mice injected with SWNT-RGD (right column). The
tumors are in the same orientation in all images. b, Comparison between the photoacoustic signal of the
tumors in-vivo (left axis) and the Raman signal acquired from the excised tumors (right axis). “ * ”
denotes where p < 0.05.

3. DISCUSSION AND CONCLUSION
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We have demonstrated that SWNTs can be exploited as photoacoustic contrast agents to
non-invasively image tumors. Intravenous injection of targeted SWNTs in mice led to 8 times
higher photoacoustic signal in the tumor compared to mice injected with non-targeted SWNTs.
Our photoacoustic images were verified using Raman microscopy on the surgically removed
tumors. Furthermore, our results agreed with a previous study” where radiolabeled SWNT-RGD
were monitored using small animal positron emission tomography (microPET). In that study,
SWNT-RGD were found to accumulate ~3-5 times more in tumors than plain SWNT. That study
also showed that the SWNT-RGD did not accumulate in the tissue surrounding the tumor.

Most previous work on photoacoustic contrast agents in-vivo is limited to non-targeted
agents such as gold nanocages used for highlighting the blood vessels in a rat’s brain''. Various
gold nanoparticles have been previously suggested primarily for their high absorption
characteristics and the ability to control their spectra allowing multiplexing studies’. However,
their main limitation is their relatively large size, which will lead to their rapid clearance by the
reticuloendothelial system (RES) upon intravenous injection. It is possible that SWNTs, due to
their unique high aspect ratio (~1:100) and high surface area to volume ratio, are capable of
minimizing RES uptake while having an increased affinity for molecular targets due to
multivalency effects™. With respect to acquisition time, our current instrument acquires a single
photoacoustic image in ~20-30 min for a tumor approximately 100 mm’ in size. However, by
using lasers with higher repetition rates, scan duration can be greatly reduced.

While SWNTs have the capability to efficiently bind to molecular targets, their high
photoacoustic signal allows for high resolution 3D photoacoustic images with substantial depth
of penetration. None of the other molecular imaging modalities compares with the precise depth
information and sub-millimeter resolution at nano-molar sensitivity that is achieved by

photoacoustic imaging.
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