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ABSTRACT

The development of a contrast agent for a laser optoacoustic imaging system (LOIS) can significantly widen preclinical and clinical applications

of this imaging modality for early detection of cancerous tumors. Gold nanorods were engineered to enhance the contrast for optoacoustic
imaging. Under in vivo conditions , 25 uL of gold nanorods solution at a concentration of 1.25 pM were injected into nude mice and detected
using a single-channel acoustic transducer. LOIS was used to visualize the distribution of gold nanoparticles at a concentration of 125 pM in
vivo when 100 uL of solution of gold nanoparticles was delivered subcutaneously. Our results suggest that LOIS can be used for in vivo
detection of gold nanorods at low concentrations and the nanopatrticles can be engineered to enhance the diagnostic power of optoacoustic
imaging.

Molecular targeting of nanoparticles to cancer cells and the the near-infrared (NIR) region of the spectrum to enhance
tracking of these targeted particles in vivo is suggested for light penetration and probing of tissB&Vithin most tissue,
the detection of tumors in their early stagésCurrently, light-absorbing components such as hemoglobin of blood
fluorescent and superparamagnetic nanoparticles are undeabsorb photons, transfer energy in the form of heat to sur-
clinical investigation to aid in the diagnosis of cancer; rounding tissue, which then undergoes thermoelastic expan-
however, light scattering within tissue limits the spatial sion, resulting in generation of acoustic waves that can be
resolution of conventional optical methods in locating detected on the surface of the tissue using acoustic transduc-
fluorescent nanoparticles deep within tisdd&he tracking ers operating in a wide ultrasonic frequency band. By using
of superparamagnetic nanoparticles requires very sophisti-an array of acoustic transducers and applying filtered back
cated, complex, and expensive devices. Thus, the developyrgjection algorithms to the time-resolved optoacoustic
ment of a new imaging technique that enables the trackingsigna|s, LOIS renders an imade.Like the contrast of
of targeted nanoparticles in vivo could significantly expand ¢onyentional optical methods, optoacoustic contrast is de-
the applications of nanotechnology in modern medicine.  yangent on the difference in the optical absorption of objects
Laser optoacoustic imaging system is a novel modality (, ender an image, but unlike conventional optical methods,
that combines the spectral selectivity of molecular excitation it uses ultrasound waves to locate objects. Because ultrasound
by laser light with t.he high r('asqlut.ion of ultrasound dgtection, waves can travel through tissue with minimal scattering and
thereby overcoming the limitations Of. pure ‘.’P"C?" and attenuation, LOIS is capable of locating optically absorbing
glt_r aso_und-ba;ed methotlin optoacoustic imaging, tissue objects deep within tissue. Thus, the main advantage of LOIS
is irradiated with a short laser pulse that can be selected atover conventional optical methods is its ability to detect
* Corresponding author. E-mail: mmotamed@utmb.edu. Telephone: objects deep within biological tissue. The optoacoustic
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2.5 1 glycol), which allows the removal of free CTAB from the
Alexandrite Laser — nanoparticle solution without causing aggregatfoAu-NRs
24 7erm (10 mL) was incubated overnight with 1 mL of 2 mM potas-
sium carbonate and 0.1 mL of 1 mM methoxy-polyethylene
Au-NRs glycol thiol (mPEG-thiol) with a molecular weight of 5000
T 50x15 nm Da (Nektar, Huntsville, AL) at room temperature. Extra
mPEG-thiol was removed from solution by two rounds of
centrifugation, and then Au-NRs were resuspended in
phosphate buffered saline (PBS). Unlike raw Au-NRs,
PEGylated Au-NRs were stable when suspended in PBS in
the absence of free CTAB. Optical spectroscopy showed that
the shift of the peak absorption wavelength of Au-NRs after
PEGylation was negligible (data not shown). Alternatively,
Figure 1. Absorption spectrum of raw Au-NRs with an ap- Au-NRs were coated with poly(sodium-4-styrenesulfonate)
proxim’?lte_size of 50 nnx 15 nm. The peal_< absorption is close to (PSS, Sigma) as described in the literattiieike PEGylated
the emission wavelength of the alexandrite laser at 757 nm. particles, PSS-coated Au-NRs could be used in vivo.

. . . . The first optoacoustic experiment was aimed at the
Strong optical absorption results in the generation of detect- . . .
g opti pu uits | 9 : detection of Au-NRs at low concentrations through a thick

able acoustic waves upon pulse laser irradiation. In the paSt’scatterin media. To do this. a disk-shaped phantom was
we have demonstrated the use of spherical gold nanoparticles g ' ' pead p

0 . 0 ) )
for the molecular-specific detection of cancer cells in vitro Q%i?agtr?e tggtgﬁl]at'nroargtiés/oog’\t/ﬁglﬁsglk 'ﬁr?(lautt;]?cr]kr:gss
using optoacoustic methof8<onsidering the peak absorp- g prop '

tion of spherical gold nanoparticles that are located at the of the phantom was approximately 4 cm. The phantom was

visible region of the spectrum and the fact that visible light placed on top of a single-channel acoustic transducer that

cannot penetrate deep within tissue, one would conclude thatVas made ofa 10 mm 10 mm square shape polyvinylidene

spherical gold nanoparticles are not suitable for in vivo _(Ij_flluotnde (dPVDF) plezt(;]electrlc ﬂl?&’v'th 1igm tthlcl_mesz.
optoacoustic detection. Unlike visible light, NIR light € transducer was then mounted on acoustic impedance

penetrates deep within tissteSpherical gold nanoshells matching material with strong ultrasound absorption property.

L . . The transducer was interfaced with a Tektronix oscilloscope
absorbing in the NIR have been applied as an optoacoustic ) . .
g bp P (TDS 3012B, Richardson, TX) through a low-noise wide-

contrast agent in vivo, however, without specific targeting band amplifier with high input impedance and a gain of 60

to cellular receptor$t Previously, we proposed to employ . . .
. - dB (LAT-06AB-0700, Fairway Medical Technologies, Hous-
old nanorods as a contrast agent for optoacoustic im&gin ' o L
g v P &ging don TX). The transducer sensitivity was30 x#V/Pa within

due to their advantages relative to gold nanospheres an he ul ic f band f 50 KH 5 MH
nanoshells: (a) resonance optical absorption of gold nanorodd € Ultrasonic requency band from z 1o z
Ultrasound gel was applied to ensure impedance matching

is substantially stronger than that of nanoshieélEnd (b)

nanorods can be made much smaller than nanoshells WhiClpetween the transducer and the phantom. An alexandrite laser
increases their efficiency in targeting specific cellular recep- CP€rating at 757 nm with a pulse duration of 75 ns was used

tors14 These properties of gold nanorods attracted attention go_ |Ilggllpate (tjh(T_sample with a relat?l/ely hom?gem\a;l%sobeam
of research groups developing pure optical metHéds. istribution, dellvering an average tluence of 6 m.Jichor

In this work, gold nanorods (Au-NRS) with an average each measurement, the optoacoustic signal was averaged over
size of 50 nn*,lx 15 nm were fabricated using a seed- 16 laser pulses. The optoacoustic signal was recorded when

d 100uL of water (control), Au-NRs at a concentration of 7.5
x 10 NRs per mL (1.25 pM), and Au-NRs at a concentration
of 7.5 x 10° NRs per mL (12.5 pM) was applied dropwise

-
- 3]
1 1

Absorption (a.u.)

o
o
L

0 T T T T T T ]
400 500 600 700 800 900 1000 1100

Wavelength

mediated methotf. This method allows the creation of gol
nanorods with desirable dimensions and to tune their plasmon
resonance wavelength to 760 nm. This wavelength was i :
selected because the light absorption of tissue is minimal, N the top surface of the phantom using a pipet. Recorded
while hemoglobin has a local absorption peak, and thus deepPPtoacoustic signals are shown in Figure 2.
irradiation of tissue is possible by using a commercially ~ In Figure 2, they-axis is the amplitude of the recorded
available alexandrite laser at 757 nm. The absorption Signal in volts and thex-axis is the time of arrival of the
spectrum of Au-NRs was measured using a Cary 50 signal to the transducer following pulsed laser irradiation.
spectrophotometer. An “as synthesized” solution of Au-NRs The distance between the target and transducer can be
was estimated to contain 756 10° NRs per mL6 Figure 1 calculated by multiplying the time of arrival by the speed of
shows the absorption spectrum of fabricated Au-NRs and sound in the phantom<(1.5 mms); in our case;~37 mm.
the emission wavelength of the alexandrite laser at 757 nm. This experiment shows that: (1) Au-NRs are detectable in
Raw Au-NRs were suspended in a solution that was satu-Vitro using an optoacoustic method at a concentration of
rated with cetyl trimethyl ammonium bromide (CTAB), 7.5 x 10° NPs/mL (1.25 pM) and (2) the amplitude of
which is a toxic surfactarif. The removal of CTAB from optoacoustic signal is proportional to the concentration of
solution causes particle aggregation, which means that rawAU-NRs.
Au-NRs cannot be used in viv@ o address this issue, Au- Detection of nanoparticles through a biological tissue is
NRs were stabilized by covalent attachment of poly(ethylene important because the ultimate goal of our project is to detect
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Figure 2. Optoacoustic signal generated by Au-NRs detected Time After Laser Pulse (microseconds)

throuch a 4 cmthick scattering media. The-axis represents the . ) i .
time following triggering of laser pulse. Au-NRs were detectable Figure 4. In vivo detection of injected gold nanorods (Au-NRs)

at a concentration of 7.5 108 NRs per mL (1.25 pM). in nude mouse using a single optoacoustic transducer. Suspension
of gold nanorods (2&L at a concentration of 1.25 pM) or PBS
N (25uL) was injected subcutaneously (SQ) into the abdominal area
of mouse to enhance optoacoustic signal where the signal was
Alexandrite Laser detected via a transducer placed on the back of the mouse. The
/ Pulse x-axis represents the time of arrival of signal in microseconds with
/ (757 nm, 6 mJicm?) zero representing the time of arrival of signal generated at the

surface of transducer. The time of arrival of the signal originated
from injected Au-NRs was @s, which corresponds to a distance
SQ injection of of 12 mm from the surface of transducer. As compared to PBS
) injection, subcutaneously injected Au-NRs increased the amplitude
Au-NRs o : . -
of optoacoustic signal by enhancing local light absorption. A graph
depicting the difference between PBS and Au-NRs ftraces is
available as Supporting Information.

ry J_t.‘.)“ An optoacoustic signal from each site corresponding to
"= various concentrations of gold particles was recorded. This
@ @ procedure was repeated several times to measure the

minimum detectable concentration of injected Au-NRs. The

Figure 3. Schematics of in vivo experiment to detect subcutane- results were consistent and reproducible. Figure disa typical
ously (SQ) injected gold nanorods (Au-NRs) using a single-channel OPtoacoustic signal that was recorded in these series of
acoustic transducer. Au-NRs were injected subcutaneously to lowerexperiments.
abdomen and optoacoustic signal was detected from back. The In Figure 4, thex-axis is the time of arrival of the signal
animal was sedated to minimize motion artifact. in microseconds with zero being the time of arrival of signal
from the surface of transducer. Note that, in this scale, laser
Au-NRs that targeted tumors located deep within tissue. An pulse was delivered at2.5 us. The first peak represents
in vivo experiment was conducted to determine if opto- the generation of acoustic waves as the laser light interacts
acoustic method could be used for single-point detection of with the surface of transducer. By assigning zero to this time
subcutaneously injected Au-NRs in nude mice. Figure 3 point, one would be able to determine the distance of other
shows the schematics of this experiment in which optoa- objects from the surface of transducer by multiplying the
coustic detection was performed in the forward mode. A nude time of arrival of signal by the speed of sound in tisst&.6
mouse (Hsd:Athymic Nude-Foxnlnu, Harlan Bioproducts for mmjus). For instance, the thickness of the lower mouse
Science, Indianapolis, Indiana) was anesthetized by intra-abdomen in this experiment was measured-a8 mm. In
peritoneal injection of a mixture of xylazine/ketamine and other words, the skin over the mouse abdomen was 13 mm
was placed in a supine position (face up) on top of a single- away from the surface of transducer that was placed in the
channel optoacoustic transducer that was used in the in vitroback of animal. Because of this, the signal generated in the
studies. The same laser source was used to illuminate theskin of the mouse reached the transducer after approximately
abdomen of the mouse at a fluence of 6 mJ/icm 9us (9us x 1.5 mmis= 13.5 mm). Au-NRs were injected
Initially, optoacoustic signals were recorded before and ~1 mm underneath the skin (SQ); thus, their optoacoustic
after subcutaneous injection of 2k of PBS as control. The  signal was expected to arrive less thamslearlier than that
results indicated that the injection of PBS did not change of skin. Figure 4 shows that the optoacoustic profile
the profile of optoacoustic signal. Then, stock solution of following PBS and Au-NRs injection were almost identical
PSS-coated Au-NRs at concentrations of 125, 12.5, and 1.25except for the area around 8, where injected Au-NRs
pM was prepared by centrifugation and serial dilution in PBS. increased the amplitude of optoacoustic signal by enhancing
Then 25uL of each solution was injected subcutaneously at local light absorption in subcutaneous area (SQ). As ex-
several sites within the lower abdominal region of the mouse. pected, the amplitude of optoacoustic signal at this time point
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Figure 5. A typical optoacoustic image of a nude mouse before (a) and after (b) subcutaneous injectionutf aDAuU-NRs at a
concentration of 7.5« 10 NRs per mL in the abdominal area. Injected nanopatrticles were brightly visible in the optoacoustic image (b).
Drawing in (a) depicts the approximate position of the hude mouse during experiment.

increased proportionally when higher concentrations of Au- an overlay drawing is added to Figure 5a to illustrate the
NRs were injected (data not shown). This experiment shows approximate position of the animal during this experiment.
that the optoacoustic method can be used for the single-pointFigure 5b, which was captured after subcutaneous injection
detection of Au-NRs when a minimum of 24 of Au-NRs of Au-NRs, shows the enhancement of optoacoustic signal
at a concentration of 1.25 pM was injected subcutaneously.in the area that Au-NRs were injected. The injected Au-
Note that by using several acoustic transducers and applyingNRs were brightly visible in the optoacoustic image while
time-resolved algorithms, one would be able to locate the the body of the mouse was almost invisible. This is due to
exact location of Au-NRs within the tissue. the presence of the high contrast between normal tissue and
To further demonstrate the capability of LOIS to generate Au-NRs under optoacoustic imaging. This experiment suc-
an image of the distribution of Au-NRs in vivo, another cessfully demonstrated the feasibility of using LOIS to image
experiment was designed to image a nude mouse before angjold nanorods in vivo.
after subcutaneous injection of Au-NRs. To perform this  The National Cancer Institute has recognized nanotech-
experiment, a custom optoacoustic imaging system wasnology as an extraordinary opportunity to detect and/or treat
designed and assembled at Fairway Medical Technologies,cance’® Gold nanoparticles are attractive because they
Houston, TX. The transducer that was used in this experimentappear to be biocompatiBlé®?12%and can be produced with
was composed of two parallel linear arrays of 32 acoustic the desired physical and chemical properties. Gold nano-
transducers equipped with a real-time multichannel signal particles can be made in various shapes and dimen&ions,
processor that provided a gain of over 30 dB and a noise among which Au-NRs are especially interesting as contrast
level less than 2 mV for acoustic detection. A nude mouse agents for optoacoustic imaging because they provide the
was anesthetized as described before, was placed betweestrongest absorption relative to their sf2e5old nanopar-
two linear probes (transducer arrays), and the laser irradiationticles can be functionalized by conjugating them to other
was delivered orthogonally to the image plane. To perform molecules such as tumor ligands, DNA, or monoclonal
this experiment, we had to expand the laser beam more toantibodies to perform a biological tagk.
illuminate the whole body of mouse. Because of additional It would be useful to compare the sensitivity of the
expansion of the laser beam, the fluence dropped to 2 mJ/optoacoustic method for the detection of Au-NRs to the
cn, as compared to previous experiments where the fluencesensitivity of alternate methods such as MRI for the detection
was 6 mJ/cm2. Lower fluence resulted in a diminished of ferrimagnetic nanoparticles. According to the data pre-
optoacoustic signal. Also, the gain of multichannel transducer sented in Figure 2, the minimum concentration of Au-NRs
array used in this experiment was less than that of the with an average dimension of 50 nw 15 nm that is
previously used single-channel transducer due to its size anddetectable within gelatin phantoms using the optoacoustic
its electronic design (gain of 30 dB vs 60 dB). To minimize method is less than 7.5 10° NRs/mL (1.25 pM); this
the effects of these limitations, more Au-NRs had to be concentration of Au-NRs corresponds to Oud8Au per mL
injected in this experiment as compared to what was used(i.e., multiply the total volume of particles in each mL of
for single-point measurements. After acquiring a control solution by the specific weight of gold, 19.3 g/mL). In
image, 100uL of a solution of PEGylated Au-NRs at a comparison, Pardoe et al. used similar gelatin phantoms in
concentration of 7.5x 10 NRs per mL was injected their experiment and reported that the minimum concentra-
subcutaneously into the abdominal area of a nude mouse andion of ferrimagnetic nanoparticles that is detectable using
optoacoustic images were acquired. Figure 5 depicts theMRI is 10 ug Fe per mL2® This means that the sensitivity
result of this experiment. of optoacoustic method to detect Au-NRs in vitro is 75 times
Figure 5a shows the optoacoustic imaging of the nude better than that of MRI to detect ferrimagnetic nanoparticles.
mouse before injection of Au-NRs. The body of the mouse MRI is supposed to maintain its sensitivity in vivo; however,
was hardly visible in the optoacoustic image due to the low the in vivo sensitivity of the optoacoustic method to detect
ultrasound frequency cutoff in our imaging system, and thus Au-NRs would be affected by the light absorption of
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surrounding tissue. Data presented in Figure 4 shows that, (4) Oraevsky, A.; Karabutov, A. Optoacoustic TomographyBiomedi-

at least for mouse skin, which has a modest light absorption cal Photonics Handbook2003 ed.; Vo-Dinh, T., Ed.; CRC Press:

i 25 ulL of Au-NRs at a concentration of 1.25 pM Boca Raton, FLm 2003; Chapter 34, pp 3434-34.

in NIR, u ' : .p (5) Wilson, B. C. Appendix to Chapter 8: Summary of Optical

(~0.13ug Au per mL) yields detectable optoacoustic signal. Properties. IrOptical-Thermal Response of Laser-Irradiated Tissue
In this work, we have demonstrated that: (1) Au-NRs can W:|Ch, A.J., Van Gemert, M. J. C., Eds.; Plenum: New York, 1995;

; : ; : ; Chapter 8, pp 275303.

be _en_glneere_d V\_/lth_the Qes.lre_d _optlcal propgrtles_ that are (6) Kruger, R A.: Liu, P. Y. Fang, Y. R.. Appledorn, C. Rled. Phys.

optimized for in vivo imaging; this includes engineering Au- 1995 22 1605-1609.

NRs that absorb strongly at the NIR region of the spectrum  (7) Oraevsky, A. A.; Oraevsky, A. NQuantum Electron2002 32, 79—

where the light absorption of background tissues is minimal 82.

. . ) - (8) Hu, M.; Chen, J. Y,; Li, Z. Y.; Au, L.; Hartland, G. V.; Li, X. D,;
to allow deep imaging. (2) Au-NRs can be modified Marquez, M.; Xia, Y. N.Chem. Soc. Re 2006 35, 1084-1094.

chemically to enhance their biocompatibility and stability;  (9) Copland, J. A.; Eghtedari, M.; Popov, V. L.; Kotov, N.; Mamedova,

this is particularly important for in vivo applications. (3) The N.; Motamedi, M.; Oraevsky, A. AMol. Imaging Biol.2004 6, 341

laser optoacoustic method can be used to detect and localize 349 . .

AU-NR | ion d ithin ti h (10) Cerussi, A. E.; Berger, A. J.; Bevilacqua, F.; Shah, N.; Jakubowski,
u-NRs at a very low concgntraﬂon ieep within tissue w ere D.; Butler, J.; Holcombe, R. F.; Tromberg, B.Acad. Radiol2001,

other methods such as diffuse optical tomography fail to 8, 211-218.

detect their target®. The high sensitivity of the optoacoustic ~ (11) Wang, Y. W.; Xie, X. Y.; Wang, X. D.; Ku, G.; Gill, K. L.; O'Neal,

; ; ; ; D. P.; Stoica, G.; Wang, L. Wano Lett.2004 4, 1689-1692.
method is c.jue to the high ContraSt between light absorption (12) Eghtedari, M.; Copland, J. A.; Popov, V. L.; Motamedi, M.; Kotov,
of normal tissues and Au-NRs in the NIR. N.; Oraevsky, A. A. Bioconjugated Gold Nanoparticles as a Contrast

The ability to detect Au-NRs at a very low concentration Agent for Optoacoustic Detection of Small Tumors.Aroc. SPIE
deep within a tissue using optoacoustic methods, along with SPIE: Bellingham, WA, 2003; pp 785.
the fact that Au-NRs can be attached to vehicles such as % zeouoz??tg;, giy;écz’;ae"s"y' A. A; Oraevsky, A. Quantum Electron.
monoclonal antibodies to target cancer céls promising (14) Dreher, M. R.; Liu, W. G. Michelich, C. R.; Dewhirst, M. W.: Yuan,
in the development of new diagnostic modalities that employ F.; Chilkoti, A. J. Natl. Cancer Inst2006 98, 335-344.

optoacoustic methods targeting Au-NRs as molecular-specific (15) Lee, K. S.; El Sayed, M. AJ. Phys. Chem. 2006 110, 19220~

contrast agents for the early detection of cancer 19225.
J Y ' (16) Sau, T. K.; Murphy, C. J.angmuir2004 20, 6414-6420.
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