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Abstract

Various nanoparticles have raised significant interest over the past decades for their unique
physical and optical properties and biological utilities. Here we summarize the vast applications of
advanced nanoparticles with a focus on carbon nanotube (CNT)-based or CNT-catalyzed contrast
agents for photoacoustic (PA) imaging, cytometry and theranostics applications based on the
photothermal (PT) effect. We briefly review the safety and potential toxicity of the PA/PT contrast
nanoagents, while showing how the physical properties as well as multiple biological coatings
change their toxicity profiles and contrasts. We provide general guidelines needed for the
validation of a new molecular imaging agent in living subjects, and exemplify these guidelines
with single-walled CNTSs targeted to /%, an integrin associated with tumor angiogenesis, and
golden carbon nanotubes targeted to LYVE-1, endothelial lymphatic receptors. An extensive
review of the potential applications of advanced contrast agents is provided, including imaging of
static targets such as tumor angiogenesis receptors, in vivo cytometry of dynamic targets such as
circulating tumor cells and nanoparticles in blood, lymph, bones and plants, methods to enhance
the PA and PT effects with transient and stationary bubble conjugates, PT/PA Raman imaging and
multispectral histology. Finally, theranostic applications are reviewed, including the
nanophotothermolysis of individual tumor cells and bacteria with clustered nanoparticles,
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nanothrombolysis of blood clots, detection and purging metastasis in sentinel lymph nodes,
spectral hole burning and multiplex therapy with ultrasharp rainbow nanoparticles.
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1. INTRODUCTION — HISTORICAL BACKGROUND

Recent advances in photothermal (PT) and photoacoustic (PA) techniques based on
nonradiative conversion of absorbed energy in thermal and accompanying acoustic or
bubble phenomena demonstrated a great potential in various spectroscopic sensing, imaging
and therapy applications (1-3). The PT and PA techniques use either endogenous
biomolecules with natural PT/PA contrast properties (e.g. hemoglobin, melanin,
cytochromes or carotenoids), or exogenous contrast agents. Such exogenous agents may be
small molecule optical dyes including Evans blue, indocyanin green (ICG), lymphazurin,
and methylene blue, as well as synthetic nanoparticles (NPs) such as gold and carbon-based
NPs (2). While the primary advantage of small molecules is their favorable bio-distribution
and clearance rates from the body, NPs typically exhibit much higher optical absorption and
photostability.

Numerous biomedical applications of single-walled and multi- walled carbon nanotubes
(SWNTs and MWNTS, respectively, or CNTs in general) have been demonstrated over the
years. Owing to their ability to absorb light at a wide range of wavelengths spanning the
ultra-violet, visible near infra-red (NIR) and microwave spectral ranges, CNTSs are natural
contrast agents for PA and PT technique. The first demonstration of CNTs as PA contrast
agents was performed by Zharov et al. in 2007 through in vitro and in vivo detection of
circulating CNTs alone, or through circulating Staphylococcus aureus and Escherichia coli
labeled with CNTSs in blood flow using a novel in vivo flow cytometry device called a
PA/PT flow cytometry (PAFC/PTFC) system (4). At the same time, real-time two-color
PAFC was applied for in vivo identification of CNTSs in lymph flow (5). In 2008, de la Zerda
et al. demonstrated the first in vivo PA imaging of CNTs by molecularly targeting SWNTSs
to tumor neovasculature using arginine—glycine—aspartic acid (RGD) peptides in living mice
(6). Since then, multiple groups have proposed various chemical modifications to CNTSs that
enhance their PA signals, as well as demonstrating new applications of the PA technique
using CNTs. Chemical modifications included coating of CNTs with organic optical dyes
(7), gold with folates and antibodies for molecular targeting of circulating tumor cells
(CTCs) and endothelial lymphatic LYVE-1 receptors with potentially lower toxicity (8,9), or
antibodies for targeting the primary tumor (14). CNTs were also suggested as potential
contrast agents for sentinel lymph nodes (SLNs) imaging (9-13). SWNTSs were shown to
absorb microwaves at 3 GHz frequency thereby, leading to a thermoacoustic signal in
response (13). Other applications of CNT include PA detection of metastasis in SLNs (9,10),
as well as identification of tumor-initiating cancer stem cells in circulation among bulk
CTCs (25). Recently novel cytometry methods based on PT and PA Raman spectroscopy
were demonstrated for the detection of nonlinear effects in CNTs in vivo (15). Both PT and
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PA microscopy have shown great promise for studying distribution of CNTs in histological
samples (16) and, most recently, in plants (17), where such visualization of CNTs in plants
can lead to to better understanding of plant—-CNT interactions. For in vivo cytometry
applications, a nanosecond fiber 1064 nm laser with a 0.5 MHz repetition rate enabled the
detection of fast-flowing CNTSs in vivo and in vitro with velocities of up to 2.5 m/s (18).

Beyond purely imaging and sensing, the PT and PA effects in CNTs can be further used for
therapy. In 2003, Zharov’s laboratory demonstrated pulsed PT nanotherapy (termed also
nanophotothermolysis), with laser-induced nano- and micro-bubbles around overheated gold
NPs, particularly NP clusters, which eventually led to the death of tumor cells or bacteria
(19-26). The same laboratory also proposed using NPs for targeting bones, atherosclerotic
plaques, blood, lymph vessels (27,117) and thrombus (see below). Strong acoustic and
explosion effects (e.g. shock waves) (27) can be used for differentiation of multipotent
marrow stromal cells and nonthermal localized destruction of cells (28,29). Compared with
continuous wave (CW) laser PT treatment of tumors (30,31), a laser in pulsed mode has the
potential to precisely kill individual cancer cells with a spatial accuracy of a few
micrometers without harmful effects to the surrounding healthy cells (19,32). The PT
therapy and PA sensing or imaging are based on similar thermal effects, which allow their
integration into a multifunctional theranostic system using PA/PT responses for navigation,
optimization and monitoring the efficiency of PT nanotherapy. In particular, laser-induced
nano- and microbubbles provide both amplification of the PT and PA effects and sharpening
of the spectra peaks. This results in the increased sensitivity, specificity and capability of
multiplex PT therapy by targeting multiple NPs with different optical spectra to different
disease-associated biomarkers (8,33). In this article, we emphasize our findings in the
application of PT/PA technologies using bare, functionalized and hybrid CNTs and their
nano- and micro-clusters.

2. OPTIMIZATION OF NANOPARTICLES FOR PT AND PA APPLICATIONS

2.1. Conditions for PT/PA contrast agents, surrounding medium, and laser excitation

To provide an effective transfer of laser energy into PT and PA signals in absorbing media,
several conditions that govern the physical processes of energy conversion (i.e. excitation —
nonradiative relaxation — heating — acoustic wave and in some cases, bubble formation)
should be met. The two key conditions that must be met are the thermal and stress
conditions (1-4). Additional conditions with regard to contrast to background and dynamic
situations (34-36), where laser pulse rates are high and/or for fast moving targets, are
described below.

2.1.1. Optical conditions—The absorbed laser energy in NPs, Wyp, should be greater
than the absorbed energy, W, in surrounding tissue within the detected volume, i.e.

Wy /Wp=0pwN/agVy>1 (1)

where onp is the absorption cross section of the NPs, N is number of NPs in the detected
volume Vg, and ag is the absorption coefficient of the background tissue (34,35). Thus, for
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strongly absorbing NPs with og ~ 10710 cm2, the single NP can be detectable in absorption
background in NIR range at typical level of ag of 0.1 cm™ (lymphatics) or ~2 cm™1 (blood)
in the volume Vg with linear size L (Vg ~ L3) of 10 and 3.7 pum, respectively. Thus, single
NP can be detected in the superficial tissue and microvessels in the small volume with
minimum background absorption provided either by strong focusing of laser beam or using a
high-frequency focused ultrasound transducer with small focal volume (4,32). In the larger
detected volume, a greater NP number needs to be detected (e.g. N = 108 for V with L ~100
pm). The detection sensitivity can be enhanced 10- to 100-fold by nonlinear amplification of
PT/PA signals through laser-induced nanobubble formation around overheated NPs (33).
These rough estimations are in line with our experimental data demonstrating imaging (19)
and detection (4) of just single and few gold NPs (or one small NP clusters) in a single cell
or superficial blood microvessels, especially between individual erythrocytes in the
capillary. In order to minimize the number of NPs required for detection, a strongly focused
laser beam may be used, as well as the use of a high-frequency focused ultrasound
transducer with small focal volume. On the other hand, a very high Wyp may result in
undesired light attenuation by strongly absorbing and scattering NPs or bubble formation
around the NPs (33).

2.1.2. Relaxation conditions—To provide maximal PT and PA effects, most absorbed
energy should be transformed into heat, which occurs at:

™"Ne<Tr (2)

where zyg and g are the characteristic times of nonradiative and radiative relaxation,
respectively. In most NPs, this condition is fulfilled (zyg ~ 10712 to 10 s, 53~ 108 to
1071%s), while in some dyes it is not (4). This together with the relatively low absorption
cross section of fluorescent agents renders them less effective as PT/PA contrast agents
compared with NPs. Nevertheless, the high sensitivity of the PT/PA technique provides
imaging of even single quantum dots (33,34). As proposed in Shashkov et al. (34), the
contrast of dyes can be enhanced by their conjugation with metal NPs because of quenching
effects in dye—metal interfaces. Relaxation conditions at tp < g may provide a study of
ultrafast relaxation phenomena with ultra-short (femtosecond) laser pulses.

2.1.3. Thermal conditions for single laser pulse—To provide efficient heating of
NPs without heat loss, the pulse duration, tp, should be less than the characteristic thermal
relaxation time, zr, of NPs:

The fulfillment of the thermal conditions mean achievement of the maximal value of NP
temperature practically without ambient heat exchange. For a solid nanosphere with radius
R, 71 = R2/6.75 k, where k is the thermal diffusivity (4). For targets with R=50 nm, 500 nm,
5 um, and 50 um (e.g. NPs, cellular organelles, cells or bulk media with a 100 um laser
spot), zris ~3 ns, 0.3 ps, 30 ps and 3 ms, respectively. In strongly absorbing NPs such as
gold or CNTs, the absorbed energy in the NP surface is almost instantaneously
(characteristic time ~10712 s) transformed into thermal energy and very quickly averaged in
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the absorbing layers. Then the heat transfers from the layers to the core (e.g. in hollow NPs,
SWNTSs, or nanoshells) and surrounding water or preferentially to water (for solid NPs). For
example, the ratio of characteristic times of heat conductivity for water and silica is about 6
(118). Thus, in gold nanoshells the shell and silica core reach thermal equilibrium first, and
further NP cooling is due to heat transfer to surrounding water. For hollow metal NPs filled
with water or liquids with similar thermal properties, redistribution of heat between the core
and surrounding medium is approximately equal. In MWNTS, laser radiation is
predominately absorbed in external layers and then heat is redistributed between layers.

For a first approximation many closely located NPs can be considered as an equivalent
heated quasi-solid NP with average heat capacity Cyp and density onp, and the characteristic
thermal relaxation (i.e. cooling) time for heat transfer between the NP surrounding water
with the coefficient of thermal conductivity Kyy can be estimated as zr = R2 pnyp Cnp/NKw,
where coefficient n (3—-6) depends on the NP shape. For example, a gold nanosphere having
R =50 nm in ambient water will exhibit zr ~ 1.2 ns. Thus, for a 10 ns laser pulse, the
thermal conditions are fulfilled for most large targets, and are not fulfilled for very small
NPs. The condition tp > 77 can be used for the heat exchange of NPs with the ambient tissue
and its heating. A more rigorous analysis of thermal effects in multilayer NPs can be found
elsewhere (35,36).

2.1.4. Thermal conditions for multiple laser pulses—While the previous conditions
do not take into account possible temporal overlapping of thermal effects at high laser pulse
rate, frep, this may lead to target overheating and, thus, a decrease in PT and PA signals. To
avoid this effect, the thermal conditions for successive laser pulses are defined as:

Trer <1/ (@)

when there is enough time for target cooling before the next pulse comes (18). For the
typical targets indicated above, frgp MAX was estimated as ~330 MHz, 3.3 MHz, 33 kHz
and 330 Hz, respectively. However, the rapid rise time of PT signals (i.e. temperature
increases) (18) may lead to an increase in average medium temperature without decrease in
PT signal amplitude, which makes this condition less strict. Thermal conditions [equation
(4)] are introduced for noninvasive PA diagnosis. However, for PT therapy, spatial or
temporal overlapping of thermal fields from individual NPs can in some cases provide
positive effects by increasing average temperature and thus improve PT therapeutic
efficiency, especially for large targets (e.g. a tumor).

2.1.5. Acoustic stress conditions for single laser pulse—The transformation of
thermal energy into acoustic energy, tp, should satisfy:

tp < TA:2R/CS ®)

where 7p is the acoustic relaxation time defined as the transit time of the acoustic wave
traveling through a distance of 2R (target diameter) and cg is the speed of sound (1,2,4). For
nanospheres with R =30 nm in water with ¢ ~ 1.5 x 10° cm/s, za is in the sub-nanosecond
range, ~40 ps. Thus, for broadly used pulsed nanosecond lasers, condition (5) is not quite
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fulfilled for small targets, and the PA signal amplitude will decrease (as ~za,tp) as the width
increases. Nevertheless, strong PA signals were demonstrated from such small NPs using
nanosecond laser pulses (4-17). This may be explained by the presence of large NP
aggregates, the nonlinear bubble-related amplification of PA signals (18) or appropriate
condition for thermal-based generation of acoustic waves in pulse mode (e.g. ultrafast
temperature rise).

2.1.6. Acoustic (transducer response) condition for multiple laser pulses—In
certain samples, under single laser pulse excitation, a train of acoustic oscillations may be
observed, instead of the classic signal shape with single positive and negative components.
This is true particularly in those samples with hard acoustic surfaces such as histology
slides. The elongated signal oscillation can be estimated through ultrasound transducer
response, zrg, although in fact these responses are associated with acoustic interface
properties between transducer and samples.

Overlapping of acoustic waves after ultrasound transducer with time response, zrg, should
also limit fggpMAX

Jrer S 1/Ton (6)

In the presence of acoustic reflections, the recorded acoustic response will be formed by a
train of oscillations, whose duration is determined by the transducer and setup parameters.
With a zrg of 0.1-15 ps, frep™® should be less than 10 MHz and 60 kHz, respectively.

2.1.7. Flow conditions—Flow partly eases the thermal conditions for noninvasive
diagnosis as it removes excess heat from the laser spot and target site. This may decrease
possible target overheating and even photo-damage of the tissues, and facilitate the
fulfillment of thermal conditions for multiple laser pulses. For a flowing sample, the lifespan
of target in the detected volume is defined as 7= = D\ /vg, where Dy_is the laser beam or
transducer focus size along the blood vessel and vg is the linear flow velocity. For 7= < o,
frep MAX could be estimated as frepMAX < 1/ 7. For example for a flow velocity, vg, of 50
cm/s (large artery), and a laser beam width, D, of 10 um, frep MAX can be as high as 50
kHz, compared with 10 kHz in static conditions. For higher flow velocity, the increases in
frequency will be even greater. In a fast flow, zr may decrease further as additional target
cooling takes place owing to local turbulences (122), allowing the use of even higher laser
pulse rates (18).

2.1.8. Bubble conditions—Laser-induced nano- and microbubbles around strongly
absorbing NPs are important phenomena to increase the sensitivity of PT/PA diagnostics
and the efficiency of PT therapy (8-11,19-27,33). Specifically, the vapor blanket (bubble)
formation, its expansion and the formation of intense pressure waves can amplify PA signals
and result in mechanical damage and rupture of the cells and tissue. Photothermal-based
bubbles will be generated at laser pulse energy fluence
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E>FEqy, 0]

where Egh is the threshold of energy fluence for bubbles formation around NPs. The
analyses of condition for maximal efficacy of bubble formation was performed in (35,36).
Below we present selected experimental results including use NP clusters, appropriate
surrounding media (e.g. ethanol) and stationary nano- and microbubbles conjugated with
NPs.

2.2. Methodology for NP optimization

Based on the models described above, we identified several ways to improve the NP
detection limit by increasing conversion of laser energy into PT, PA, and bubble formation
phenomena (34-36). In pulse mode, the PA signal is proportional to laser energy, the
absorption cross-section, and the coefficient of thermal expansion, and is inversely
proportional to density and heat capacity, and is independent of NP volume at fulfilled
thermal and acoustic condition (1,2,34). Thus, NPs with higher coefficient of thermal
expansion, and lower density and heat parameters, provide higher PA signals at the same NP
absorption. In addition, bubble formation, as a PA signal enhancer and a therapy modality, is
more effective at a low boiling point, vaporization heat, surface tension and heat capacity, or
a higher coefficient of thermal expansion. In particular, lower surface tension results in a
lower pressure inside the bubble, required for bubble expansion. An increase in sensitivity
could be also achievable by decreasing the laser pulse duration to the picosecond regime
(22), which would match better with the thermal and acoustic conditions, since the thermal,
71, and acoustic, zp, relaxation times are in the sub-nanosecond range for small NPs.
Naturally, doing so may be challenging for technological as well as safety constraints.
Alternatively, the thermal relaxation times could be increased by using larger NPs (7 o< R,
7 < R); however, targeting large NPs to molecular targets in living animals is challenging.

To improve the PA sensitivity it is suggested to: (1) increase absorbed energy through
conjugation of relatively low absorbing NPs (e.g. CNTSs) to more strongly absorbing
materials, including plasmon gold NPs and conventional dyes such as ICG (see below)
(7,9,34); (2) use thermally insulating layers around the optically absorbing part of the NP
with low heat diffusion coefficient and thus improve the thermal condition (4,34); (3) use a
layer with a high coefficient of thermal expansion (e.g. ethanol) (24,34); (4) use evaporation
(9) and explosion (27) effects leading to bubble formation and shock waves that
significantly enhance the generation of nonlinear PA signals; and (5) conjugate the NP with
nano- and microbubbles to enhance bubble expansion leading to more powerful PA signals
and therapeutic effects (unpublished results obtained in 2007 in Zharov’s laboratory and
presented as the preliminary data in the NIH grant LIRC1CA1464919). It should be noted
that hollow nanostructures like CNTs have a lower heat capacity compared with solid NPs,
allowing better heating in pulse mode even at the same absorption properties.

2.3. Integrated PA/PT diagnostics and therapy (theranostics) with nanoclusters

To overcome difficulties to deliver large NPs and low PA signals from small NPs, in 2004
we proposed a concept of PA nanodiagnostics and PT nanotherepy (termed also
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nanophotothermolysis), which is based on self-assembling small NPs into larger
nanoclusters directly in targeted sites of living organisms (20-22). This concept uses
relatively small gold NPs (e.g. 5-30 nm) that can be delivered more easily to cancer cells
with different methods (physiological transportation, conjugation with antibodies, or viral
infection) than larger NPs (22). Smaller NPs also provide lower background in blood and
tissue, and can more effectively target biomarkers on cancer cells. After delivery and by
providing specific conditions, these NPs are self-assembled into larger nanoclusters (i.e.
many closely located NPs) directly on live cancer cells around dense or clustered
biomarkers. Such nanoclusters, provide greatly enhanced laser-induced optical, thermal, and
acoustic bubble formation phenomena, resulting in linear and nonlinear enhancement of the
PT and PA effects (Fig. 1A). These enhancements can be explained by: (1) increase in the
cluster’s average absorption; (2) better heating efficiency resulting from an enhanced ability
to confine the nanosecond laser pulse within the nanocluster’s size; (3) a decrease in the
bubble-formation threshold; and (4) the overlapping of bubbles from different NPs.
Specifically, for gold nanospheres with absorbance peak at ~525 nm, the creation of
nanoclusters leads to a significant red-shift to ~700-1100 nm (20-22). This allows the use of
small gold nanospheres whase synthesis is well-controlled, with potentially less toxic
effects, as well as to use nanosecond NIR lasers at ~1064 nm, whose penetration into tissues
is much greater than visible wavelengths.

We discovered that irradiation of gold nanospheres in living organisms at relatively low
pulse energies led to closer location of NPs in clusters and more profound red-shifting
owing to the gentle laser removal of the biologically compatible coating from the NPs (e.g.
polyethylene-glycol). In contrast, pulse energy with increased energy led to disintegration of
the clusters owing to strong NP heating, bubble formation and even NP explosion (21,27).
These effects can also lead to the movement of individual NPs with high speed from
disintegrated nanoclusters. These gold laser-activated ‘cassette nanobombs’ may enhance
cell killing through cell membrane damage by laser-induced ‘gold nanobullets’ (19).

The possibility of enhancing PT/PA contrasts in nanoclusters in living organisms also
stimulated an idea for developing initial clustered NPs at moderate sizes of 30-60 nm
consisting of shortened CNTs and their hybrids or 2-10 nm gold NPs, either bare (to
enhance red-shifting) or coated with a thin layer of DNA or incorporated in viral capsids
(Fig. 1B-D). Another example includes DNA-guided self-assembly of multilayered NP
composites with controlled plasmonic properties (Fig. 1E) (22). Combination of multiple
discrete nanoscale materials into a single nanostructure would be very useful in a variety of
applications, including NP-based biomedical theranostics. This would allow the
implementation of multiple tasks in parallel or in sequence and acquiring more
comprehensive, accurate and reliable information in the same system using multiple
modalities. Also the control over the structural configurations would lead to substantial
functional enhancements by encouraging favorable interactions between individual
nanocomponents, further enhancing the sensitivity and selectivity of the diagnostic
modalities. Furthermore, multifunctional, specific and selective targeting can be achieved
through selective and controllable incorporation of multiplex biocomponents (e.g. antibodies
and DNA) to the system, assembled (22) by attaching probe DNAs or antibodies to the
designated DNA sequence address. Recently, we demonstrated the possibility of tuning the
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NPs’ plasmonic properties through their controlled nanostructure assembly (43,44,
unpublished result obtained in 2008-2009 in Kim’s laboratory and presented as the
preliminary data in the USDA/NRI grant ARK 02062, ‘Engineering Ultrasensitive,
Electrically Addressable Nanotube-Wire Sensors Through Controlled DNA-Nanotube
Interfacing’, and the NSF grant CMMI-0709121, ‘Exploration of DNA-Based Nanoscale
Building Block for Controllable and Scalable Fabrication of Active Nanostructures’). The
self-assembled 1D, 2D and 3D gold NP nanocomposites showed considerably red-shifted
plasmon resonances with appreciably enhanced absorbance in the NIR, owing to the
plasmon coupling between NPs in the nanocomposites. This approach would provide new
and versatile routes towards extending the capability of current NP-based PA/PT technology
and enabling NIR-responsive, multifunctional, multiplexing and multimodal technology for
noninvasive PA/PT cancer diagnosis and therapy with greater control.

3. THE PROPERTIES AND FEATURES OF CNTS
3.1. Optical properties of CNTs

Several techniques have been developed over the years to synthesize CNTSs, each of which
has been covered at length in separate reviews, including: high pressure carbon monoxide,
chemical vapor deposition, arc discharge, and laser ablation (37-40). Having all its atoms
exposed on the surface, a SWNT (Fig. 2A) has a very high surface area (~1300 m2/g in
theory), allowing efficient interaction between the SWNT and the optical radiation. SWNTSs
are characterized by a very broad and flat optical absorbance spectrum, spanning the UV,
visible and NIR spectra (Fig. 2B). The vast majority of the photons that interact with the
SWNT will be absorbed by it, leading to local heating around the vicinity of the SWNT
(4,9,24). When the incident light is an intense nanosecond laser pulse, the local heating
around the SWNT leads to the emission of an ultrasound wave, according to the PA effect
(4-13,45). Semiconducting SWNTs with small band gaps on the order of 1 eV exhibit
fluorescence properties with excitation and emission wavelengths in the NIR range.
Importantly, different SWNT chiralities lead to different and characteristic excitation—
emission wavelengths (46). While most of the light that interacts with the SWNTSs is
absorbed, a very small fraction of the photons will scatter inelastically, leading to distinctive
Raman scattering spectrum. The unique Raman signature of SWNTSs can then be used for
detection and imaging in vivo (47-51). Similarly to SWNTs, MWNTS exhibit strong optical
absorption characteristics, which make them potentially attractive PT and PA contrast agents
(24). However, apart from pure optical absorption, they do not possess the rich optical
characteristics of SWNTSs.

3.2. Hybrid CNTs

3.2.1. Golden CNTs—Despite the excellent promise of CNTs as PA/PT contrast agents
for biomedical applications, several questions remain regarding their safety and
biocompatibility in humans (52-55). Furthermore, owing to the CNTs’ relatively low NIR
absorption coefficient compared with other nanoparticles, such as gold NPs (GNPs)
(9,30,56), higher concentrations are generally required for effective PA/PT theranostics
(8,9). To improve the CNTs’” PT and PA effects, new types of hybrid GNPs consisting of an
SWNT core surrounded by a gold layer were recently introduced (Fig. 2B) (9). The new
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SWNT-mediated hybrid NPs combines the optical NIR absorbance of gold and CNTs and
the biocompatibility and bioconjugation potential of gold to realize the advantages of both
CNTs and GNPs. The synthesis process involves SWNTSs and Au salts in water and does not
require additional chemical reductants or catalysts agents. Two types of hybrid NPs were
synthesized by tempering SWNTS’ size and their aqueous dispersity. Hybrid rod-shaped Au-
plated SWNTs (termed golden carbon nanotubes, GNTS) (9), with a thin layer of Au around
the SWNT core, were synthesized using short (~100 nm) and well-dispersed SWNTSs in
water. When even shorter SWNTs (~30 nm) were used, monodisperse plasmonic hexagonal
bipyramidal gold nanocrystals with well-defined size and shape resulted (57). The GNTs
exhibited a unique set of features, in particular, enhanced NIR absorption contrasts. They
showed two plasmon absorption maxima (Fig. 2B) in the visible region of 520-530 nm
(similar to transverse absorption of Au nanospheres) and in the NIR region of 800-900 nm,
similar to the longitudinal response of gold nanorods (GNRs). Their plasmon responses in
the NIR were significantly higher (85- to 100-fold for GNTs; 25-to 30-fold for bipyradimal
nanocrystals) than those of the SWNTSs without the gold layer (Fig. 2B). This implies that
potentially lower concentrations would be required for effective PA/PT diagnostic and
therapeutic applications. The synergistic plasmonic effects of the gold shell and the
potentially empty SWNT core were attributed to such highly enhanced NIR responsiveness.
Their unique optical response with two absorbance maxima also suggests their potential as
multi-color NPs for multiplexing studies of PA and PT nanodiagnostics and
nanotherapeutics (8,9,11,25). Finally, recent in vitro and in vivo results indicated that the
SWNT-Au hybrids have minimal cytotoxicity, as further described in later sections of this
review.

3.2.2. Dye-enhanced CNTs—While the optical absorption spectrum of SWNTSs is
relatively flat across the visible and the NIR regimes, their spectrum can potentially be
altered by adding additional dye molecules such as on the surface of the nanotubes (7).
Taking advantage of the very high surface area per volume ratio of SWNTSs, potentially
many such small optical dyes can be attached to the surface of a single SWNT. As SWNTs
have hydrophobic benzene ring structures on their surface, one may be able to stably load
molecules onto the SWNTSs through noncovalent pi—pi stacking bonds (65). Upon incubation
of SWNTs with ICG, a strong and stable binding of ICG molecules to the surface of the
SWNT occurs, leading to a ~20-fold increase in the optical absorption of the SWNT (Fig.
2C).

The quantitative reasoning behind this approach of dye-loaded SWNT lays in the unique
relationship between the optical absorbance and the molecular weight of small optical dyes
versus that of NPs (Table 1). While small optical dyes such as ICG have a lower optical
absorption than SWNTS, they are also significantly smaller. The absorption coefficient of
ICG divided by its molecular weight, however, is higher than that of SWNTs and
significantly greater than that of gold-based NPs. This suggests that creating a carrier for
small optical dyes, such as a SWNT, may be highly beneficial, as shown in Fig. 2(C).

Thus, while ICG exhibits 30 times and 5 x 103 times lower optical absorbances than SWNTSs
and GNRs, respectively, it is also 220 times and 45 x 10° times lighter than SWNTSs and
GNRs. Hence, on an absorbance-per-weight measure, ICG is ~7 times more efficient than
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SWNT and ~9000 times more efficient than GNRs in absorbing light. It should be further
noted that, unlike ICG and SWNTs, whose absorbance comprises only optical absorption,
the optical absorbance of GNRs comprises both optical absorption and optical scattering,
where the latter does not contribute to the PT/PA signal of the particle. Finally, it should be
noted that, if volume is considered instead of molecular weight, GNR will be more
efficiently absorbing than SWNTSs. Hence, it is still not certain which parameter should be
used for the comparison. In addition, ICG is photobleaching, a characteristic not experienced
by most NPs, including SWNTs and GNRs.

3.3. Functionalization of CNTs and its hybrids

The importance of functionalization of NPs as molecular contrast agents cannot be
overstressed, and has been reviewed in great detail before (79). In order to allow the contrast
agents to reach a molecular target and thereby highlight it, the NPs need a biological moiety
to act as a molecular linker to the target (in which case they are referred to as molecular
imaging agents). This targeting moiety can be in the form of an antibody, peptide and other
forms (61). Beyond the ability to bind to molecular targets, it is important to properly
functionalize CNTs because raw CNTSs have hydrophobic surfaces and are therefore not
soluble in aqueous solutions such as blood. Proper functionalization of CNTs has been
shown to be instrumental for preventing possible toxic effects of the CNTs, as further
described in later sections of this review.

Surface functionalization of CNTs has been demonstrated with either covalent or
noncovalent bonds. As CNTSs are naturally inert, covalent functionalization typically
involves creating defects on the sidewalls of the CNTs. To perform that, oxidation reactions
with oxidizing agents such as nitric acid are most commonly used (62,63). These reactions
were observed to create sp carbon atoms on SWNTSs, which were then used to further
conjugate animo acids to the SWNTSs (64). However, despite the fact that oxidized CNTSs are
soluble in water, they aggregate in the presence of salts owing to charge screening effects,
which prevent their practical use in vivo. One solution for this has been to further attach
hydrophilic polymers such as poly(ethylene glycol) (PEG), which resulted in CNTSs that are
highly stable in biological environments (65,66). Another common type of covalent bonding
to CNTs is cycloaddition reaction (67—70). However, covalent bonds commonly interfere
with the natural physical properties of the CNTSs, including their Raman scattering and their
photoluminescence, an effect that does not exist in noncovalent functionalization of CNTSs.
In noncovalent functionalization, the CNT surface is coated with amphiphilic surfactant
molecules or polymers such that the hydrophaobic surface of the CNT is noncovalently
attached to the hydrophobic end of the surfactant. Multiple studies have utilized this pi—pi
interaction to noncovalently bind the CNT surface to porphyrin (71) or pyrene (72-74),
which later allowed for further functionalization of proteins on the CNT surface. Other
noncovalent bonding included pi—pi stacking between the CNT surface and DNA (75),
although there have been concerns regarding the serum stability of DNA-wrapped CNTs
owing to potential enzyme activity that may degrade the DNA wrapping (76). Amphiphilic
polysaccharides and their derivatives, such as starch (77) and dextran sulfate (78), have also
been employed to enfold SWNTSs, enhancing their biocompatibility and solubility in
biological solutions and mitigating their potential toxicity. Polysaccharides have a higher
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threshold for denaturation in the biological solutions, potentially rendering higher serum
stability compared with DNA or proteins. The polysaccaride-coated biohybrid SWNTSs hold
promise for biological and biomedical applications owing to the synergistic unique
properties of SWNTSs and polysaccharides, such as enhanced NIR contrast, aqueous
solubility and biocompatibility (78). Finally, PEGylated phospholipids (PL-PEG) were also
used for noncovalent functionalization of SWNTSs (59,65). These PL- PEG-SWNT exhibited
very high water solubility and serum stability, owing to the two hydrocarbon chains of the
lipids, which strongly bound to the SWNT surface. The PEG rendered water solubility and
biocompatibility and allowed for further functionalization with targeting moieties (59).
Further in vivo toxicity studies have shown that these PEGylated SWNTSs exhibit no evident
toxic effects in mice (82). For more exhaustive review on CNT functionalization, see a
recent review article by Liu et al. (79).

Surface coating of CNTs with more biocompatible metal NPs, such as Au, was suggested as
another approach to mitigating raw CNTS’ intrinsic limitations, including aqueous solubility
and toxicity. Recently, the unique size-dependent phenomenon of SWNTSs has allowed the
crafting of monodisperse Au-SWNT hybrids (GNTSs) with different sizes and shapes (9,57).
The GNTSs can be easily conjugated to targeting moieties, such as antibodies and peptides,
using basic thiol chemistry (80). Furthermore, the number and location of the functional
groups on these hybrid GNPs can be controlled on the basis of the recently developed
aqueous-phase solid-phase monofunctionalization methods (43,44). This would enable not
only more controlled and stable functionalization of targeting moieties but also quantitative
analyses by controlling the number of recognition units per NP.

3.4. Safety of CNTs and its hybrids

The safety of CNTs has been explored in numerous studies both in vitro as well as in vivo.
The results of these studies varied significantly by the type of CNT as well as its
functionalization. While well-functionalized CNTs with biocompatible surface coatings
have been shown to be nontoxic in vitro to cells (73,81) and in vivo in mice (82), different
CNT geometries, functionalized and particularly nonfunctionalized raw CNTs were shown
to be toxic to cells (49,83-85) and to mice (86,87) and rats (88,89) upon inhalation and upon
intra-abdominal administration (90). These studies and others have therefore led to the
general understanding that the toxicity or safety of CNTs seems to be highly dependent on
the geometry and surface functionalization of the CNTSs.

In vitro, the toxicity of raw CNTs (i.e. without functionalization) has been investigated and
found to be significant. It was found that raw SWNTSs can inhibit HEK 293 cell proliferation
(85) and that raw MWNTS induce cell cycle arrest and increase apoptosis/necrosis of human
skin fibroblasts (84). Other studies have shown that using nonbiocompatible
functionalization (91) or a too low density of functionalization (92) may also lead to toxic
effects on cells. However, it was further shown that choosing the appropriate
functionalization leads to no toxic effects on cells. For example, SWNTs PEGylated
noncovalently through phospholipids were shown to be highly stable in serum while
exhibiting no enhanced apoptosis or reduced proliferation in various cell types (31,93,100).
Other types of CNT functionalizations were shown not to lead to toxic effects on cells,
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including biomimetic coating (73,94,95), covalent functionalization with 1,3-dipolar
cycloaddition (81,96), amphiphilic helical peptides (97), polysaccharides (77,78) and serum
proteins (98). All in all, this suggests that CNTs with proper serum-stable functionalization
show little to no toxicity, while raw CNTs or CNTs with minimal functionalization show
highly toxic effects in cells.

Invivo, raw CNTSs have shown obvious toxic effects on the pulmonary system when
introduced intratracheally to animals (86—89). These results can be explained by the fact that
these were raw CNTSs, which are hydrophobic and therefore form aggregates that may get
stuck in the lung airways. However, it is important to understand that these toxicity results
cannot be generalized to other methods of delivery or to functionalized CNTSs. Indeed, a
preliminary toxicity study on PL-PEGgqqg functionalized SWNT followed in 2007 and
found no evident toxic effects in mice injected with the nanotubes intravenously at even
high doses of 3 mg/kg over a period of 4 months (95). The blood pressure and blood counts
of the mice were analyzed every month and at the end of the 4 month period, necropsy and
tissue histology validated there were no evident toxic effects of the SWNTSs. A follow-up
toxicity study that looked at the biodistribution and secretion pathways of the SWNTSs from
the body also found no long-term toxic effects of the SWNTSs when injected intravenously to
living mice (83). Finally, SWNT that were functionalized differently using Tween-80 were
found to have relatively low toxic effects at very high doses (~40 mg/kg) (99).

For the hybrid Au-SWNTS, no apparent adverse toxicity effects were observed according to
the preliminary in vitro cell viability and proliferation assays as well as an in vivo study of
their impact on mouse vasculature over 1 month (9). However, conflicting data have been
reported on the toxicity of GNPs (101-106). The possible hazard of nanomaterials
represents a potential obstacle for their application to nanomedicine; thus, a full-scale
systematic investigation of the toxicity of GNPs is required before human applications can
be employed. Nonetheless, the GNTs have a high potential to improve the biocompatibility
of CNTs, for both their potentially minimal toxicity and to the fact that much lower
concentrations are needed, compared with plain SWNTS, owing to their high NIR PA/PT
response. A recent approval for a pegylated colloidal gold nanoparticle (CYT-6091) to
proceed to phase I clinical trials to target solid tumors in humans brings promise that such
Au-SWNTs will also translate to humans in the future.

4. APPLICATION OF CNT AND ITS HYBRID

4.1. In vivo PA molecular imaging of tumor angiogenesis using SWNT-RGD

Recently, SWNTSs conjugated with RGD peptide through PL-PEGs,qp Were demonstrated to
target a3 in tumors, a vascular integrin associated with tumor angiogenesis (59). By
radiolabeling the SWNTs with 84Cu, the tumor accumulation was quantified as ~14 %ID/g
(percent injected dose per gram) (59), while control untargeted SWNTs without the RGD
peptide showed significantly lower accumulation of ~3 %ID/g.

This first demonstration of molecular targeting of SWNTS in living subjects led to multiple
imaging studies utilizing various physical properties of SWNTSs, including Raman scattering
(48,50) and PA imaging (6,7). While Raman imaging of the CNTs takes advantage of the
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characteristic Raman spectrum of sp? carbon materials (G-band at 1582 cm™1), PA imaging
takes advantage of the near-infrared light absorption characteristic of CNTSs.

SWNT-RGD have been extensively characterized both in vitro and in vivo by rigorously
following the required validation experiments for a new imaging agent, as listed in Table 2
(6). This included testing the PA signal stability when introduced to serum, cell uptake and
photobleaching, and characterizing the signal-concentration curve. However, perhaps of
most importance were the in vivo sensitivity and in vivo targeting tests. The sensitivity in
living mice was quantified and found to be 50 nM (i.e. 50 nM of SWNT-RGD gave the
equivalent PA signal as the background tissue signal; Fig. 3). Furthermore, mice bearing
U87 glioblastoma xenograft tumors injected with SWNT-RGD showed significantly higher
PA signal in the tumor as compared with mice injected with untargeted SWNTSs (Fig. 4).
Finally, Raman spectroscopic imaging was used to validate the accumulation of SWNT-
RGD and the lack of accumulation of control untargeted SWNT in tumors ex vivo.

4.2. 1ICG-enhanced SWNT-RGD for in vivo PA molecular imaging of tumor angiogenesis

Despite the fact that SWNT-RGD has favorable biodistribution and exhibit high tumor
accumulation, one cannot assume that the ICG-modified SWNT-RGD will behave similarly
(7). The shape of SWNT-RGD is similar to that of SWNT-ICG-RGD, particularly owing to
the fact that ICG is attached to the surface of the SWNT, while PEG-RGD extends further
away from the SWNT (Fig. 2C). However, the two NPs may have significantly different
molecular weights, charge and {-potential, and therefore, potentially different
biodistributions. Hence, in order to validate that SWNT-ICG-RGD can also be used as a PA
imaging agent, one has to study the particle the tests listed in Table 2 (7). In vitro testing of
the SWNT-ICG-RGD contrast agents showed that they are highly stable in serum; however,
unlike plain SWNT-RGD, some degree of photobleaching was observed to the extent of
~30% over 1 h of strong nanosecond-pulsed laser illumination. Despite the fact that SWNT
are highly resistive to photobleaching, small molecule optical dyes, such as ICG, are more
susceptible to photobleaching and, hence, this observed photobleaching is probably due to
photobleaching of the ICG molecules. The sensitivity of ICG- modified SWNT-RGD in
living mice has been estimated to be 170 pM (Fig. 5). This represents a significant
improvement in sensitivity of over 300-fold as compared with plain SWNT-RGD. This
improvement in sensitivity is primarily due to the higher optical absorption of the new NPs,
as well as the ability to shift the laser excitation wavelength from 690 to 780 nm (the
absorption spectrum maximum of SWNT-ICG-RGD), at which the background tissue
absorption is significantly reduced. Finally, in a similar experiment to that previously
described for SWNT-RGD, SWNT-ICG-RGD has been shown to specifically target the /53
integrin in living tumor-bearing mice (7).

4.3. PA-PT molecular theranostics of lymph vessels and sentinel lymph nodes

Golden nanotubes (GNTSs) conjugated with an antibody specific to the lymphatic endothelial
hyaluronan receptor-1 (LYVE-1) were used for PA/PT mapping of lymphatic endothelial
cells in mouse mesentery (Fig. 6A) (9). The LYVE-1 receptor is one of the most widely
used lymphatic markers of endothelial cells and their expression and functional activity are
closely correlated with the regulation of cell migration, metastasis, inflammation and other
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important processes (9). The PA/PT mapping of nude mouse mesentery within the field of
interest (Fig. 6B) was obtained by an automatic scanning microscopic stage and PA and
pump-probe PT thermal lens detection schematics with a focused laser beam (optical
parametric oscillator, OPO, 410-2600 nm, 8 ns, 2-10 pm in diameter). The administration
of the bioconjugated GNTSs led to the appearance of strong PT and PA signals, which
significantly exceeded those from endogenous backgrounds and were preferentially located
in the lymphatic walls (Fig. 6C). The PA/PT mapping at 15 min after unconjugated GNT
administration revealed randomly scattered fluctuating signals in lymphatic flow above the
background; however, no signals were observed in the lymphatic walls. Within 1 h, signals
became diminished in lymphatics owing to their natural washing by the lymph flow. These
findings strongly suggest PA molecular targeting of LYVE-1 receptors, which showed very
heterogeneous distribution along the vessel walls. These signals were highly stable during
the 1-2 h of observation. An increase in the laser fluence from 35 to 80 mJ/cm? led to highly
localized (within 5-10 um around absorbing centers) microbubble-related damage to the
lymphatic wall without notable changes in surrounding tissue (Fig. 6D).

In addition, PA detection and PT ablation of GNT-labeled tumor cells in SLNs as the first
metastatic places for disseminated cells from primary tumors was proposed (9)
Supplementary; (11). To verify this approach, around 100 tumor cells were directly injected
into SLN of nude mice. Then, the GNT—folate conjugates were injected in mouse ear
followed by PA continuous monitoring of SLN using their transcutaneous laser irradiation
(20 mJ/cm?; 850 nm). Five minutes after the injection of the conjugated GNTSs, strong PA
signals above the background with contrast of 10-15 appeared in the SLN, probably owing
to their delivery through the lymph vessels to the SLN and the targeting of individual tumor
cells. Subsequent application of one-pulse NIR laser with fluence of 100 mJ/cm? led to a
decrease of these strong signals to background level, suggesting laser-induced eradication of
tumor cells. However, when the experiment was repeated with unconjugated GNTSs, low PA
signals with contrast of ~3 above the background was observed on the injection spot of
tumor cells, suggesting random distribution of GNTSs in the SLN volume. To verify this data,
ex vivo experiments mimicking the lymph node micrometastsis were carried out using
lymph nodes excised from mice (Fig. 7A). Breast tumor cells dual labeled with GNT-folates
and fluorescein isothiocyanate (FITC) were injected into the excised lymph node. PA signals
(Fig. 7B) were recorded exclusively from the fluorescent cells, verifying that the GNT-
bound tumor cells are the source of PA signals. The irradiation of fluorescent cells with one
laser pulse at relatively high laser fluence (100 mJ/cm?) led to the disappearance of the
fluorescence signal and substantial decrease in PA signals to background level (Fig. 7C).
This suggests that the cells disintegrated through laser-induced microbubble formation
around overheated GNTSs. The strong localization of the damaged area was validated by
optical imaging (Fig. 7C). The results of the in vivo and ex vivo studies support the
feasibility of the PA/PT technique using GNTs as PA/PT contrast agents for the in vivo
detection and killing of metastatic cells in SLNs.
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4.4. In vivo real-time two-wavelength PA detection of three cell types in lymph flow with
multicolor nanoparticles (in vivo lymph flow cytometry)

Because of the relatively short (1072 to 1073 s) time during which cells in the lymph flow
appear in the detected volume, existing time-consuming imaging and spectral scanning
methods are not quite adequate for in vivo multicolor PAFC (4). Therefore, a novel approach
for real-time multispectral exposure of fast-moving cells labeled with multicolor probes was
introduced and experimentally proven using two-wavelength modes and three nanoparticle
types (5). Necrotic and apoptotic lymphocytes and live neutrophils were labeled with GNRs,
gold nanoshells (GNSs) and CNTs, respectively. The GNSs and GNRs had relatively narrow
absorption bands, 180 and 75 nm with maximum absorption at 860 nm and 640 nm,
respectively; in contrast, the absorption spectrum of CNTs was relatively broad, covering
the visible and NIR range. These labeled cells, mixed in equal proportions, were injected
into a rat tail vein. After 6 h, in mesenteric lymphatics irradiated with two OPO laser pulses
at wavelengths of 865 nm (8 ns) and 639 nm (12 ns) with a 10 ps delay between the pulses
at pulse rate of 50 Hz, rare (0.5-3 per min) PA signals associated with cells labeled by
different NPs were observed. In particular, very rare PA signals from necrotic lymphocytes
were generated by a laser pulse at 639 nm only after a 10 ps delay (Fig. 8), while PA signals
from apoptotic lymphocytes were generated by a laser pulse at a wavelength of 865 nm with
no delay between the pulses. Live neutrophils yielded two PA signals with a 10 s delay
because of CNT absorption at both 639 and 865 nm wavelengths. The time-resolved mode
was found to allow the identification of multicolored NPs with partly overlapping absorption
spectra by a comparison of the PA signal amplitude ratios at different wavelengths.

4.5. In vivo multiplex targeting and two-color detection of circulating tumor cells in blood

flow

About 90% of cancer deaths result from metastatic spread from the primary tumor.
Detection of circulating tumor cells (CTCs) is therefore a marker of metastasis development
and therapy efficiency (see references (5),(8) and (32), and their citations). However, as the
sensitivity of most existing CTC assays is fairly limited as they rely on 5-10 ml of patient
blood volume, incurable metastases may already have developed by the time of initial
diagnosis of the CTCs. As we previously demonstrated, the sensitivity can be improved by
assessments of a significantly larger blood volume in vivo, potentially the entire patient
blood volume(~5 | in adults) (4,8,25,32). Because most CTCs exhibit a very low
endogenous PA signal (except some melanoma cancers), NP labeling has been applied for
detection of CTCs (4). Since human tumor cells are heterogeneous and not all tumor cells
express one given biomarker, a multiplex targeting strategy was applied to increase
specificity of in vivo CTC detection (8). Simultaneous targeting of the urokinase
plasminogen activator (ATF) and folate receptors (Fig. 9A), both of which are highly
expressed (70-92%) in human breast tumors but not expressed by normal blood cells, was
performed using two conjugated NPs: magnetic (MNPs) and GNTs with absorption spectra
in NIR region (Fig. 9B), allowing two-color detection at laser wavelengths of 639 and 900
nm. The best targeting efficiency of cancer cells (~96%) was observed in vitro with the NP
cocktail during 30 min labeling under static and 5-10 min under flow condition at a velocity
of 0.5 cm/s. The optimal NP concentration and solution volume were estimated to be 10°
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NPs/ml (for GNTs) and 10-20 pl, respectively, which did not yield detectable PA signals
above blood background in mouse ear microvessels after intravenous injection. This
suggests that there was a negligible level of PA signals from unbound or nonspecifically
bound NPs. To detect CTCs originating from a primary tumor, 106 of MDA-MB-231 cells
were inoculated subcutaneously to nude mice. At 2, 3 and 4 weeks of tumor development,
the optimal cocktail of conjugated NPs was injected via the mice tail vein. Photoacoustic
flow cytometry (PAFC) started at 30 min post-injection to allow the clearance of most
unbound NPs, and revealed a gradual increase in CTC counts at 2, 3, and 4 weeks, which
roughly correlated with tumor progression (Fig. 9C). The capability of PAFC technology
with GNTs was also demonstrated for molecular detection in vivo of circulating rare (1-3%)
CTCs, namely cancer stem or tumor initiating cells, which could be responsible for
metastasis progression and resistance to therapy (25). This clinically relevant technology,
called the in vivo blood cancer test, has potential for the early PA diagnosis of primary
tumor, cancer recurrence, monitoring of therapy efficacy and potentially even inhibition and
prevention of metastasis by well-timed PT therapy, as previously demonstrated for
melanoma (32).

4.6. In vivo studies of pharmokinetics of CNTs with high pulse rate fiber 1064 nm laser

The rapid growth of nanomedicine applications has placed demands on evaluation of
pharmacokinetics of NPs (e.g. clearance rate and organ biodistribution). The
pharmacokinetics of CNTs is highly dependent upon CNTS’ type and size, their surface
chemistry and their functionalized bio-targeting ligands according to the studies using
different techniques. Intravenous administration of radiolabeled SWNTSs functionalized with
diethylene triamine pentaacetic acid and labeled with indium (}11In) in mice showed fast
urinal clearance of CNTs and minimal uptake by the reticuloendothelial system, including
the liver and the spleen, with a half-life of 3 h (107,108). However, other studies with
radiolabeled CNTSs in mice showed high and persistent CNT uptake by the liver and the
spleen with slow and minimal urinal excretion, using 1*C-taurine functionalized CNTs
(109,110) and 1,3-dipolar cycloaddition (110). Using SWNTSs’ Raman spectroscopic
signatures, intravenously administered PEGylated SWNTSs were shown to have blood
circulation up to 1 h, relatively low uptake by the liver and the spleen, and near-complete
clearance from the main body organs in ~2 months, without apparent toxicity (49). A
branched PEG structure enabled longer blood circulation half-life by offering a more
effective coating on the SWNT surface (e.g. 5 h for a branched PEG compared with ~2 h for
a linear PEG with a molecular weight of 7 kDa) (49). Also covalently PEGlyated SWNTSs
yielded an even longer blood circulation half-life of ~22 h (111).

As CNTSs have an intrinsic absorption in the visible and NIR spectral ranges, PAFC is an
ideal tool for real-time label-free time- resolved monitoring of CNT pharmacokinetics in the
blood using a limited number of animals (4,8,18). An advanced ultra-fast PAFC was applied
with a high-pulse-rate (up to 0.7 MHz) 1064 nm fiber laser for this purpose (18). Figure
10(A) shows that the PA signals from skin with blood vessel are of the same amplitude at
1064 nm as signals acquired in the 850-900 nm range (2). This suggests that a laser
operating at 1064 nm is an excellent optical source for PAFC, providing low background
signal from tissues. The traces of bare CNTs (Fig. 10B) showed both an increase in the
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baseline level, attributed to the presence of individual CNTSs in the detected volume, and
strong fluctuations above of baseline, probably associated with CNT aggregates as
previously observed (4). The clearance rate of CNTs was in the range of 20-30 min,
although rare signals were seen over a few hours and even 2-3 days. Thus, time-resolved
PAFC with high pulse rate lasers should also be useful for the evaluation of clearance of
NPs, and the parameters which may interfere with their clearance, including the protective
materials, the NP coating and the presence and formation of aggregates in blood circulation.
PAFC has also been applied to study the clearance rate of ICG (112), lymphuzurin (4),
GNRs (4,112), MNPs (8) and GNTs (8,9).

4.7. In vivo real-time counting of circulating individual bacteria labeled with CNTs

Despite major advances in medicine in the last decade, microbiologically based diseases
continue to present enormous global health problems, especially owing to the appearance of
multidrug-resistant bacteria strains. The critical steps in the development of bacterial
infections include their penetration into the blood and lymphatic systems, their interactions
with blood cells in flow or with endothelial cells, and their toxin translocations in the host
organisms. Unfortunately, little is known about bacteria circulation in the blood pool, their
clearance and adherence rates, and other kinetic parameters, which might be very important
for understanding the transition from the bacteremic stage to the tissue invasion stage.

The capability of PAFC of monitoring circulating individual S aureusand E. coli labeled
with CNTs in blood flow was estimated on the mouse ear model (4). The incubation of S,
aureus with CNTs was performed for 30 min at 37 °C without antibodies to avoid the
potential influence of immunogenicity on bacteria circulation. After intravenous injection of
CNT-labeled bacteria in 100 pl suspension and concentration of 5 x 10° bacteria per ml into
the mouse’s circulatory system through the tail vein, we observed the rapid appearance of
bacteria in the ear blood microvessels, followed by their elimination from the blood
circulation after approximately 5-7 min (Fig. 11) with the appearance of rare PA signals for
more than 2 days. The high sensitivity of the PA technique allowed both in vivo and ex vivo
detections of the presence of labeled bacteria in the tissue surrounding the examined blood
vessels and in the liver by a spatial scanning focused laser beam (i.e. scanning PA
microscopy (123)), demonstrating the first application of PA mapping technique for
histology with no sample preparation (Fig. 15) (4,5). Thus, the ultrasensitive, rapid PA
detection of infection at a single bacterium level may supplement or replace conventional
assays, for example, the time-consuming polymerase chain reaction (PCR) and others that
are only currently available in vitro. It is estimated that the described PAFC has the potential
to detect just a few bacteria in a whole mouse blood pool during continuous PA monitoring
in the relatively large vessels in approximately 1 h. PAFC with high pulse repetition rate
lasers also provides time-of-flight monitoring of the velocity of individual cells, bacteria and
nano- and microparticles in vivo through measuring the PA signal widths, as previously
demonstrated for CTCs and CNTs (18,32).

4.8. PA-PT theranostics with transient and stationary nano- and microbubbles

4.8.1. Laser-activated transient bubbles as therapeutic PT contrast agents—In
2003, we introduced pulsed PT nanotherapy (also termed selective nanophotothermolysis)

Contrast Media Mol Imaging. Author manuscript; available in PMC 2015 January 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

de la Zerda et al.

Page 19

for killing individual cancer cells and bacteria targeted by strongly absorbing NPs (19,22—
24,115,116). The killing mechanism was related to the formation of nano- and microbubbles
around laser-overheated NPs, which during expansion mechanically damaged cellular
structures. To enhance the therapeutic effects, we proposed a mode in which nanobubbles
from individual NPs or their clusters spatially coalesce, thus producing more powerful
synergistic effects on biological structures (20-24,33,34). Recently, we extended this
approach by generating periodic temporally overlapped microbubbles using a high pulse
repetition rate laser in the MHz range (18). This mode, instead of the previously used single
exposure and singe transient microbubbles, used periodic multiple microbubbles as new
theranostic agents both for laser and ultrasound diagnosis and therapy.

In addition to the treatment of cancer cells, we demonstrated the first application of this
technology for nanophotothermolysis of E. coli labeled with CNTs (24). The pre-treated
SWNTs and MWNTS spontaneously self-assembled as clusters on bacteria surfaces (Fig.
12) without any bioconjugation steps or targeting moieties. In vitro studies revealed that
notable changes in bacteria viability (~80% cell death) were observed after ~50 NIR laser
pulses at 1064 nm at a relatively low fluence of 0.3-0.5 J/cm? with complete bacteria
disintegration with slightly higher fluences. After intravenous injections of bacteria-labeled
CNTs to mice, the NIR PAFC could effectively detect CNT-labeled E. cali in the blood at
laser fluences of 20 mJ/cm? at 850 nm, which is much less than the damage threshold of red
blood cells. Furthermore, multiple laser exposures at 50-100 mJ/cm? yielded a gradual
decrease in PA signal amplitude, leading to thermal and bubble-related disintegration of
CNT-labeled bacteria. These studies indicated the likely potential of CNTs as PA/PT
molecular contrast agents for antimicrobial theranostics that can be self- delivered to the
infected area, spontaneously adsorbed to infectious pathogenic bacteria and to self-
assembled clusters. Additional applications include the NIR response not only for PA/PT
diagnostics (at low laser fluences) to detect and monitor bacterial infections, but also for PT
therapy to selectively kill the disease-causing pathogens without harmful effects for
surrounding tissues. The unique properties of CNTSs, in particular NIR contrast and the
ability to adhere to various bacteria (24,121), would be beneficial to not only the
antimicrobial theranostics but also other applications that require bacterial removal, such as
water treatment, food processing and more.

4.8.2. In vivo detection of circulating microbubbles conjugated with CNTs for
selective nanothrombolysis—During our experiments, we observed bubble cavitation
at least a few cycles after a single laser pulse and even the formation of stationary 1-10 pm
microbubbles filled with air as a product of laser ablation. In addition, we discovered that
the accidental presence of small air microbubbles attached to cell membrane with NPs (e.g.
after laser exposure or after preparation procedures) facilitated PT bubble generation with
lower thresholds compared with NPs alone. These phenomena are probably explained by the
decrease in nucleation threshold because less energy is required for nucleation and thus
more energy has been transformed to the expansion of already existing bubbles. Moreover,
the level of laser energy required to produce the bubbles around CNTs (24), GNTs (9) and
quantum dots (34) was significantly decreased (5- to 15-fold) by adding ethanol to the
medium around the NPs because of its superior thermodynamic parameters compared with

Contrast Media Mol Imaging. Author manuscript; available in PMC 2015 January 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

de la Zerda et al.

Page 20

water (lower boiling point, heat capacity, heat required for vaporization, higher coefficient
of thermal expansion and lower surface tension) (24). With advanced NPs such as GNTs and
GNSs, we eventually demonstrated an extremely low threshold for bubble formation in
water at the level of 5-10 mJ/cm? and in ethanol at 0.9 mJ/cm? (9,122).

Based on these discoveries, we developed NPs with enhanced PT/PA contrast properties
using external layer saturated with ethanol (or other liquids) or integration of NPs with
FDA-approved ultrasound contrast agent: 0.5-2 um microbubbles (Fig. 13A), marketed as
Definity (lipid membrane filled with perflutren gas) from ImaRX (unpublished results
obtained in 2007 in Zharov’s laboratory and presented as the preliminary data in the NIH
grant 1IRC1CA1464919). Microbubbles were prepared according to the standard
manufacturer’s procedure with slight modifications by adding absorbing agents (e.g. ICG,
CNTs, GNS, MNPs, and GNRs) in various concentrations and with various coatings at the
final stage of the synthesis. Labeling efficiency was controlled through increased linear (i.e.
low laser energy) PT/PA signals from microbubbles with absorbing agents. These signals
were significantly higher (10- to 50-fold) than the background signals of the surrounding
water, (which themselves were likely due to some small and non-specific release of
aborbing agents from the microbubbles to the surrounding water). (Fig. 13B). With PT and
PA methods, we observed laser-induced bubble oscillation with a period range of 0.3-2
MHz. At an optimal agent concentration, microbubbles were relatively stable as intact
microbubbles, while at higher concentrations, especially for CNTs, microbubbles were
degraded, probably owing to enhanced gas leakage through agent- induced pores in the lipid
layer. For intact microbubbles, threshold laser-induced evaporation at 850 nm was in the
range of 2-8 J/cm?, while the presence CNTs reduced this threshold to 10-30 mJ/cm?
compared with 100-200 mJ/cm? for CNTs in water at similar concentrations. Gradual
increase of laser energy above evaporation threshold led to sudden nonlinear (10- to 30-fold)
amplification of both PT and PA signals compared with NP solution alone (Fig. 13C),
accompanied by microbubble degradation at high laser energies. For GNSs and GNRs, the
threshold evaporations were several times lower owing to their stronger absorption (this
topic is beyond the scope of this review), while CNTs showed better targeting efficiency.
After intravenous injection of 100 pl microbubble solution in concentration range of 1010—
101/mI to a mouse circulatory system, PAFC revealed the quick appearance of many
microbubbles with typical clearance rates of 3—6 min (Fig. 13D). In the developed model of
mouse thrombosis guided by high-speed imaging (up to 10 000 frames per second) (119),
thrombi with microbubbles were visualized in vitro and in vivo in blood vessels (Fig. 13-F).
Laser irradiation of microbubbles and thrombi in vitro and in vivo with therapeutically safe
doses (~50—-100 mJ/cm? at 1064 nm) led to the disappearance of both microbubbles and
thrombi, suggesting effective destruction of thrombi as they were further taken away by the
blood flow. Although we have checked the safety of this highly localized PT therapy for
normal blood cells surrounding CTCs with laser-induced microbubbles (8,32) this issue
requires additional study for new stationary microbubble-NP conjugates as PT/PA contrast
agents. Microbubbles loaded with MNPs were captured by magnetic field in mouse
circulation using a previously described method (8).
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After further optimizations, nano- and microbubbles loaded with absorbing agents can be
used for imaging (114) (S. Emelyanov reported a similar approach of contrast enhancement
through evaporation at the 2011 BIOS Symposium) and for selective nanothrombolysis
alone or in combination with theranostic ultrasound (113). Laser radiation can be delivered
through an optical fiber under PAFC guidance, as we demonstrated previously for the
detection and killing of metastatic cells (32).

4.9. Multimodal genetic-PT/PA analysis of CNT—plant interaction

Understanding the nature of interactions between engineered nanomaterials and plants is
very important to comprehend the impact of nanotechnology on the environment and
agriculture. However, to date, little progress has been made in studying nanoparticle—plant
interactions at the single nanoparticle and genetic levels. Recently, using an advanced
platform integrating genetic, PT and PA methods, a collaborative team in biomedical
engineering, genetics and nanotechnology demonstrated (17) that CNTs added to growth
medium may lead to: (1) transportation of CNTSs in tomato plants through the roots to leaves
and even to the fruits (Fig. 14); (2) growth enhancement of tomato plants; and (3) induction
of previously unknown changes in gene expression in tomato leaves and roots, particularly
up-regulation of genes, including those induced by pathogens. In this work, laser-induced
nanobubbles around CNTs were used for amplification of PA/PT signals. In addition,
spectral burning technique was introduced to remove undesired absorption background in
PT/PA imaging (see below).

4.10. PT multispectral image cytometry of histological samples

There is a rapidly growing interest in the advanced analysis of histological data and the
development of appropriate detection technologies particularly for the mapping of NP tissue
distributions for nanomedicine applications. The capability of PA and PT scanning
cytometry was evaluated for color-coded imaging, spectral identification and quantitative
detection of CNTs and melanoma cells in histological samples with and without
conventional staining (16). Using this tool and laser-induced nanobubble-based signal
amplification, individual CNTs were identified in unstained lung and liver tissues 4 weeks
after intravenous injection of the CNTs (Fig. 15). Comparison of PT and PA cytometry
revealed that these methods supplement each other with a sensitivity advantage (up to 10- to
30-fold) in contactless PT technique in assessment of thin (<100 um) histological samples,
while PA imaging provides characterization of thicker samples, which, however, requires an
acoustic contact with transducers. An integrated high-speed PT/PA cytometry has the
potential to provide histological analysis and immunohistochemistry of both intact and
stained samples with high sensitivity at the zeptomolar concentration level.

4.11. PA and PT Raman spectroscopy of CNTs

Because CNTSs provide strong Raman signals (47-50), a time-resolved Raman spectroscopy
allowed in vivo real-time detection of CNTs or cancer cells labeled with CNTs in the lymph,
blood and tissues of live animals with fast spectral acquisition times down to few
milliseconds (51). The high sensitivity of PA and PT methods provided detection of Raman-
induced thermal and acoustic signals in samples with Raman-active vibrational modes that
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allowed individual cells to be imaged in vivo for the first time (15). In this study, two-
frequency, spatially and temporally overlapping pump-Stokes excitation in counter-
propagating geometry was provided by a nanosecond tunable (420-2300 nm) OPO and a
Raman shifter (639 nm) pumped by a double-pulsed Q-switched Nd-YAG laser using
microscopic and fiber optic delivery of laser radiation. The influence of background linear
absorption was excluded by subtracting the nonlinear signal from linear signal components
at different delay times between the pump and Stokes beams. The CNTs were identified
through characteristic bands near 1593 cm™1 in PT/PA Raman spectra. The advantage of
PT/PA Raman technique for spectroscopy, imaging, and cytometry with direct monitoring of
the amount of heat deposited into the sample is much higher sensitivity compared with
normal Raman spectroscopy, simpler optical setup and nanosecond lasers with lower
requirements of phase matching and energy stability compared with coherent anti-Stokes
Raman scattering (CARS) spectroscopy with picosecond and femtosecond lasers. The
sensitivity of the PT/PA Raman technique can be further increased through laser activation
of nano- and microbubbles around CNTs as a PA/PT signal amplifier (15). Indeed, if the
temperature of the heated zone in linear mode (e.g. when the pump and Stokes laser pulses
are not temporally overlapped) is close to the boiling point of water, even small additional
Raman-related energy depositions (at 0 delay time) may increase the temperature slightly
above the evaporation threshold, which is accompanied by sudden bubble formation leading
to significant (10- to 50-fold) PT and PA signal enhancement.

The integration of linear and nonlinear PA and PT Raman techniques has the potential to
enhance the chemical specificity and sensitivity to study lymph and blood biochemistry,
circulating nano- and microparticles (e.g. chylomicrons), tumor, bones and fat distribution at
the single-cell level (15,115).

4.12. Ultrasharp rainbow nanoparticles below the spectral limits for multicolor PA
diagnosis and multiplex PT therapy

Spectral specificity of multispectral PA diagnosis and PT therapy may be limited by
relatively broad absorption bands of PT/PA contrast agents (33). This problem can be
overcome by using high-spectral-resolution nonlinear PT and PA spectroscopy. If the laser
wavelength is away from the absorption centers, and the laser-induced temperature is
slightly below the threshold for nonlinear effects (e.g. bubble formation), linear signals are
generated. However, a shift in the laser wavelength toward the absorption centers will lead
to an increase in energy absorption, and hence in the temperature of the absorbing zone. A
temperature slightly above the evaporation threshold induces sudden nanobubble formation
accompanied by nonlinear signal amplification. As a result, spectrally dependent signal
amplification will lead to the sharpening of PT/PA resonances near the centers of the
absorption peaks. To provide sharpening of the absorption dip, laser energy must be close to
the threshold in the center of the dip. This will lead to spectrally dependent signal
amplification if the laser wavelength shifts away from the dip’s center, which is
accompanied by an increase absorbed energy, and a profound bubble will be formed. New
nonlinear spectroscopy demonstrated ultrasharp resonances up to a few nanometers wide (4—
10 nm) embedded in the broad plasmonic spectra of gold-based nanoparticles, in particular
in GNTSs (33). It also demonstrated the narrowing of absorption spectra of conventional dyes
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and cellular chromophores. This technique, in combination with contrast agents with low
nonlinear bubble formation thresholds (0.9-5 mJ/cm?) (9,122) can permit the study of
nonlinear plasmonics at a level of spectral resolution beyond the spectral limits,
measurements of tiny red and blue resonances in plasmonic nanosensors, and optimized
multiplex PT/PA theranostics with 10-15 nonoverlapping colors that cannot be achieved
with existing techniques.

4.13. Integration of PT/PA and spectral burning technique

Spectral hole-burning technique using phototransformation of molecules under a narrow-
band resonant laser is a powerful tool for studying tiny structures in multiple
inhomogeneously broadened absorption bands (120); however, its application for PT/PA
spectroscopy has not been previously reported. Recently, this approach was successfully
demonstrated for increased contrast of CNTs and other absorbing agents by selective PT
erasing of undesirable absorption background in histological samples (16) and tomato plants
(17), and spectral hole burning in a mixture of NPs with overlapping absorption spectra with
simultaneous nonlinear spectral hole sharpening (33). In these applications, PT/PA methods
provide a significant increase in the sensitivity and resolution of the spectral hole-burning
technique.

4.14. In vivo PA blood and lymph tests

Diagnosis of many diseases begins with a common medical procedure: examination of a
patient’s blood sample, which is invasively drawn, usually from a cubital vein or finger tip.
The analyses include the counting of blood cells, plasma proteins and many other
biomarkers. However, the current biomarker repertoire often cannot detect treatable early-
stage disease because the sensitivity of existing blood tests is limited by the small blood
volume extracted (typically a few milliliters), in which theoretically no less than one
abnormal cell or biomarker can be detected. As a result, the existing tests can miss up to 103
abnormal cells (e.g. tumor, or infections), in the entire blood volume (~5 | in an adult),
which is sufficient for rapid development of disease to a stage that is barely treatable or is
incurable (i.e. metastasis or septic shock).

To overcome these problems, in 2007 Zharov’s team proposed in vivo blood and lymph tests
on the basis of in vivo multispectral PAFC platform using low-toxicity ultrasharp rainbow
NPs for targeting and identification of multiple disease-associated circulating multiple
markers, abnormal cells or abnormal counts of normal blood cells (8,9,33,124,125). The
possibility of developing a PA diagnostic device capable of examining a much larger
volume of blood in vivo compared with conventional samples ex vivo is based on the well-
established physiological fact that almost the complete volume of blood in a human adult
passes through peripheral blood vessels with diameters of 2-3 mm within 1 h. In a larger
vessel, such as the jugular vein or carotid artery (10-15-mm diameter), total circulation time
is much shorter, just 5-10 min, with a flow rate of up to 10° cells/s (i.e. at least 103-fold
faster than flow cytometry in vitro). The expected threshold of sensitivity of the assembled
device is one cell of interest (or other biomarkers) in 0.1-1 | of blood (~102- to 103-fold
more sensitive than existing assays). This could shift paradigms of the clinical roles of blood
tests from disease staging and therapy efficiency to early disease diagnosis — hypothetically
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before disease progression. Therefore, application of a well-timed, more effective,
personalized therapy guided by PAFC real-time abnormal cell counting would be feasible.
This new in vivo blood test can be used for the earliest diagnosis of cardiovascular and
immune disorders, antibiotic-resistant bacterial infections, malaria, viral infections and
AIDS. Many standard blood parameters currently measured by conventional in vitro blood
testing can be also measured in vivo in real time more rapidly (a few minutes vs many hours)
and with higher sensitivity.

4.15. In vivo photocoustic bone flow cytometry

Recently Zharov’s team developed in vivo PA bone flow cytometry (Fig. 16A) for real-time
detection of circulating normal cells (e.g. stem or immune), abnormal cells (e.g. CTCs or
infection-related cells) and NPs in bones (unpublished result obtained in 2009 in Zharov’s
laboratory and presented as the preliminary data in the Department of Defense grant
W81XWH-11-1-0123 “In vivo, noninvasive, ultrasensitive photoacoustic detection of early
breast cancer metastasis in bones’). The bones are relatively transparent to NIR and
ultrasound radiation. As a result, laser radiation, even after significant attenuation, may
generate readable PA signals from strongly absorbing circulating NPs or cells targeted by
NPs inside bones. In a study similar to the one described above, we used fiber delivery laser
radiation for noninvasive irradiation of skin above a mouse tibia near a site where blood
vessels enter the bone. Intravenous injection of CNTs (2 mg/ml, 50 pl solution) in a mouse
tail vein led to the appearance of PA signal traces (Fig. 16B). Compared with monitoring
CNTs in the ear and abdominal blood vessels (Fig. 10), in bone, PA signals were rarer with
lower amplitude, and required increased laser energy (300500 mJ/cm?). To exclude
possible background PA signals from CNTs circulating in blood vessels between fiber and
bones, the fiber was gently attached to the skin in an area with no visible vessels and time-
resolved detection of PA signal was used to select signals from cells in relatively deeply
located bone. We also applied a minimally invasive approach by attaching the fiber on a tiny
needle directly onto the bone surface. Scanning of the laser beam along the bone revealed
rare stationary PA signals associated with the accumulated CNTs in bone. Similar results
were obtained for pigmented melanoma cells and breast cancer cells (MDA-MD-321)
targeted by gold nanorods. We believe that this clinically relevant technique after further
optimization has potential for early, painless diagnosis of bone metastasis (noninvasive bone
marrow biopsy) and cancer recurrence, and evaluation of therapy efficacy by the
administration of strongly absorbing NPs functionalized to specific cancer cell markers,
which are typically not expressed in blood and bone niches. In analogy to the detection of
metastasis in SLNs (11), healthy bones produce low-level background PA signals because
low concentrations of NPs are randomly and nonspecifically distributed in the bone tissue
compared with a high local concentration of NPs in the targeted bone metastasis.

5. CONCLUSION

In this review, we have focused on the analysis of our recent results in the application of
CNTs and their new hybrids with enhanced PA/PT contrasts for nanomedicine-related
theranostics. The promising intrinsic properties of CNTs, including unique NIR optical
absorption, PA/PT responses, photoluminescence, Raman scattering and other optical
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effects, could be significantly enhanced by the creative merging of bio/chemical materials,
including metal NPs (such as Au), organic dyes and solvents (such as ICG and ethanol),
polymers (such as PEG) and biopolymers (such as polysaccharides), on their surface. Also,
such mergers enable the hybrid CNTs to be more biocompatible and less toxic with better
biodistribution and pharmacokinetic properties, and permit more efficient and versatile
bioconjugations with targeting agents. The combination of these properties makes CNTs and
their hybrids ideal multimodal platforms for PA/PT molecular imaging and PT therapy, as
well as some other modalities, including Raman spectroscopy. In particular, equipped with
the CNT-based contrast agents, novel in vivo multicolor PAFC and PT technology enables
minimally invasive, highly sensitive and target specific multiplex detection and killing of
solid and metastatic tumor cells and infections in static and dynamic conditions (e.g. in
blood and lymph flow) that were otherwise previously difficult to achieve using
conventional methods. Although this review mainly focused on CNT-based contrast agents,
we have already demonstrated that the approaches and schematics presented in this review,
such as in vivo PAFC, nanophotothermolysis of cancer and infection, plant imaging,
nanothrombolysis of clots, multispectral histology, PT/PA Raman cytometry/imaging,
detection of metastasis in sentinel lymph nodes, spectral hole burning and nonlinear PT/PA
spectroscopy, could be used in combination with other promising contrast agents.
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Figure 1.
(A) Principle of nanodiagnostics and nanotherapeutics with self-assembled nanoclusters.

(B-E) Examples of hybrid and clustered nanoparticles (NPs): (B) site-specific
functionalization of DNA to tips of carbon nanotube (CNT); (C) DNA-guided clustering of
gold-coated CNTs; (D) adenoviral vector with gold NPs clustered in capsid; and (E)
Schematic of DNA-directed self-assembly of nanocomposites with multi-layers of gold NPs
with multiplex, multicolor and multifunctional capabilities based on the target theranostics
tasks. Reproduced with permission from Zharov et al. (22).
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Figure 2.
(A) Schematic of single-walled and multi-walled carbon nanotubes (SWNT and MWNT,

respectively). (B) Absorption spectra of SWNTSs and golden carbon nanotubes (GNTS), and
photoacoustic (PA) spectra of GNTSs. Lines represent normalized optical spectra (left
vertical axis) of GNTSs in water (red curve), SWNTSs in water (black curve) and water only
(green curve) and the dots represent normalized PA signal amplitude (blue dots, right axis)
of GNTSs in water. The concentration of the SWNTSs is ~35 times higher than that of GNTSs;
hence, 85- to 100-fold enhanced NIR contrast is achieved by the hybrid GNTs. Reproduced
with permission from Kim et al. (9). (C) Optical absorption spectrum of SWNT-RGD (black
curve) and indocyanine green-enhanced SWNT-RGD (SWNT-ICG-RGD, green curve). The
optical absorbance spectrum of plain SWNT-RGD is relatively flat with slight gradual
absorption decrease as the wavelength increase. However, by attaching a large number of
ICG molecules to the SWNT surface, a 20-fold increase in optical absorption results at 780
nm. Reproduced with permission from de la Zerda et al. (7).
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Photoacoustic Signal (a.u.)

Figure 3.
Photoacoustic (PA) detection of single-walled carbon nano-tube (SWNTS) in living mice.

Mice were injected subcutaneously with SWNTSs at increasing concentrations from 50 to
600 nM. An ultrasound image slice (gray) showing the skin level was overlaid on the PA
image (green) which visualized the SWNT PA contrast. The dotted lines on the images
illustrate the edges of each inclusion. The PA signal produced by 50 nM of SWNT is equal
to the average PA background signal produced by tissues. Reproduced with permission from
de la Zerda et al. (6).
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Figure 4.
Single-walled carbon nanotube arginine—glycine—aspartic acid (SWNT-RGD) tumor

targeting in living mice. Ultrasound (gray) and photoacoustic (PA) (green) images of a
vertical slice (white dotted line) through the tumors of mice injected with SWNT-RGD
(right column) and control plain SWNTSs (left column). Subtraction images were calculated
as 4 h post-injection minus pre-injection to remove tissue background signal from the PA
image. Mice injected with SWNT-RGD showed an averaged 7-fold PA signal increase in
the tumor over mice injected with control untargeted SWNTS. The high PA signal in the
mouse injected with plain SWNTSs (indicated by the white arrow) is not seen in the
subtraction image, suggesting that it is due to a large blood vessel and not SWNTSs.
Reproduced with permission from de la Zerda et al. (6).
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Figure 5.
Photoacoustic (PA) detection of single-walled carbon nanotube indocyanine green (SWNT-

ICG) in living mice. Vertical slices of ultrasound images (gray) and PA images (green) of
mice injected subcutaneously with SWNT-ICG-RGD at concentrations of 0.82-200 nM
(dotted black line). The white dotted lines on the images illustrate the approximate edges of
each inclusion. Quantitative analysis of the images estimated that 170 pM of SWNT-ICG-
RGD gives the equivalent PA signal as the tissue background. Reproduced with permission
from de la Zerda et al. (7).
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Figure 6.
In vivo photoacoustic/photothermal (PA/PT) molecular mapping of lymphatic vessels in

mouse mesentery targeted by conjugated gold nanotubes (GNTS). (A) Schematic. (B)
Fragment of mouse mesentery. (C) PA map of LYVE-1 receptor distribution. (D) Laser-
induced localized (~10 um in diameter) lymphatic wall damage around GNTSs targeted to
LYVE-1. Laser parameters: wavelength, 850 nm; pulse width, 8 ns; fluences, 35 mJ/cm? (C)
and 80 mJ/cm? (D). Reproduced with permission from Kim et al. (9).
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Figure 7.
Photothermal nanotherapy of breast cancer cells (MDA-MB-231) double-labeled by gold

nanotube-folates and FITC after their injection in the lymph node ex vivo. (A) Excision of
lymph node from an intact mouse. The hollow black square indicates the ex vivo injection
site of the tumor cells. (B) Fluorescent image (left) and photoacoustic (PA) signal (right) of
targeted cancer cells within the lymph node at laser fluence of 20 mJ/cm? at 850 nm. (C)
Fluorescent image (left) and PA signal (right) as well as transmission microscopy image
(middle) of the targeted cancer cells (same as B) within the lymph node after applying one
laser pulse at 100 mJ/cm? with laser beam diameter of 100 um. The dashed circle in (C)
indicates the location of a fluorescent signal before the one-purse application of the
relatively high laser. Reproduced with permission from Kim et al. (9).
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Figure 8.
Photoacoustic (PA) signals in the mesenteric lymph vessels of rats. (A) Apoptotic

lymphocytes labeled with GNSs (865 nm, 35 mJ/cm?). (B) Necrotic lymphocytes labeled
with GNRs (639 nm, 25 mJ/cm?). (C) Live neutrophils labeled with carbon nanotubes
absorbing at both wavelengths. Reproduced with permission from Galanzha et al. (5).
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Figure 9.
In vivo multiplex two-color photoacoustic (PA) detection of circulating tumor cells (CTCs).

(A) The 10 nm magnetic NPs (MNPs) coated with amphiphilic triblock polymers,
polyethylene glycol (PEG) and the amino-terminal fragment of urokinase plasminogen
activator (ATF). The 12 x 98 nm GNTSs coated with PEG and folic acid. (B) PA spectra of
~70 pm veins in mouse ear (open circles). Absorption spectra of the MNPs and GNTs
(dashed curves) normalized to PA signals from CTC labeled with MNPs (black circle) and
GNTs (open circle). (C) The size of the primary breast cancer xenografts at different time
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stages of tumor development. (D) Average rate of CTCs in mouse ear vein. Reproduced
with permission from Galanzha et al. (8).
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Figure 10.

(A) Photoacoustic (PA) spectra of mouse skin alone and skin with blood vessels obtained
with tunable optical parametric oscillator system. (B) Traces of PA signals from circulating
carbon nanotubes (CNTSs) in mouse ear blood microvessels after injection of 50 uL CNTs
solution in phosphate- buffered saline (2.2 mg/ml). Laser parameters: wavelength 1064 nm,
pulse rate 100 kHz, laser beam shape, 20 x 100 um. Reproduced with permission from
Nedosekin et al. (18).
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Figure 11.
(A) TEM images of an E. coli fragment before (left) and after (right) incubation with carbon

nanotubes (CNTSs). Arrows indicate CNT clusters within the bacteria wall structure. Scale
bars represent 500 nm. (B) Normalized number of circulating E. coli in blood microvessels
of mouse ear as a function of time post injection. Oscilloscope signals: photoacoustic signals
from labeled E. coli in blood (top) and from blood alone (bottom). Amplitude/time scale:
200 mV/div/2 ps/div. Scale bar represents amplitude/time scale: 200 mV/div/2 ps/div,
respectively. Laser parameters: wavelength 850 nm, laser fluence 50 mJ/cm?2. Reproduced
with permission from Zharov et al. (4).
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Figure 12.
Photothermal antimicrobial nanotherapy with carbon nanotube (CNT) clusters. (A)

Schematic of CNT delivery to the infected site, their self- assembly at the bacterial surfaces
or spontaneous bacterial adsorption to the large CNT clusters, and their NIR responsiveness
to kill the bacteria. Cartoon shows live (green) and dead (red) bacteria. (B) Epi-fluorescence
images of damaged E. coli adsorbed on clustered CNT after single-pulse laser exposure
(1064 nm, 0.5 J/cm?, 12 ns). Scale bar is 5 um. Reproduced with permission from Kim et al.
(24).
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Figure 13.
(A) Optical image of 0.5-2 pm microbubbles with linear laser beam. (B) Typical linear

photoacoustic signals from microbubbles with carbon nanotube (CNTSs) (top) and
surrounding contaminated medium (bottom). Amplitude/time scale: (top) 50 mV/div and 2
ps/div, (bottom) 10 mV/div and 2 ps/div. Laser parameters: wavelength 850 nm, energy
fluence 20 mJ/cm?. (C) Nonlinear signals from CNTSs in water suspension (left) and from
microbubbles with CNTSs (right) at similar concentration of CNTs. Laser parameters:
wavelength 850 nm, energy fluence 100 mJ/cm?2. (D) Clearance of circulating microbubbles
with CNTs in mouse ear microvessels. (E) Optical image of thrombus with microbubbles in
vitro. (F) Invivo animal model (rat mesentery) for study selective nanophotothrombolysis
with nanoparticles and microbubbles.
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Figure 14.
Photothermal (PT) and photoacoustic (PA) detection of multi- walled carbon nanotube

(CNTs) in tomato leaves. (A) Schematic of integrated PA/PT scanning cytometer. (B)
Spectral PA and PT identification of CNTs using tomato leaves grown in darkness (white)
and under light (green). (C) Two-dimensional PT maps (with three-dimensional simulation)
of CNT distribution in tomato leaves compared with conventional optical images.
Calibration model was constructed by injection of CNTs into leaf. (D) PA detection of
CNTs in 1 mm-thick section of tomato fruit. Reproduced with permission from
Khodakovskaya et al. (17).

Contrast Media Mol Imaging. Author manuscript; available in PMC 2015 January 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

de la Zerda et al.

Page 48

Figure 15.
Optical (left) and photothermal (PT) image (right) of mouse liver histological sample with

carbon nanotube (CNTSs). PT technique revealed many small (<0.3 pm) CNTs, which were
invisible with conventional optical technique. The presence of a few large 1-2 um CNT
clusters (arrow) was used for verification of PT mapping. Laser parameters: wavelength 800
nm, pulse energy fluence 0.1 J/cm?2. Reproduced with permission from Nedosekin et al.
(16).
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Figure 16.

In vivo photoacoustic bone flow cytometry. (A) Schematics. (B) Noninvasive in vivo
detection of circulating carbon nanotubes (CNTS) in mouse tibia.
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GNR, 10 x 40 nm (diameter x

Indocyanine green  SWNT 2 x 200 nm (diameter x length) length)
Peak optical absorbance (cm™ M™1) 2 x 10° (58) 6 x 10% (59) 109 (60)
Molecular weight (Da) 775 170 x 103 35 x 10°
Absorbance/weight (cm™ M~ Da™1) 260 35 0.029

SWNT, single-walled carbon nanotube, GNR, gold nanorod.
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General guidelines for the validation of a targeted PA imaging agent
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Test

System

Description/comments

Purpose

PA spectrum

Serum stability

Photobleaching

Cell-uptake study

Sensitivity

Validation

Signal-concentration relation

Targeting capability

In vitro

In vitro

In vitro

In vitro

In vitro

Invivo

Invivo

In vivo or
ex vivo

Measure the PA signal from the imaging agent across a range
of possible excitation wavelengths. Only if the agent is
nonscattering and nonfluorescent, optical absorbance
measurement can be done instead.

Quantify the change in PA signal as imaging agent
concentration increases

Measure the physical, chemical and optical integrity of the
agent and its PA signal as it is exposed to animal serum

Measure the PA signal degradation as the agent is exposed to
extended durations of light exposure

Incubation of cells expressing the molecular target with
either the imaging agent or the control untargeted imaging
agent

Quantify the PA signal from a series of subcutaneous
injections of the imaging agent in an animal and compare that
to the background signal

Administration of the targeted imaging agent to diseased
animal models (e.g. tumor-bearing mice via intravenous
injection) while administering additional animals the control
untargeted imaging agent

Validate with an independent measure either in vivo or ex
vivo, the delivery of the imaging agent to the target site

Identify the optimal excitation
wavelength

Correlate imaging agent
concentration to PA signal

Mimic the enzymatic activity
the agent is exposed to in the
animal’s systemic circulation

Mimic laser light exposure of
agent in the animal

Quantify molecular target
specificity of the imaging agent

Find the lowest detectable
concentration (i.e. sensitivity) in
living subjects

Answer whether the imaging
agent is delivered in a specific
way to the target site and in a
sufficient amount to produce a
detectable signal

Validate the in vivo targeting
results
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