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Abstract

Although photoacoustic computed tomography (PACT) operates with high spatial resolution in
biological tissues deeper than other optical modalities, light scattering is a limiting factor. The use
of longer near infrared wavelengths reduces scattering. Recently, the rational design of a stable
phosphorus phthalocyanine (P-Pc) with a long wavelength absorption band beyond 1000 nm has
been reported. Here, we show that when dissolved in liquid surfactants, P-Pc can give rise to
formulations with absorbance of greater than 1000 (calculated for a 1 cm path length) at wave-
lengths beyond 1000 nm. Using the broadly accessible Nd:YAG pulse laser emission output of
1064 nm, P-Pc could be imaged through 11.6 cm of chicken breast with PACT. P-Pc accumulated
passively in tumors following intravenous injection in mice as observed by PACT. Following oral
administration, P-Pc passed through the intestine harmlessly, and PACT could be used to
non-invasively observe intestine function. When the contrast agent placed under the arm of a
healthy adult human, a PACT transducer on the top of the arm could readily detect P-Pc through
the entire 5 cm limb. Thus, the approach of using contrast media with extreme absorption at 1064
nm readily enables high quality optical imaging in vitro and in vivo in humans at exceptional depths.

Key words: photoacoustic computed tomography

Introduction

Photoacoustic (PA) computed tomography
(PACT) has emerged as a promising biomedical im-
aging modality that combines optical and ultrasound
modalities to achieve improved resolution deep in
tissues [1]. Based on the endogenous optical contrast
of blood, PACT has been demonstrated preclinically
for a range of applications including imaging of brain
function, tumor vascularization and drug delivery
and efficacy [2-5]. Photoacoustic contrast agents have
been extensively developed and evaluated, largely in
preclinical settings [6, 7]. Amongst others, these in-
clude carbon nanotubes [8], gold nanoparticles [9],

virus-mimicking particles [10], organic particles [11,
12] and hybrids [13] that enable multimodal imaging
[14-16]. Photoacoustic probes capable of molecular
imaging of cell-surface receptors [17], proteolytic ac-
tivity [18], reactive oxygen species [19] and pH have
also been developed recently.

However, translating PACT into clinical appli-
cations remains challenging, due to limited penetra-
tion depth. The deepest PACT depth reported to date
was 8.4 cm, as demonstrated in vitro in chicken breast
tissue [20]. However, the light intensity used in that
experiment was close to the ANSI safety limit, leaving
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little room for further improvements in penetration
depth by simply increasing the light fluence. For hu-
man imaging, PACT breast scanners have shown
promising vascular images, but penetration depth
was limited and not quantified [21]. Compared to
other optical tomography modalities, photon-based
detectors (as opposed to the ultrasonic transducer
detectors used in PACT) have severely impaired light
penetration depth due to light scattering and two-way
light propagation. For instance, diffuse optical to-
mography has been reported up to 6 cm in breast, but
with poor depth-to-resolution ratio (~5), which cor-
responds to a 1.2 cm spatial resolution, which is not
suitable for imaging applications [22]. In comparison,
PACT depth-to-resolution ratio is close to 200 [23].

In highly scattering media such as animal tissue,
near infrared (NIR) light exhibits reduced scattering at
longer wavelengths [24]. 1064 nm has been proposed
as an appealing wavelength for PACT contrast agents
since there are few endogenous absorbers in tissue
besides water, and this is the output wavelength of
the common Nd:YAG laser [25]. Most applications in
PACT make use of a Nd:YAG laser coupled with ad-
ditional photonic crystals or dyes to achieve upcon-
version to various shorter wavelengths. Direct use of
1064 nm pulses could lead to miniaturized PACT
systems with greater power [26]. Additionally, human
safety limits for laser outputs at 1064 nm are permis-
sive of higher energies compared to shorter wave-
lengths. Several photoacoustic contrast agents have
been proposed for 1064 nm laser excitation including
copper sulfide nanoparticles [27], gold nanorods [28]
and nanorod-containing perfluorocarbon droplets
[29].

Phthalocyanines (Pcs) are hydrophobic chro-
mophores with delocalized macrocycle electrons,
strong NIR absorption, diverse metal coordination
capacity and good stability (e.g. some Pcs have been
shown to be stable at temperatures as high as 900 °C)
[30, 31]. They have a history for use a theranostic
agents, dating back over 60 years [32]. Much research
emphasis has been placed on their applications in
molecular photovoltaics [33], thin-film electronics
[34], sensors [35], photosensitizers for photodynamic
therapy [36, 37], molecular magnets [38], nonlinear
optical materials [39], and catalysts [40]. There have
also been several examples of Pcs being used for
photoacoustic imaging.[41-43].

We previously reported that functional intestinal
imaging and multicolor lymph node mapping is pos-
sible using nanoformulated Pcs and naphthalocya-
nines [44, 45]. Highly hydrophobic dyes induced the
formation of frozen micelles which enabled the sub-
sequent removal of unincorporated surfactant, leav-
ing behind a concentrated nanoparticle solution that

could achieve absorbance greater than 1000. The
longest wavelength dye used had a peak absorption at
860 nm.

Recently, Kobayashi’s group has pioneered the
rational design of stable, far NIR Pcs with optical ab-
sorption bands at wavelengths greater than 1000 nm
[46, 47]. These unique Pcs feature a central, chelated,
electron deficient Group 15 element (e.g. P, As, Sb)
and outer benzene groups functionalized with elec-
tron rich Group 16 elements (e.g. S, Se, Te). In this
study, we synthesize a phosphorus Pc (P-Pc) that
contains a central phosphorus and outer sulfur and
demonstrate its potential to enable deep PACT in
vitro and in vivo. To show the generalized synergy for
P-Pc and PACT applications, tumor-bearing mice
were used with intravenously administered P-Pc for
tumor imaging, healthy mice were used with orally
administered P-Pc for intestinal imaging, and human
studies were conducted with external placement of
the contrast agent across the arm to show capability
for deep imaging in humans.

Results and Discussion

P-Pc formulation

The phosphorus Phthalocyanine (P-Pc) was
prepared as shown in Figure 1, according to recent
literature [46]. All steps in the synthesis had very
good to excellent yields (83-95 %), with the exception
of generating one of the precursors, P2, which was
obtained with just 8 % yield. To solubilize the hy-
drophobic P-Pc product in a biocompatible medium,
20 mg/mL of P-Pc was dissolved in liquid surfactants
including Tween 20, Tween 40, Tween 80, Cremophor
EL, Pluronic F68, or edible oils including canola, olive
and soy oil. Optical absorbance was assessed directly
without dilution using a 10 pm path length cuvette,
and values are multiplied by 1000 to determine the
calculated absorbance in a 1 cm path length cuvette
(Figure 2A). P-Pc that was dissolved in Tween and
Cremophor EL had the highest absorbance of greater
than 800, at a wavelength close to 1000 nm. The solu-
tion was centrifuged prior to measurement and was
not cloudy, so that any light scattering contribution to
the absorbance was minimal. The surfactants them-
selves had no background absorption at that wave-
length. Pluronic F68, oils and water could not dissolve
P-Pc well and produced negligible absorbance,
showing these were not suitable carriers. Tween 80
(also referred to as Polysorbate 80), was selected for
further studies since it has been approved by the FDA
for oral consumption and is a common food and
cosmetic additive. The absorbance spectrum P-Pc dye
in Tween 80 exhibited an absorption peak at 997 nm,
which was blue shifted by 45 nm compared to P-Pc in
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chloroform (Figure 2B). This is likely due to different
packing and electron interactions of concentrated P-Pc
molecules in the Tween surfactant, and this phe-
nomenon has been shown to affect Pc optical proper-
ties [48]. The absorbance of P-Pc at 1000 nm was also

measured following dilution into water with a stand-
ard 1 cm path length cuvette (Figure S1 in the Sup-
porting Information). The P-Pc absorbance at 1000 nm
was approximately linear with increasing P-Pc con-
centrations in Tween 80.
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Figure 1. Synthesis of phosphorus phthalocyanine (P-Pc): [a.-(2,6-dimethylphenylthio)sPcP(OMe),]*[CIO4]-
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Figure 2. Absorbance of P-Pc in excipients. (A) Calculated absorbance of P-Pc at 997 nm following dissolution in the indicated liquids at 20 mg/mL P-Pc. Samples were
briefly centrifuged prior to measurement in a cuvette with a 10 um path length. Absorbance was multiplied by 1000 to produce calculated absorbance based on a | ¢cm path length
(mean * s.d. for n = 3). (B) Calculated absorbance of 40 mg/mL P-Pc dye in Tween 80 (blue) or 20 mg/mL in chloroform (red). The Tween formulation was measured directly
with a 10 um path length cuvette. Since chloroform was not compatible with the 10 um path length cuvette, it was diluted 1000 times into a conventional cuvette. Absorbance
was multiplied by 1000 for calculated absorbance of the solution, based on a 1 cm path length.

Deep imaging in chicken breast tissue

To assess the penetration depth using PACT and
P-Pc, we performed a phantom experiment with
chicken breast tissue. The experiment was performed
in a similar manner as a previous study [20], which to
our knowledge set the current record for the deepest
PACT detection depth through 8.4 cm of tissue (de-
tecting methylene blue through chicken breast). Be-
fore the experiment, 30 mM of dye was placed in a 35

mm long Tygon tube with a 5 mm inner diameter.
This concentration was the same as the one used in
the previous depth record [20]. To prevent leakage,
both ends of the tube were tied and sealed with epoxy
glue. The tube was placed in a 2 L glass breaker whose
bottom was covered with 2.5 cm thick chicken breast
tissue. As shown in Figure 3A, pieces of chicken
breast tissue were consecutively stacked on top of the
tube and the photoacoustic signal change was moni-
tored. The tube photoacoustic signal started to be ob-
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scured by noise when the tissue thickness reached
approximately 12 cm (without any signal averaging).
The corresponding light intensity was 56 mJ/cm? over
the 3 cm diameter illumination region. Because aver-
aging can improve the signal to noise ratio (SNR), we
acquired 100 images at the same depth. The overlaid
averaged photoacoustic and ultrasound images are
shown in Figure 3B, where the tube is clearly visible
in the color photoacoustic image. The photoacoustic
signal outside the dotted frame indicated in the figure
is not shown. The SNR was quantified to be 18 dB,
which is higher than the 15 dB SNR previously re-
ported with 200 times averaging [20]. The actual im-
aging depth in PA image was calculated to be 11.6 cm,
which is close to the depth measure by a ruler (~12
cm). To ensure that no light leaked to the tube
through the bottom of the beaker, we repeated the
experiment with ~12 cm of chicken tissue placed both
on top and beneath the tube. Again, the tube could be
clearly visualized (Figure S2 in the Supporting In-
formation). We also gradually removed the tissue on
top and computed the signal to noise ratio of the PA
signal at different penetration depths. This data is
shown in Figure S3 in the Supporting Information.
Thus, the use of P-Pc as a contrast agent with this
photoacoustic computed tomography (PACT) system
improved upon the deepest reported optical imaging
depth in tissue by 38%, with only half the amount of
averaging. Moreover, the light intensity used was
only around half of the ANSI safety limit, whereas the
previous example was within 85 % of the safety limit
[20]. The deeper penetration depth is mainly at-
tributed to the high absorption of P-Pc formulation at
1064 nm, weak tissue absorption and scatter in the
deep NIR, and the higher ANSI safety limit at 1064
nm. We did not perform experiments at the full ANSI
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Figure 3. Detection of P-Pc through 11.6 cm of tissue. (A) Photograph of the sample setup with
chicken breast stacked on top of a tube containing the P-Pc formulation. (B) Overlaid photoacoustic (color,

within the dashed box) and ultrasound (gray) images of the tube at 11.6 cm depth.

safety limit. Although these experiments were in tis-
sue phantoms, the deep detection of P-Pc through
over 10 cm of biological tissue shows its potential for
clinical applications that require penetration beyond a
couple of centimeters.

Tumor Imaging

To investigate P-Pc for tumor imaging, nude
mice bearing pancreatic MIA PaCa-2 xenografts
grown in the left groin were imaged. For all experi-
ments, the light intensity was controlled on the animal
skin to be approximately 8.5 mJ/cm? over a 3 cm
diameter region. This energy is less than a tenth of the
permissible ANSI safety limit. The scanning geometry
is shown in Figure 4A. For each experiment, the ani-
mal was scanned over 20 mm along the elevation di-
rection at a step size of 0.1 mm. At each step, one
frame of ultrasound and photoacoustic images were
captured using the L7-4 transducer array.

Tumors were imaged in mice with or without
intravenous administration of P-Pc. To administer
P-Pc, the 100 mg/mL P-Pc, Tween 80 stock solution
was diluted to 25 mg/mL with pure water and mice
were injected via tail vein. Mice were intravenously
administered 100 pL of this diluted formulation (with
a calculated absorbance at 1002 nm of 200, based on a
1 cm path length; dilution of P-Pc into water shifted
peak absorbance wavelength by 5 nm). Imaging was
performed 24 hours after P-Pc injection. Because we
used the same light intensity for all treated mice, for
better comparison, both reconstructed images were
normalized with the same values. Figure 4B shows
representative cross sections from a control mouse.
Because at 1064 nm, the intrinsic optical absorption of
biological molecules is negligible and water absorp-
tion is low and homogenous, the PA signals were
weak and were all below the threshold
used to render the superimposed im-
age. For mice treated with P-Pc, an in-
tense PA signal was observed in the
tumors, indicating extravasation of P-Pc
to the tumor, probably through the en-

e W60 hanced permeability and retention ef-
';E fect. At the 24 hour point, most of the
= Ms0 P-Pc accumulated in the liver with
= modest accumulation in the tumor, but
3 4 @ large amount remained in circulation
g (Figure S4 in Supporting Information).
& - In the future, exploration of targeted

molecular imaging approaches would
be useful to possibly improve the tumor
specificity of P-Pc. The NIR P-Pc con-
trast in the tumor could also be ex-
plored in the future for photothermal
therapy.

http://lwww.thno.org



Theranostics 2016, Vol. 6, Issue 5

692

o

PEEE——— ser beam 2
[}

Linear : £
transducer g 2

=

L, array &
— £

—— @

w

=

“Imaging plane

ES

)

60

50

40

PA amplitude (relative)

30

Post intravenous
injection of P-Pc

Control tumor

Figure 4. PACT tumor imaging using P-Pc. (A) Schematic of the PACT system and imaging geometry. (B) Tumor PACT imaging in untreated or mice intravenously
administered P-Pc. The tumor image was obtained 24 hours after tail vein injection. Tumor images are representative for n=3 mice. PA is shown in color and US is shown in gray.

Analysis of PA signal intensities indicated that
the PA contrast in the tumor was 1.9 times higher than
tissues surrounding the tumor and 2.3 times higher
than the signal found in the tumor of untreated con-
trol mice. This experiment shows that not only can
P-Pc accumulate in tumors for PACT-based imaging,
but also that P-Pc was tolerated following systemic
administration to mice. In vitro, when U87 glioblas-
toma cells were incubated with P-Pc for 24 hours, no
decrease in viability was observed relative to the
Tween 80 carrier itself (Figure S5 in the Supporting
Information). However, at higher concentrations,
Tween 80 itself strongly inhibited cell viability. Alt-
hough Tween 80 is used as an excipient in several
injectable drugs, further toxicity testing is required to
better understand the systemic effects of P-Pc and
Tween 80. This underscores the advantages of previ-
ously reported approaches such as surfac-
tant-stripping, to minimize the amount of surfactant
used to solubilize hydrophobic dyes [44].

Dynamic Intestine Imaging

To assess the suitability of P-Pc as an orally ad-
ministered PA agent, the stability of the P-Pc in
Tween 80 was first tested in vitro in simulated gastric
and intestinal fluids. The P-Pc formulation was di-
luted into and then dialyzed against simulated gastric
fluid at 37 °C. No appreciable loss of optical absorb-
ance was observed over 8 hours (Figure 5A). When
the same procedure was performed using simulated
intestinal fluid, less than 10 % absorbance loss was
observed in 4 hours and less than 20 % absorbance
loss was observed in 8 hours. This demonstrates that
P-Pc had good chemical stability under harsh dialysis
conditions, and also that the hydrophobic chromo-
phore was able to form supramolecular structures that
are not small enough to pass through the dialysis
membrane. No change in spectral properties were
observed during incubation in these conditions (Fig-
ure S6 in the Supporting Information). Following
oral administration to mice, P-Pc was excreted and

could be fully recovered from feces in less than 24
hours (Figure 5B). Thus, P-Pc was stable throughout
the gastrointestinal tract and was not absorbed sys-
temically. This behavior is similar to our recent report
of nanoformulated Pc and naphthalocyanine dyes that
were fully excreted in feces following oral admin-
istration [44]. A contrast agent that is stable in the gut
and is not systemically absorbed is advantageous for
intestinal imaging applications with respect to safety
and signal consistency in the intestinal lumen.

P-Pc was next assessed as an intestinal contrast
agent for PACT in vivo in mice. The PA scanning
geometry was similar as that shown in Figure 4A. The
L7-4 transducer was replaced with the L12-5 (38 mm)
transducer, which has more elements (192 vs. 128) and
better spatial resolution (axial resolution: 0.83 mm vs.
1.5 mm, lateral resolution: 0.2 mm vs. 0.3 mm). The
laser intensity was controlled to be the same as in the
tumor imaging experiments. Minimal background PA
signals were observed in mice before administration
of P-Pc. Half an hour after mice were orally adminis-
tered 100 puL of 25 mg/mL P-Pc formulation (with
calculated absorbance at 1002 nm of 200, based on a 1
cm path length), the mouse was imaged at a rate of
3.33 frames per second. This frame rate is sufficient to
track the intestine peristalsis, which occurs approxi-
mately every two seconds in mice. To mitigate motion
artifacts caused by respiration, we computed the co-
variance matrix of all image frames, identified ones
with the largest body displacement (based on ampli-
tudes of the eigenvector), and replaced these frames
with neighboring averages. Representative frames are
shown in Figure 5C, in which the transition of the dye
within the white grids can be clearly identified. The
peristaltic rate was calculated based on the average
signal amplitude within a red rectangular area (Fig-
ure 5D). Thirty peaks can be identified within a 60
second time window, indicating a peristaltic rate of 30
per minute, which is the expected rate in mice. For
better illustration, the peristaltic rate was calculated
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over time (Figure 5E), showing a peristaltic rate close
to 30 contractions per minutes.

Trans-limb Imaging in Humans

To demonstrate the translational potential of
deep PACT with highly absorbing contrast at 1064
nm, we attempted imaging through a human arm,
something that to our knowledge has not yet been
done with optical imaging. As ultrasound cannot
propagate through bone well, the transducer and light
source were directed towards the space between the
ulna and radius bones. A tube containing the P-Pc
formulation was placed beneath the arm of a healthy
and conscious adult human, as shown in Figure 6A.
When the arm was first imaged with the hybrid pho-
toacoustic and PACT system, ultrasound could visu-
alize the whole arm and no photoacoustic signal was
present (Figure 6B). The ultrasound signal visible at
the bottom of the arm corresponded to ultrasound
reflection from the supporting agar gel under the arm.
However, when a small tube containing P-Pc was
placed under the arm, its complete shape could be
unambiguously visualized with PACT through the 3.1
cm arm. The established ANSI safety limit for human
exposure to the Nd:YAG laser pulse is 100 mJ/cm?,
and this pilot study a pulse of just 14 mJ/cm? was
applied. Another volunteer with a larger arm was also
imaged (Figure 6C). For this arm, pulse fluence was
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increased to 23 mJ/cm?, which is less than a quarter of
the well-established safety energy limit. The P-Pc tube
was clearly detectable through the 5 cm arm. There
was no bone visible in the imaging plane, because the
transducer imaged in between the gap between the
ulna and radius bones. Skin was not easily observed
either, likely because the transducer was placed di-
rectly against it.

These data suggest that clinically relevant PACT
applications such as sentinel lymph node mapping for
cancer staging in deep tissues could be enabled using
appropriate contrast agents with absorption beyond
1000 nm. Eventually, by localizing lymph nodes with
PACT, a minimally-invasive fine needle aspiration
biopsy could be performed to determine whether
cancer has spread to lymph nodes, and this infor-
mation could be used to guide surgical decisions
whether or not to resect lymph nodes. Previously,
using a shorter wavelength (667 nm), sentinel lymph
node imaging in humans was reported at just over 2
cm in depth with an optimized system that was oper-
ating at 50% of the ANSI safety limit [49]. Although
we did not involve injection of P-Pc into patients,
contrast imaging was readily achieved through 5 cm
of arm tissue, which corresponds to a less fatty and
more scattering media compared to breast tissue, and
at less than 25% of the ANSI safety limit.
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Figure 5. Suitability of P-Pc as a lumen-confined intestinal contrast agent. (A) Retained absorbance of P-Pc during dialysis against simulated gastric fluid (SGF, blue) or
simulated intestinal fluid (SIF, red) at 37 °C (mean % s.d. for n = 3). (B) Excretion of P-Pc in feces. Mice were gavaged with 100 pL of dye (with a calculated absorbance of 200 at
1002 nm, based on a | cm path length) and feces were collected and analyzed over time (mean * s.d. for n = 3 mice). (C) Dye movement in the intestine. The white reference
grid clearly demonstrates the movement of P-Pc in the intestine and the red box is the selected area for motion rate calculation. (D) Variation of photoacoustic signal within the
region of interest (marked red box in C), plotted over time. (E) Rate of contractile motion from the same region of interest, plotted over time.
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Figure 6. Trans-limb PACT of a human arm. (A) Experimental PACT setup. (B, C) Representative trans-limb PACT for 2 different adult human volunteers. Overlaid
photoacoustic (color, within the dashed boxes) and ultrasound (gray) images. The PA signal of the tube was clearly visible under the arm. The signal to noise ratio was 37 dB and
32 dB in the 3.1 cm and 5.0 cm arm experiments, respectively. This distance was between the tube and the skin at the top of the arm, which was in direct contact with the

transducer.

Conclusion

P-Pc is a small molecule that could readily be
formulated in commonly used surfactants to produce
solutions with extreme absorption beyond 1000 nm.
P-Pc was used for optical imaging through 11.6 cm of
chicken breast tissue, which to our knowledge repre-
sents the deepest optical biological imaging reported
to date. P-Pc was tolerated in mice and proved suita-
ble for tumor imaging following intravenous admin-
istration. Further work is required to characterize the
toxicity profile of P-Pc and the Tween 80 carrier. Fol-
lowing oral administration, P-Pc passed harmlessly
through the GI tract without entering into systemic
circulation and could be used for intestinal imaging.
P-Pc was imaged through an entire 5 cm arm of a
healthy human adult, using an imaging geometry
with both light source and detector on the top of the
arm. These data show that P-Pc and other agents that
are highly absorbing beyond 1000 nm can enable op-
tical imaging with good resolution at unprecedented
depths.

Materials and Methods

Materials were purchased from Sigma unless
otherwise noted.

Synthesis of the Phosphorus Phthalocyanine
The phosphorus phthalocyanine (P-Pc) was

prepared according to the literature as shown in
Figure 1 [46].
3,6-Bis(4’-methylphenylsulfonyloxy)phthalonit
rile (P1): Precursor P1 was prepared according re-
ported methods [50]. In brief, p-Toluenesulfonyl
chloride (5.20 g, 27 mmol) was added to a mixture of
2,3-dicyanohydroquinone (2.00 g, 12.5 mmol) and
potassium carbonate (6.90 g, 50 mmol) in acetone (15
mL). The mixture was heated to reflux for 2 h, cooled
to room temperature, poured into water (40 mL) and
stirred for 1 h. The light brown product was filtered
and oven dried to get P1 5.60 g (Yield 95.7 %). IR [Umax
/ cm™]: 3432, 3239, 3085, 2243, 2226(CN), 1504, 1449,
1315, 1279, 1204, 1174, 1142, 1021, 1004, 979, 934, 847,
749, 694, 638, 614.
3,6-Bis(2,6-dimethylphenylthio)phthalonitrile
(P2): P1 (2.34 g, 5 mmol) and potassium carbonate
(2.80 g, 20 mmol) were added to a solution of
2,6-dimethylthiophenol (4.40 g, 30 mmol) in dimethyl
sulfoxide (DMSO). After stirring for 14 h at room
temperature, the reaction was quenched with water.
The mixture was extracted with chloroform and
washed with 5 % sodium carbonate (w/v) in water.
The organic layer was dried over magnesium sulfate
and concentrated in vacuo. The product was purified
by silica gel column chromatography (CHCls) fol-
lowed by recrystallization with methanol. P2 was ob-
tained (160 mg, 8.0 %) as a pale yellow powder. 500
MHz '"H NMR (CDCls): 6 = 7.25 (d, 2H), 7.17 (d, 4H),
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6.40 (s, 2H), 2.36 (s, 12H).

a-(2,6-dimethylphenylthio)sPcHz: P2 (160 mg,
0.4 mmol) was added to a solution of lithium (28 mg,
4.0 mmol) in 2 mL of n-butanol and heated under re-
flux for 2 h. The mixture was purified by alumina gel
column chromatography (CHCl3). The free-base
phthalocyanines  a-(2,6-dimethylphenylthio)sPcH>
was obtained (133 mg, 83 %) as a dark red powder.
ESI mass calculated for CosHg:NsSs [M]*: 16024,
Found: 1603.7

[a-(2,6-dimethylphenylthio)sPcP(OMe);]*[ClO,4
]~ (P-Pc): Phosphorus oxybromide (1.5 g, excess) was
added a solution of a-(2,6-dimethylphenylthio)sPcH,
(133 mg, 83 umol) in 2 mL of pyridine and stirred for
30 min at room temperature. After the solvent was
removed in vacuo, the residue was dissolved in a so-
lution of dichloromethane / methanol (50/50, v/v)
and stirred for 30 min at room temperature. The or-
ganic layer was collected, washed with water, and
solvent was removed to yield a dark green product
(phosphorus Pc). The resulting solid was dissolved in
dichloromethane, then sodium perclorate (41.5 mg,
340 pmol) was added. After the mixture was stirred
for 12 h at room temperature, solvent was removed,
and the residue was recrystallized from dichloro-
methane / n-hexane. P-Pc was obtained (120 mg, 85
%) as a dark green powder. 400 MHz 'H NMR
(CDxClLy): & = 7.35-7.33 (m, 8H), 7.30-7.28 (m, 16H),
6.88 (s, 8H), 2.52 (s, 48H), 0.31 (d, 6H, 3JPH = 26.8 Hz).
ESI mass calculated for CogHgeNsOPSg[M-ClOg4]*:
1693.4, Found: 1693.7. Extinction coefficients (M-1lcm?)
were measured in various solvents at the following
peak absorption wavelengths: (chloroform: 1.1x10° at
1042 nm); (methylene chloride: 1.1x10° at 1029 nm);
(dimethyl sulfoxide: 6.4x10* at 998 nm); (tetrahydro-
furan: 9.7x10* at 1011 nm).

P-Pc formulation and characterization

10 mg P-Pc was weighed and dissolved in 100 pL
of liquid surfactant, followed by sonication for 30
minutes. For oil-based dissolution, olive, canola and
soy oils were obtained from a local grocery store.
Samples were briefly centrifuged prior to absorbance
measurement with a Lambda 35 UV/VIS spectro-
photometer (Perkin Elmer) using cuvettes with a 10
pm path length (Starna # 20/0-Q-0.01). For further
studies, the surfactant-dissolved P-Pc was then di-
luted 1:4 in water with vortexing and sonication to get
the P-Pc formulation. Following dilution, absorbance
was measured with cuvettes with 1 cm path length.
To assess the stability of the P-Pc dye in simulated
gastric fluid or simulated intestinal fluid, concentrat-
ed P-Pc in surfactant (Tween 80) was diluted into the
fluids so that the absorbance was close to 1, then dia-
lysed at 37°C against simulated gastric fluid (Ricca,

#7108-32) with added pepsin and pancrea-
tin-containing simulated intestinal fluid (Ricca
#7109-32). The retention of the P-Pc dye was calcu-
lated by the ratio of absorbance to the original value.

For cell viability, U87 cells (ATTC) cells were
grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin at 5% CO; in a humidified
atmosphere. Cells were seeded at a density of
1x10%/well and incubated at 37 °C in for 24 hours.
Cells were rinsed with phosphate buffered saline
(PBS) and P-Pc or the Tween 80 carrier alone was
added to the wells containing DMEM with serum and
incubated at 37 °C for 24 hours. P-Pc containing media
was replaced fresh media after washing the cells with
PBS. 24 hours later the XTT assay was performed. 100
pL of PBS containing 50 pg/mL of XITT
(2,3-Bis(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetraz
olium-5-Carboxanilide) and 60 pg/mL of PMS
(N-methyl dibenzopyrazine methyl sulfate) was
added to each well and incubated for 2 hours. Back-
ground (read at 630 nm) was subtracted from the ab-
sorbance read at 450 nm. Cell viability was deter-
mined by comparing the absorbance of the wells
treated with dye to untreated wells. All measure-
ments were made in triplicate.

Linear-array-based Photoacoustic Computed
Tomography (PACT)

The 1064 nm output from an Nd:YAG laser was
routed to the imaging region through a 1.4 cm diam-
eter fiber bundle. The maximum light intensities at the
skin surface varied from 8.5 mJ/cm? to 56 mJ/cm? in
different experiments, but were all below the Ameri-
can National Standards Institute (ANSI) safety limit
(100 mJ/cm?) at 1064 nm. Photoacoutic (PA) signals
were detected either with a 128-element linear trans-
ducer array (5 MHz central frequency ATL/Philips
L7-4) for chicken tissue and tumor targeting experi-
ments, or with a 192 element linear transducer array
(9 MHz central frequency, ATL/Philips L12-5 38mm
width) for intestine experiments. PA signals received
by the transducer array were multiplexed and digit-
ized by a 64-channel ultrasound data acquisition sys-
tem (Vantage, Verasonics). The raw channel data were
reconstructed and displayed in real-time using the
universal back-projection algorithm [51].

Animal experiments

Animal experiments were performed in accord-
ance with the University at Buffalo Institutional An-
imal Care and Use Committee. For tumor imaging
studies, 5x10¢ MIA Paca-2 cells (obtained from ATCC)
were injected in female nude mice mice (5 weeks,
Jackson Labs, #007850) and were allowed to grow.
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The P-Pc formulation (25 mg/mL in 25% Tween 80),
was intravenously administered via tail vein (100 pL
of solution with an absorption at 1002 nm of 200). For
intestinal studies, female BALB/c mice (Harlan) were
held without food overnight with free access to water.
After gavaging 100 uL of P-Pc (absorption at 1002 nm
of 200), mice were transferred to metabolic cages, and
feces were collected. Peristaltic rate was calculated by
dividing the peak number by the peak time in Fig. 5D.
For the determination of recovery, the absorbance of
serum samples was measured directly. Feces or tis-
sues were dissolved in 2 ml of chloroform and were
disrupted with a Tissue Tearor homogenizer until
they were fully homogenized, and then absorbance
was assessed. For PACT intestinal imaging, female
nude mice were used due to their lack of hair.

Human experiments

Conducted experiments were reviewed by the
University at Buffalo IRB committee. The array used
in the experiment was a 128-element linear transducer
array (5 MHz central frequency ATL/Philips L7-4),
which is the same as we used in the tumor and
chicken breast tissue experiments. 30 mM of P-Pc was
filled in a 35 mm long Tygon tube with a 5.0 mm inner
diameter (the same tube was also used in the chicken
breast tissue experiment). The tube was placed on top
of a piece of intralipid and agar gel mixed phantom (4
cm in thickness), and the arm was put on top of the
tube. Ultrasound gel was used in the experiment as a
coupling medium. Gel was placed both under (cou-
pling tube and arm) and on top of the arm (coupling
arm and transducer). The 1064 nm output from an
Nd:YAG laser was routed to the arm through a 1.4 cm
diameter fiber bundle. The maximum light intensities
at the skin surface was 23 mJ/cm?2
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