Quantitative Photoacoustic Imaging of
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Jason R. Cook, Wolfgang Frey, and Stanislav Emelianov®

Department of Biomedical Engineering, The University of Texas at Austin, 107 W. Dean Keeton, Stop (0800, Austin, Texas 78712, United States

ABSTRACT Quantitative visualization of nanoparticles in cells and tissues, while preserving the
spatial information, is very challenging. A photoacoustic imaging technique to depict the presence and
quantity of nanoparticles is presented. This technique is based on the dependence of the photoacoustic
signal on both the nanoparticle quantity and the laser fluence. Quantitative photoacoustic imaging is a
robust technique that does not require knowledge of the local fluence, but a relative change in the
fluence. This eliminates the need for sophisticated methods or models to determine the energy
distribution of light in turbid media. Quantitative photoacoustic imaging was first applied to

nanoparticle-loaded cells, and quantitation was validated by inductively coupled plasma mass spectrometry. Quantitative photoacoustic imaging was

then extended to xenograft tumor tissue sections, and excellent agreement with traditional histopathological analysis was demonstrated. Our results

suggest that quantitative photoacoustic imaging may be used in many applications including the determination of the efficiency and effectiveness of

molecular targeting strategies for cell studies and animal models, the quantitative assessment of photoacoustic contrast agent biodistribution, and the

validation of in vivo photoacoustic imaging.
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olecular imaging promises to ex-

pand existing medical imaging

techniques beyond the typical vi-
sualization of anatomical features to incorpo-
rate functional and pathological information
based on contrast agents that include target-
ing capabilities."? Over the past decade, the
biotechnological development of highly
specific recognition elements and the nano-
technological development of contrast
agents have opened strategies to positively
identify diseased tissue before anatomical
changes are visible. The goal of molecular
imaging is to visualize the dynamics of disease
development and cellular phenotype change,
the local inflammatory response, the distribu-
tion and activity of drugs, and heterogeneities
in otherwise anatomically invisible pathologi-
cal tissue. Many medical imaging techniques
including optical imaging,® magnetic reso-
nance imaging (MRI),* optical coherence
tomography (OCT),® ultrasound imaging,%”
positron emission tomography (PET) 2 single-
photon emission computed tomography
(SPECT),” and recently photoacoustic (PA)
imaging'® have developed strategies for
molecular imaging. These techniques have
specific molecular contrast agents, such as
radioactive isotopes for PET/SPECT,® infrared
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and cyanine dyes for optical imaging,'’
gadolinium solutions and iron-oxide nano-
particles (NPs) for MRI,'> and microbubbles
for ultrasound imaging.'® The accumulation
of molecular markers in the targeted tissue
can be imaged to provide information at the
resolution of the technique, but it is often
quite difficult to quantify the local amount
of the marker. Clinically, such a quantifica-
tion process is typically performed ex vivo
by mass spectrometry. Although mass spec-
trometry provides accurate quantitation,
the spatial distribution of the markers is
lost."* Therefore, a reliable tool to relate
in vivo molecular images of pathological
tissue to spatially resolved quantitative
maps of the presence of recognition mar-
kers is highly desirable.

Photoacoustic imaging is a relatively new
medical imaging modality that formulates
images based on the local optical absorp-
tion. In PAimaging, hemoglobin of different
oxygenation states and fat deposition are
typical endogenous contrast sources.'*'®
Furthermore, PA imaging can utilize exo-
genous contrast agents such as dyes,
carbon nanotubes, or plasmonic NPs."”
Photoacoustic imaging can be implemen-

ted as a tomographic technique'® *° oras a
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microscopy technique,?' ~2* which promises to study

and quantify the local distribution of endogenous and
exogenous absorbers. For instance, PA microscopy can
provide functional information by imaging the local
blood oxygenation?' by correlating the optical absorp-
tion spectra of oxygenated and deoxygenated hemo-
globin to the spectroscopic PA signal. Photoacoustic
microscopes have also been used for pathological
imaging of melanomaZ®® and amyloid plaques.?® Unlike
optical microscopy techniques (confocal, bright-field,
and dark-field microscopy), where generally both the
optical absorption and scattering contribute to the
signal, the signal in PA microscopy is based solely on
the optical absorption because it is acoustic waves,
which have longer wavelengths, that are being de-
tected. Since optical scattering is typically the domi-
nant mechanism of interaction with cells and tissues,**
PA images often have higher contrast and specificity
than the optical techniques.

Nanoparticle-augmented PA imaging is a new
branch of PA imaging that derives its contrast from
NPs with a very high optical absorption at desired
visible or near-infrared optical wavelengths. The intro-
duction of a stable, inexpensive, and nonionizing
contrast agent with targeting functionality enables
molecular PA imaging to provide functional and patho-
logical information at high resolution.'®**~?° The
highly localized labeling and label stability permit
quantitative and longitudinal studies, which can be
implemented as a microscopy technique with cellular
and subcellular resolution.*® Nanoparticle-augmented
PA imaging is particularly suited for quantifying the
local accumulation of NP markers, because the me-
chanism of PA signal generation is different from that
of homogeneous absorbers. While the absorber is the
NP, the signal is generated by the surrounding fluid
and heat transfer dominates the signal generation
process.®' Therefore, the signal is proportional to the
energy deposited into each NP and the thermoacous-
tic properties of the environment.

Most forms of PA microscopy utilize focused optical
illumination for the PA signal generation and an ultra-
sound transducer for PA signal acquisition. For opti-
cally transparent or thin samples, the spatial resolution
is determined by the optical focus within a penetration
depth of one mean free path, while light scattering
diminishes the resolution for larger depths. For in-
stance, a confocal laser-scanning PA microscope re-
cently achieved a resolution of 0.5 um using gold
nanorods for contrast, but with very high fluences to
achieve measurable PA signals.3° Even if the focal spot
size does not change significantly, the local fluence will
be different at the absorber in a scattering medium.
Any PA microscopy method to quantify the local
number of particles will therefore have to be indepen-
dent of the local fluence.
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Figure 1. Dependence of PA signal on the NP quantity and
laser fluence. The average PA signal versus (a) NP quantity
and (b) laser fluence. The error bars indicate one standard
deviation for each measure. The diagonal line is a linear
least-squares regression with forced intercept of zero of the
data above the detection threshold, and the corresponding
equation and coefficient of determination (R) shown in the
upper left corner of the plot. The horizontal lines indicate
the detection threshold. (c) Molar extinction coefficient for
NPs in water and NPs in cells measured as a function of
optical wavelength.

We introduce a systematic approach for quantitative
PA (gPA) imaging of NP markers in cell and tissue
samples. Quantitative PA imaging is based on the
linearity of the PA signal, Pyay the number of NPs,
Nnp, with a wavelength-dependent optical absorption
cross-section, o(4), in the illuminated volume with
fluence, F, and the energy that is deposited (oF). This
relationship is given as:

Pmax(F) — Po(F) < Tera(2)NnpF (m

where I« is the effective Griineisen coefficient for a
given NP in a nonabsorbing solvent and Py is the PA
signal from any endogenous absorbers. This relation-
ship holds as long as the irradiated volume is small
compared to the detected acoustic wavelength, the NP
absorption cross-section and environment are con-
stant, and particle-to-particle thermal and electromag-
netic coupling can be neglected. If Py is negligible, then
Pmax results from the NPs only and ol « is a constant
that can be measured independently. This simple
relationship makes it possible to calibrate the PA signal
for a fixed fluence as a function of a known NP quantity
or for a fixed known NP quantity as a function of
fluence.

Since the optical scattering effects cannot be ignored
in tissues, we modified eq 1 from being a function of
known fluence to being a function of the relative
change in fluence. This eliminates the need for sophis-
ticated models or methods to determine the local
fluence and also provides a means to validate, in each
gPA imaging sample, the necessary linearity needed
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Figure 2. Quantitative PA imaging results (a—f) and co-registered dark-field microscopy (g—i) of J774A.1 cells incubated with
and without NPs. Quantitative PA images scaled to the number of NPs per focal spot (a—c) and number of NPs per cell (d—f)
are shown. Images of cells incubated without NPs (a, d, and g), with 1.9 x 10"2 NPs per mL of cell culture media (b, e, h), and
with 3.7 x 10'2 NPs per mL of cell culture media (c, f, i) are shown.

for quantitation. These benefits make gPA imaging a
very robust quantitation technique.

In this article we demonstrated qPA imaging of cells
and thin tissue sections using a custom PA microscope.
A calibration procedure to find oI ¢, and thus enabling
gPA, for 15 nm iron-oxide spheres dispersed in stan-
dard histology mounting media is shown. Quantitative
PA imaging was used to quantify the number of NPs
per cell, and the quantitation accuracy was verified
using inductively coupled plasma mass spectrometry
(ICP-MS). We then applied the modified gPA calibration
to thin tissue slices of a NP-laden xenograft epithelial
tumor.

RESULTS AND DISCUSSION

To quantitatively image NPs in cells and thin tissue
slices, we built a custom PA microscope optimized for
high sensitivity, while maintaining good spatial resolu-
tion. Typical PA microscopes are designed to provide
high-resolution images; however, there is a balance
between the spatial resolution and the ability to
quantify the amount of absorber at any given point
in the image, as the signal depends on the number of
particles within one focal spot. High-resolution PA

COOK ET AL.

microscopes can increase their PA signal using high
fluences (see eq 1), but at the risk of potential damage
to the cells, tissues, and NPs. We produced a focal spot
size (1.5 x 107> cm? at a wavelength of 532 nm) that
would allow for sufficient PA signal over a wide range
of fluences. To demonstrate the principles of qPA
imaging, nonplasmonic iron-oxide nanoparticles were
used to ensure no particle-to-particle thermal and
electromagnetic coupling. Unlike plasmonic nano-
spheres or nanorods that can plasmon couple at high
density, iron-oxide NPs have linear absorption with
fluence. The surrounding media was standard histol-
ogy mounting solution with unknown mechanical and
thermal properties. The samples were placed between
a glass microscope slide and glass coverslip with
thicknesses of less than 25 um to achieve optical
focus-based resolution in a nonconfocal setting. The
onset of a measurable background signal from the
surrounding medium, which would be fluence depen-
dent, was estimated in the mounting media to be
greater than 2000 mJ/cm?®. However, visible damage
in tissue samples occurred above ~650 mJ/cm?.

The linear relationship between the PA signal and
the number of NPs in the illuminated volume, i.e., the
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image pixel, was verified by a set of 10 histology
phantoms with varying NP concentration, using a laser
fluence of 360 mJ/cm?. The sample thickness of 25 um
still allows for an exact conversion of the concentration
to the number of NPs. The PA intensity demonstrated
the expected linear dependence with NP quantity once
the signal had risen above the system's detection
threshold (Figure 1a). The slope, together with the
fluence used, gives the proportionality factor ol
from eq 1 as 3.47 x 107°. The minimum number of
NPs that could be detected at this fluence was approxi-
mately 2 x 10* NPs in a volume of 8 L, or about 4 uM;
an increase in fluence would only slightly improve this
detection threshold, because damage would occur at
approximately twice this fluence.

Using a phantom with 2 x 107 NPs per spot, the
linear PA signal dependence with laser fluence was
also confirmed (Figure 1b). In this case the slope of the
line was equal to ol N, again resulting in a ol ¢ of
3.47 x 10°, as expected. Additionally, the absorption
spectrum of the NPs does not change when the NPs are
dispersed in solution or aggregated in cells, ensuring
that only quantity and laser fluence will impact the PA
signal (Figure 1c).

The above calibration to determine the proportion-
ality factor ol o was performed immediately before
each of the following experiments to avoid setup
variations. To validate quantitation, qPA images of
J774A.1 murine macrophages loaded with NPs were
compared to ICP-MS. Quantitative PA images were
collected for cells incubated with 0, 1.9 x 10'?, and
3.7 x 10"> NPs per mL seeded at low cell density (600
cells per mm?). A subarea of the overall gPA images is
shown in Figure 2 along with co-registered dark-field
microscopy images. Although visible in the dark-field
microscopy images (Figure 2g), cells that were not
incubated with NPs resulted in baseline level PA signals
corresponding to no NPs per cell (Figure 2d). Cells
incubated with NPs showed a clear PA signal indicative
of NP uptake (Figure 2e and f), and the PA images are
co-registered with their respective dark-field images
(Figure 2h and i). Quantitative PA imaging of ~1000
cells (based on the dark-field image cell counts) mea-
sured averages of 6.29 x 10* and 1.06 x 10° NPs per
cell for the incubation concentrations of 1.9 x 10'?and
3.7 x 10" NPs per mL, respectively. The cell-to-cell
standard deviations for each respective sample were
237 x 10*and 5.24 x 10 The blurring between cells
in Figure 2e and f results from the focal spot size being
larger than the cells.

The gPA averages correlate well with the ICP-MS
results of 6.32 x 10%and 1.08 x 10° NPs per cell (ICP-MS
standard deviations were 0.029 x 10* and 0.027 x 10°,
respectively). The averages from both cell samples
had negative deviations that were likely due to the
sensitivity of the PA microscope to iron-oxide NPs:
the minimum number of NPs that could be detected
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Figure 3. Bright-field optical microscopy images at 1.25x of
tumor slices with H&E stain (a, b) and Prussian blue stain
with nuclear fast red counterstain (c, d). The tumor from the
mouse inoculated with NPs is shown in images (a), (c), and
(e). The tumor from the mouse with no NP inoculation is
shown in (b), (d), and (f). The 40 x magnification images (e, f)
correspond to regions marked in (c) and (d), respectively.

was 2 x 10% To overcome this sensitivity, we repeated
the gPA experiment with cells seeded at high density
(7 x 10* cells per mm?) for a total of 5 x 10° cells. Again,
the cells with no incubation of NPs resulted in 0 NPs
per mL in the gPA images. Quantitative PA analysis
measured averages of 6.44 x 10*and 1.17 x 10° NPs per
cell, with cell-to-cell standard deviations of 1.12 x 10*
and 031 x 10°, respectively. The gPA image analysis
therefore leads to an accurate determination of the
number of NPs per cell with errors of well below 10%.
While for individual cells the direct calibration is
sufficient to accurately determine the local number
of NPs, tissue samples can provide environments where
the simple linear relationship is no longer fulfilled.®'
Additionally, in more complex samples the local flu-
ence could be lower than the fluence used in the
calibration due to optical scattering. However, the PA
signal constant ol'e does not change, as long as
conditions for the local environment and noninteract-
ing NPs are fulfilled, and can be determined by an
external calibration against the NP number as before.
Then, the local number of NPs for any fluence attenuation
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Figure 4. Bright-field microscopy (a and c) and PA (b and d) images of unstained tumor slices with (a and b) and without (c and
d) NPs. An overlay of the optical and PA image of the tumor with NPs from (a) and (b) are showniin (e). R? map of the areain the
white box in (e) is shown in (f). Quantitative PA image using R? > 0.97 with unquantifiable areas in white is shown in (h). (g)
Quantitative comparison of the unstained and Prussian blue stained bright-field images and the qPA images. The values for

the graphs were generated from a line shown in (a).

o can be determined by the slope of the PA pressure
versus fluence with Py ~ 0:

aPmax(F) o< IﬁeffO‘NNP(lF (2)
and

Pmax F - Pmax F —
- of(é) 5 )t @

Mapping the PA signal with at least two fluences
(Fy and F; in eq 3) above the detection threshold of the
system, with an intercept at the origin, allows for the
accurate determination of the local NP quantity by
assessing the attenuated changes in the PA signal with
the changes in attenuated fluence. Therefore, there
is no need for extraneous approaches to determine
the local fluence in turbid media, such as tissue.
This technique also excludes pixels that do not show
a linear dependence due to thermal damage or ther-
mal coupling, further adding robustness to the qPA
technique.

The quantitative molecular imaging capability was
demonstrated in histological slices of a xenograft A431
human epithelial carcinoma with injected NPs. Sec-
tions from an A431 carcinoma were hematoxylin and
eosin (H&E) stained and show typical tumor morphol-
ogy (Figure 3a and b), while Prussian blue staining
indicates the presence of iron (Figure 3c and d). High-
magnification (40x) images of Prussian blue-stained
samples show cellular uptake of the NPs (Figure 3e), in
comparison to the NP-free control (Figure 3f). For the
PA microscopy of slices of the tumor with and without
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NPs, unstained histology sections directly adjacent to
the respective stained slices (Figure 4b and d) were
used, and the PA maps are shown in Figure 4c and e,
respectively. Black ink marks on the glass coverslip
were used for registration of the PA image with the
bright-field optical microscopy images because black ink
is a high-contrast source in both imaging techniques.

The tumor slice with no NP inoculation (Figure 4c)
produced only system noise level PA signals independent
of fluence, indicating the absence of NPs (Figure 4d).
In contrast, the tumor inoculated with NPs (Figure 4a)
clearly showed a distribution of PA signal levels
(Figure 4b), which for the higher levels of signal clearly
co-registered with the stained areas in Figure 3c.

To quantify the local NPs, four fluences were chosen
between 50 and 360 mJ/cm?, and a subsection of the
sample (as outlined in Figure 4e) was scanned at each
fluence. For each pixel a line through the origin (no
signal at zero fluence) was fitted through the PA signals
above the noise floor of the system as a function of
fluence. The quality of the fit (R?) for each image pixel
as determined from the slope of the fit for regressions
above 0.9 is shown in Figure 4f, where pixels that
produced only background were left blank. Pixels with
an R? < 0.97 were not quantified due to a lack of
confidence, and in the cases where the linear fluence
dependence was not strong (R*> < 0.97), the high-
fluence PA signals were not included in the quantifica-
tion procedure in attempts to eliminate nonlinearities
corresponding to interacting particles or damaging
heat. The resulting map is a quantified image of the
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Figure 5. Drawing (a) and schematic diagram (b) of the PA microscope to quantitatively image NPs in histology.

NP number distribution (Figure 4h) that was deter-
mined with high confidence.

Comparing the quantified maps (Figure 4h) to the
nonquantified PA maps (Figure 4b), most of the pixels
with PA signals could be quantified (Figure 4f). Some
low-signal regions were not quantified due to the
choice of the four fluences. Areas of very high signals—
and very strong Prussian blue staining in Figure 3c—
could not be quantified because nonlinear effects
dominate the high-fluence signals. Additionally, the
gPA-determined NP quantities in the trusted pixels
were very close to those simply based on a single-
fluence calibration, indicating a very low scattering
environment. Comparing the gPA images to Prussian
blue stained images (Figure 3c), many areas positively
identified NPs at locations that would not have had a
clear staining in standard histology, at least at lower
magnifications. A more detailed analysis comparing
the gPA image to the bright-field microscopy images
of the unstained and Prussian blue stained histology is
shown in Figure 4g. The gray scale intensities along a
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Figure 6. Characterization of the resolution of the PA
microscope using a USAF 1951 positive resolution target
with step size of 2 um by 2 um. PA intensity versus distance
for spatial frequencies ~0 and 16—28.5 mm~’ along the (a)
vertical axis and (b) horizontal axis. (c) MTF versus spatial
frequency indicating an elliptical focal spot with axis di-
ameters of 39.4 um (horizontal) by 49.6 um (vertical).
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line in the Prussian blue image were scaled to match
the overall range of the corresponding gPA image. Then,
the same line in the unstained histology (Figure 4a) was
scaled using the same factor used in the analysis of the
Prussian blue image. The comparison of the Prussian
blue, unstained histology, and qPA curves presented in
Figure 4g demonstrates superior sensitivity and speci-
ficity of gqPA for the NPs in comparison to both optical
imaging techniques, as optical scattering dominates
the bright-field images. Therefore, gPA microscopy has
not only higher NP contrast than the typical histology
detection, which requires an additional labeling step,
but also a lower detection limit, at least at lower
magnifications. Quantitative PA microscopy is well
suited to validate in vivo PA imaging because it com-
bines both the quantitation (typically provided by
mass spectrometry) and the NP distribution (typically
provided by histological staining).

CONCLUSIONS

We developed a qPA microscope including a meth-
od to reliably quantify the number of absorbers, such
as iron-oxide NPs, delivered to cells and tissues of
interest. The method is based on the linearity of the
PA signal with both local NP quantity and local fluence,
but it does not depend on the knowledge of the local
fluence. Accurate quantization was achieved using a
gPA microscope with a detection limit of ~2 x 10* NPs
per focal spot. The qPA image of the NP-laden, ex vivo
tissue slice was in good agreement with traditional
histopathological analysis, but with higher sensitivity.

METHODS

A custom PA microscope was developed to quantify molec-
ular sensing NPs in cell and tissue samples. A drawing and
schematic diagram of the PA microscope are shown in Figure 5.
The PA excitation was generated by a Q-switched, pulsed Nd:
YAG laser (Quanta-Ray PRO-290, Spectra-Physics Lasers, Moun-
tain View, CA, USA) pumping a tunable optical panametric
oscillator (OPO) (Spectra-Physics premiScan/MB, GWU-Laser-
technik Vertriebsges, Germany). The laser output, with a wave-
length of 532 nm, had a pulse-width of 5—7 ns and a pulse
repetition rate of 10 Hz. The laser energy from the oscillator was
controlled by an array of neutral density (ND) filters,and a 5 mm
aperture was used to reject beam irregularity. The laser beam
was then split with one beam used for measuring the laser
energy with a pyroelectric power meter (Nova Il, Ophir Ltd.,
Jerusalem, Israel), and the other beam was focused on the
sample using a plano-convex lens (LA1401, Thorlabs Inc., New-
ton, NJ, USA) with a focal length of 60 mm and a diameter of
50.8 mm. All fluences were compensated for pulse-to-pulse
fluctuations in the laser energy.

Water was used as an acoustic coupling medium to reduce
the acoustic impedance between the sample and the ultra-
sound receiver. The converging laser beam from the plano-
convex lens was transmitted through a 1 mm glass microscope
slide (optical window for the water tank), 5 mm of water, and a
1 mm glass microscope slide before focusing on the phantom/
cell/tissue sample (dashed box in Figure 5a). The induced PA
pressure wave propagated through the 0.2 mm thick glass
coverslip and 25 mm of water before being measured by a
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Overall, we demonstrated that gPA imaging is an
accurate quantitation technique and can be used to
determine the efficiency and effectiveness of molecu-
lar targeting strategies in both in vitro cell studies and
ex vivo tissue samples. Since the spatial distribution is
preserved in the quantitation, gPA imaging can also
validate in vivo molecular imaging results.

Although iron-oxide NPs were used in our study,
other types of NPs that do not plasmon couple can be
used (including, but not limited to, gadolinium oxide,
manganese oxide, doped iron oxides, and silica-coated
gold NPs). To quantify plasmonic NPs, the developed
approach may need to include spectroscopic PA imag-
ing techniques because of the spectral changes in the
optical absorption resulting from surface plasmon
coupling. The detection limit can be significantly im-
proved by signal-to-noise improvements in the micro-
scope and by the use of NPs that produce an increased
PA signal, such as thermally stable and electromagne-
tically isolated plasmonic NPs. Although the methods
developed here are applied to the microscopy of thin
samples, gPA imaging can be used to provide quantita-
tive maps for thick samples, including in vivo tissues, by
incorporating spectroscopic techniques to uncouple the
contributions of the NPs from the endogenous absorbers
and by varying laser pulse-widths to eliminate the effects
of constructive and destructive acoustic interference.
Quantitative PA imaging not only can provide essential
information to progress medical imaging technology but
also has the potential to be a stand-alone technique to
improve diagnostics and prognostics of disease.

1 mm needle hydrophone with 4 dB bandwidth of 0.2—15 MHz
(Precision Acoustics LTD, Dorchester, UK). The PA signal ac-
quired by the hydrophone was amplified by an ultrasound
receive amplifier (5073PR, Olympus NDT Inc., Waltham, MA,
USA) with a gain of 39 dB. The amplified PA signal was digitized
using an oscilloscope (CompuScope 12400, Gage Applied
Technologies Inc., Lockport, IL, USA) with sampling frequency
of 200 MHz.

Triggering of the pulsed laser system, the ultrasound receive
electronics, and the movement of a two-axis translation stage
(T-XY-LSM100A-KT02, Zaber Technologies Inc., Vancouver,
Canada), to raster-scan the sample while the optical and ultra-
sound systems remained stationary, was coordinated by cus-
tom software. A 20 um by 25 um step size was used for the cell
and the tissue samples. Four spatially registered and energy-
compensated PA A-lines from each position of the scan were
postprocessed using a band-pass filter to remove electronic
noise outside of the bandwidth of the hydrophone. The four
A-lines were then averaged, and the maximum signal was used
for the PA signal.

PA Microscope Characterization. The spot size was characterized
with a USAF 1951 positive resolution target (DA009, Max
Levy Autograph, Inc.,, Philadelphia, PA, USA) to determine the
illuminated volume in the sample to enable accurate quantita-
tion of ol'ek. The laser beam was focused by adjusting the
plano-convex lens to produce the maximum PA signal in the
resolution target. Using a step size of 2 um by 2 um for spatial
frequencies varying from ~0 to 30 mm™~" and laser energy of
~1 ulJ, a PA image of the resolution target was produced
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(linear scans are shown in Figure 6a and b). To determine the
focal spot size, the modulation transfer function (MTF) was
calculated for each spatial frequency. The MFT is defined as

Melement _ Imax — Imin

MTF = , M=
Mideal lmax + /min

(4)

where Mgjement is the modulation of the element, Mige, is the
modulation of the element 0 and background signal from the
background of the slide, /ax is the maximum PA intensity, and
Imin is the minimum PA intensity. A 0.15 cutoff MTF was
calculated in a large element of the resolution target.

After analyzing the MTF (Figure 6¢), a focal spot size of
39 um horizontal by 50 um vertical was determined; the elliptic
shape most likely results from the anisotropic beam divergence
from the nonlinear optical crystal in the OPO. The focal spot size
was confirmed by scanning the step function of one of the large
elements in the resolution target with a 25% PA signal cutoff.
Therefore, the probing volume is ~8 x 107'2 L = 8 fL for the
histology samples with a 5 zm sample thickness. This resolution,
while limiting the imaging to small cell groups, has the benefit
of illuminating a sufficient amount of NPs for a measurable PA
signal, while maintaining fluences low enough not to cause
excessive heating, large background signals, and irreversible
changes.

For all experiments 15 nm Fes0,4 spheres were used; they
were synthesized using a one-pot thermal decomposition
method.>2 The NP size was characterized using a DelsaNano C
particle analyzer (Beckman Coulter Inc., Indianapolis, IN, USA).
The NPs were then stabilized with dextran in water by in situ co-
precipitation from an iron salt—dextran solution.>> The NPs
were then centrifuged, and the supernatant was removed,
resuspended in Shandon* ClearVue Mount (Thermo Scientific
LLC, Waltham, MA, USA), and sonicated for one hour. To
correlate the number of NPs with the PA signal, phantoms were
constructed with varying concentrations of NPs. A volume of
25 ul of NP solution was placed on a 1 mm thick microscope
glass slide. A 25 um stainless steel spacer (McMaster Carr Supply
Company, Elmhurst, IL, USA) was placed on the slide to stan-
dardize the sample thickness. The sample was then covered by
a 50 um glass coverslip and remained at room temperature for
6 h before being sealed with fingernail polish. A laser energy of
5.6 uJ was used to measure the PA signal dependence with the
NP quantity, and a phantom with 5.2 x 10'* NPs per mL was
used for the laser fluence dependence. For each phantom
experiment, 200 laser-induced PA signals at 10 different posi-
tions were averaged. All correlation studies were repeated four
times and additionally repeated before every imaging measure-
ment to avoid apparatus variations.

Cell Study. In vitro murine J774A.1 macrophage cells were
cultured using phenol-free DMEM/F12 (Life Technologies Corp.,
Grand Island, NY, USA) cell medium supplemented with 10%
fetal bovine serum (Phenix Research Products Inc., Candler, NC,
USA). After the cells reached ~70% confluence, adherent cells
were incubated with 1.9 x 10">NPs and 3.7 x 10'2 NPs per mL
of cell culture media, respectively. After 22 h the cells were
rinsed with phosphate-buffered saline three times, removed
from the cell culture flasks, and fixed in 10% formalin. After 2 h,
the cells were centrifuged to remove excess formalin and
resuspended in deionized water. Aliquots of 20 uL of the cell
suspension were placed on microscope slides, dried at 60 °C,
mounted with Shandon* ClearVue Mount, and sealed in a
coverslip. These samples had an average of 5 x 10° cells per
slide and were used to determine the average number of NPs
per cell using the PA microscope. These samples included a
small 25 um thick stainless steel marker placed between the
microscope slide and coverslip for dark-field optical image co-
registration (DMI 3000 B, Leica Microsystems GmbH, Germany).

The molar extinction of cell suspensions in water was
analyzed using a spectrophotometer (UV-3600, Shimadzu Corp.
Kyoto, Japan). Spectra from known concentrations of NPs were
acquired and used to determine the molar extinction coeffi-
cient. The number of NPs in cells incubated with 3.7 x 10" NPs
per mL of media was quantified using ICP-MS, and then extinc-
tion spectra were acquired. Cells without NPs were used to
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subtract the contribution of the cells to the molar extinction
coefficient of the NPs.

Quantitative PA imaging results were compared to a quad-
rupole ICP-MS (Agilent 7500ce, Agilent Technologies Inc., Santa
Clara, CA, USA) with H, as the reaction gas. Samples of 1 x 107
cells incubated with 0, 7.5 x 10", and 1.9 x 10" NPs per mL of
cell culture media were each placed in polyethylene containers,
dehydrated at 60 °C, dissolved in 70% HNOs for 24 h at 60 °C,
and diluted to a final concentration of 2% HNOs. Estimating an
average of 71700 iron atoms per NP, the ICP-MS results were
converted to number of NPs per cell.

Animal Model. Xenograft A431 human epithelial carcinoma
tumors were grown in the flank of a Nu/Nu mouse. First, A431
carcinoma cells were cultured in vitro using phenol-free DMEM/
F12 cell medium supplemented with 10% fetal bovine serum.
The cells 24 x 10° were then suspended in 400 uL of
phosphate-buffered saline and injected into the right flanks of
two mice, 200 uL in each mouse. After 2 weeks when the tumors
reached 8—10 mm in diameter, approximately 5 x 10'* NPs
were directly injected into the tumor of one mouse. The other
mouse served as a control for the study. During all injections, the
mice were anesthetized with avertin. One day after the NP
inoculation, both mice were euthanized by carbon dioxide
asphyxiation followed by cerebral dislocation, and the tumors
were harvested for histology. All experimental animal proce-
dures were performed in compliance with the National Insti-
tutes of Health, and the animal protocol was approved by the
University of Texas at Austin Institutional Animal Care and Use
Committee.

Histology. The harvested tumors were placed in 10% neutral
buffered formalin for 24 h for fixation of the tissue. The tumors
were then transferred into a solution of 70% ethanol and sent to
the University of Texas M.D. Anderson Cancer Center Science
Park, Department of Molecular Carcinogenesis (Smithville, TX
78957, USA), for histology preparation. The tumors were placed
into a Shandon* Excelsior tissue processor (Thermo Scientific LLC)
to be dehydrated by increasing the ethanol content from 70% to
100%, cleared with Shandon* Xylene Substitute (Thermo Scientific
LLC), and infiltrated with Paraplast (McCormick Scientific LLC,
Richmond, IL, USA). The tumors were then embedded into Para-
plast mold, sliced into 5 um thick sections, and placed on 1 mm
thick glass microscope slides.

The unstained slides were then deparaffinized by heating
the slides to 60 °C for 30 min, cooled to room temperature,
soaked in xylene substitute for 10 min, soaked in 100% ethanol
for 10 min, and rinsed with deionized water (diH,0). Hematox-
ylin and eosin stained slides were processed in a Shandon*
Varistain Gemini Slide Stainer (Thermo Scientific LLC) by first
deparaffinizing the sample and staining with Shandon* Gill
2 Hematoxylin (Thermo Scientific LLC) and Shandon* Eosin Y
(Thermo Scientific LLC) for 4 min. The stained samples were
then rinsed with diH,0 and dehydrated. Prussian blue stain was
used to visualize the presence of NPs in the tissues by staining
the iron atoms and was processed by deparaffinizing the
samples and placing the samples in equal parts 2% potassium
ferrocyanide (Sigma-Aldrich Corp., St. Louis, MO, USA) and 2%
hydrochloric acid. The solution and sample were then heated
for 20 min at 60 °C. The stained samples were then rinsed in
diH,0 and counterstained in nuclear-fast red (American Master
Tech Scientific Inc,, Lodi, CA, USA) for 5 min. The samples were
rinsed again in diH,O and dehydrated. After staining, the
samples were dehydrated using ethanol and xylene substitute.
The tissue was then coated with Shandon* ClearVue Mount
mounting media and sealed with a 50 um thick glass coverslip.

The unstained, H&E stained, and Prussian blue stained
histology samples were first bright-field imaged using the
aforementioned optical microscope with a 1.25x objective.
Black marks using a marker (14-905-30, Fisherbrand Securline
Marker Il pens, Fisher Scientific Company LLC, Pittsburgh, PA,
USA) were place on the coverslip of the unstained histology
sample for image co-registration with the PA image, and
the slide was reimaged using the 1.25x objective. Using a
40x objective, the Prussian blue histology sample was bright-
field imaged to confirm NP delivery into the tissue.
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