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Introduction

Abstract. This study compares fluorescence and photoacoustic (PA) imaging of ex vivo tumors and organs from
tumor-bearing mice injected intravenously with ultrasmall (<3 nm) tiopronin-capped Au nanoparticles and com-
pares the data with inductively coupled plasma mass spectrometry (ICP-MS). Good agreement is seen in particle
distributions and concentrations at the organ level. The spatial resolution from the imaging techniques allows for
localization of the particles within organ structures. Although the particles do not have a plasmon peak, their
absorbance in the near-infrared (NIR) is sufficient for PA excitation. PA imaging shows an increase of signal
as particle concentrations increase, with changes in spectrum if particles aggregate. Fluorescence imaging
using the particles’ native NIR emission shows agreement in general intensity in each organ, though quenching
of emission can be seen at very high concentrations. Both of these imaging techniques are noninvasive and
labor-saving alternatives to organ digestion and ICP-MS and may provide insight into cellular distribution of
particles. The simple construct avoids the use of toxic semiconductor materials or dyes, relying upon the
gold itself for both the fluorescence and PA signal. This provides a useful alternative to more complex
approaches to multimodal imaging and one that is readily translatable to the clinic. © 2015 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.6.066007]
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due to the negative charge on the membrane.'> Particles may

Gold nanoparticles (NPs) have been used in a wide variety of
medical applications due to their ease of synthesis and chemical
functionalization, interesting optical and physical properties, and
low toxicity. There have been numerous reports in the literature of
using AuNPs in photothermal therapy,' dose-enhanced radio-
therapy,*® as drug carriers,® or bioimaging contrast agents,”
mostly for cancer-related biomedical applications.

Biodistribution and clearance of NPs are very complex and
important issues when considering efficacy of nanomedicines or
in vivo nanotoxicity. The approval of NP-based agents by the
food and drug administration (FDA) is hindered by the lack
of consistent data or guidelines.'” The general scheme of NP
clearance seems to be through three main mechanisms: renal,
hepatic, and reticuloendothelial system (RES)."!

Renal clearance is the preferable pathway for NPs to mini-
mize intracellular catabolism and enzymatic modification lead-
ing to undesirable nanomaterial retention and cytotoxicity.'? In
considering clearance through the kidneys and ultimate excre-
tion into the urine, the physiological factors of importance are
the fenestrated epithelium of the glomerular capillary wall, the
highly negatively charged glomerular basement membrane, and
the podocyte extensions of glomerular epithelial cells.'? The size
barrier is the filtration slit, with a physiological pore size of 4.5
to 5 nm. Particles between 6 and 8 nm may pass through based
upon charge interactions; positive NPs are more readily filtered
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also become resorbed in the proximal tubule due to the nega-
tively charged nature of the epithelial cells.'* In hepatic clear-
ance, hepatocytes in the liver eliminate foreign substances and
particles by endocytosis, followed by enzymatic breakdown of
the particles and excretion into the bile via the biliary system.'*
NPs between 10 and 20 nm undergo rapid liver uptake, but the
subsequent hepatic processing and biliary excretion is usually
slow.'> The prolonged retention of NPs from this relatively
slow clearance pathway and associated complex catabolites rep-
resents a concern of toxicity to the liver parenchyma.'

Clearance through the RES results from the removal of NPs
from the blood by phagocytic cells in the blood and tissues.'
Examples of phagocytic cells of the RES include blood-circu-
lating monocytes, hepatic Kupffer cells, splenic red-pulp and
marginal zone macrophages as well as bone marrow persinal
macrophages and sinus endothelial cells.!! Surface opsoniza-
tion, where opsonins and other complements or immune
proteins are deposited on the NP surface, mediate NP recogni-
tion and clearance from the blood by the RES.'"!® Some NPs
undergo intracellular degradation inside RES cells when phag-
ocytosed; if they cannot be broken by these intracellular proc-
esses effectively, as is the case with gold, they will remain within
the cell and be retained by the body, mostly in the spleen and
liver, 1217-19

The enhanced permeability and retention (EPR) effect refers
to the preferential passive accumulation of NPs (<200 nm) in
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tumors due to the leaky and disorganized vasculature that
malignancies produce to sustain growth. There have been many
strategies to try to optimize NP delivery to cancer by taking
advantage of the EPR effect;***! current liposomal drug formu-
lations, such as Doxil, Caelyx, and Abraxane, are based upon
this principle.?>>> Au nanostructures of a wide range of sizes
and geometries have been shown to passively accumulate in
tumors due to the EPR effect.?2° The site and quantity of accu-
mulation depend upon the particle size and charge. A systematic
study using different sizes of Au-tiopronin indicated that while
the smallest NPs (2 and 6 nm) accumulated mostly in the liver
and spleen after [V injection into tumor-bearing mice, only these
small sizes could enter tumor cell nuclei.*

One of the key questions in this field is whether additional
targeting strategies can improve selective accumulation in
tumors versus nontarget organs.’! Active targeting of NPs
to improve upon the EPR effect has been attempted using
amphiphilic polymers, polyethylene glycol coating, streptavi-
din—biotin systems, antibodies, affibodies, aptamers, and spe-
cific ligands for cancer-cell receptors.’> However, the degree
to which this improves delivery, and the desirability of using
targeted constructs over passively delivered NPs, has not been
fully established, for the primary reason that assays take large
numbers of animals and usually sample only limited time
points, giving a poor picture of uptake and clearance kinetics.
In a typical biodistribution experiment, NPs are injected into
test animals, which are subsequently sacrificed and have their
organs harvested to perform elemental analysis.**

In the context of gold NPs, instrumental neutron activation
analysis and inductively coupled plasma mass spectrometry
(ICP-MS) are the “gold standards” for accurately determining
the concentration and localization of gold NPs in animal
tissues.** In ICP-MS, the sample is nebulized by a plasma
torch and converted to plasma prior to quantification by a
mass spectrometer system.”> The limit of detection for gold
using ICP-MS is as low as 0.001 pg/kg, or one part per trillion,
which is more than sufficient for an accurate quantitative
analysis of gold NP distribution.***> However, it is an endpoint
sampling method that is costly, time consuming, and yields
only bulk organ-level resolution. Furthermore, it cannot easily
be translated into human clinical research. Histology, auto-
metallography, and electron microscopy (including scanning
electron microscopy and transmission electron microscopy
(TEM) with energy dispersive x-ray spectroscopy and its var-
iants) are qualitative techniques that can improve the biological
resolution of localizing gold NPs in ex vivo tissues. However,
these methods also suffer from similar drawbacks of the need
to sacrifice animals and of labor-intensive sample prepara-
tion.>* There is a need to develop new methods to evaluate
in vivo biodistribution of NPs quantitatively in real time. In
this paper, we demonstrate the use of fluorescent and photo-
acoustic (PA) imaging to evaluate the biodistribution of ultra-
small gold NPs in excised organs as a first step toward this
goal.

In vivo optical and optoacoustic techniques have been
suggested and developed to supplement conventional bio-
distribution study methods.* In PA imaging, pulsed laser
illumination is used to induce the heating of a light-absorbing
volume, such as gold NPs, by optical absorption. The aqueous
medium undergoes thermoelastic expansion due to heat

generate an image. The advantage of combined high-frequency
ultrasound and PA imaging is inherently coregistered high spa-
tial resolution images with high sensitivity to endogenous and
exogenous compounds in real time.*® Mallidi et al.” showed that
PA imaging was able to discern between anti-epidermal growth
factor receptor gold NPs, nonconjugated gold NPs, and a near-
infrared (NIR) dye in mouse tissue ex vivo. Cook et al.® have
reported the use of PA imaging for quantitative assessment of
gold NP biodistribution in cells and xenograft tumor tissue
sections.

Ultrasmall gold NPs and nanoclusters can be made to be
inherently fluorescent without conjugation to fluorophores.®’
Reported quantum yields for these gold NPs range from 106
to 1072 and depend on the choice of the capping ligand and
the size of the gold core.”’” These fluorescent NPs have been
used for in vivo whole animal and excised organ imaging in sev-
eral studies. Liu et al.’ used in sifu fluorescence imaging of
tumor-bearing nude mice to quantitatively determine the phar-
macokinetics and passive tumor targeting effects of NIR-emit-
ting glutathione-coated luminescent gold NPs. Sykes et al.*®
demonstrated the use of noninvasive and rapid skin biopsies
coupled with optical imaging to analyze gold NPs and quantum
dot exposure in animals.

Previous approaches to combining PA imaging with other
imaging modalities, such as fluorescence imaging™*! and ultra-
sound imaging,*? have relied upon different materials to provide
contrast for each method. Probes used are typically conjugates
or encapsulations of unimodal fluorescent, ultrasound, and
magnetic resonance contrast agents. Other materials, such as
quantum dots or single-walled carbon nanotubes, could serve
as intrinsically multimodal contrast agents, but biocompatibility
and toxicity concerns with regard to heavy metal leaching from
quantum dots and cytotoxicity of carbon nanotubes currently
limit their clinical usage.

In this study, we take advantage of the intrinsic PA and fluo-
rescence properties of ultrasmall gold NPs to create a simple
multimodal agent comprised only of constituents that have
been FDA approved. We evaluate biodistribution and compare
the results with the quantitative measurements from inductively
coupled plasma mass spectrometry finding good agreement at
the organ level between the imaging techniques, as well as
excellent spatial resolution that allows for localization of the
particles within organ structures.

2 Materials and Methods

Ultrasmall gold NPs were synthesized using a method detailed
in Zhang et al.% Briefly, hydrogen tetrachloroaureate(IIl) trihy-
drate (0.5 mmol) and tiopronin [N-(2-mercaptopropionyl)gly-
cine] (1.2 mmol) were dissolved in 20 mL of methanol/acetic
acid 6:1, and an aqueous solution of sodium borohydrate
(7.5 mL, 8 mM) was added slowly. After vigorous stirring
for 30 min, the resulting black solution was collected and
concentrated. The residues were dissolved in 20 mL H,O
and dialyzed for 72 h against dH,O (2 L), which was changed
every 12 h. Gold NPs were characterized by TEM, absorbance,
and fluorescence spectroscopy. Quantum yield (®) was calcu-
lated with the reference of rhodamine 6G (Rho, quantum
yield: 95% in ethanol) according to the following equation:

Dy, X Emission g nps

transfer from the particles to generate acoustically detectable D punps = —
pressure waves. The acoustic signal is detected and used to Emissiongy,
Journal of Biomedical Optics 066007-2 June 2015 « Vol. 20(6)



Poon et al.: Determination of biodistribution of ultrasmall, near-infrared emitting gold nanoparticles by photoacoustic and fluorescence imaging

UV-Vis absorbance spectra were recorded on an i3
SpectraMax Plus plate reader and fluorescence emission
spectra on a Gemini EM plate reader (Molecular Devices,
Novato, California). Fourier transform infrared spectroscopy
(FTIR) was performed on a Nicolet FTIR spectrometer
(Thermo Scientific). Zeta potential was measured using
Zeta plus/Zeta potential analyzer (Brookhaven Instruments
Corporation, New York). The 1.3 mL of AuNPs at an
approximate concentration of 1 M in 1X phosphate-buffered
saline (pH 7.4) inside a cuvette was analyzed using the
Smoluchowski approximation setting and averaged over 10
runs. Samples for TEM were prepared on carbon coated copper
grids, and examined with an accelerating voltage of 200 keV on
a JEM-2100F field emission transmission electron microscope
(JEOL, Peabody, Massachusetts).

The in vivo model for determining gold NP biodistribution
by ICP-MS was a melanoma allograft. Animal protocols for the
melanoma model were approved by the Canadian Council on
Animal Care and the McGill University Animal Care. B16 mela-
noma cells were implanted on the hind limbs of C57/BL6 mice.
Initially, tumors were induced by injecting 5 X 10 of melanoma
cells in 200 L. volume subcutaneously in the hindlimb using
a 24G needle. Biodistribution experiments were performed
7 to 10 days postinoculation when the tumors had grown to
be ~5 mm in diameter.

The in vivo model for PA and fluorescence imaging experi-
ments was a lung cancer allograft. Animal protocols for the
lung cancer model were approved by the Canadian Council on
Animal Care and the Visualsonics Animal Care Committee.
Lewis lung carcinoma (LLC) cells were implanted on the
hind limbs of nude mice. Initially, graft tumors were induced
by injecting 5 x 103 cells in 50 uL volume subcutaneously in
the hindlimb using a 30G needle. Mice were removed from
anesthesia and returned to their cages after full recovery.
Tumors were imaged 7 days postinoculation, by which time
they had grown to ~5 mm in diameter. NPs were delivered
as a 100 uL bolus of 100 uM gold NP solution injected intra-
venously into the tail vein. Twenty four hours postinjection, the
mice were sacrificed by carbon dioxide asphyxiation followed
by cardiac exsanguination. The organs were excised, washed,
and fixed with glutaraldehyde.

ICP-MS was used to quantify the gold elemental content of
most major organs. Organs were dissolved in aqua regia (one
part nitric acid to three parts hydrochloric acid). The remaining
inorganic component was resuspended in 1% nitric acid and
1% hydrochloric acid. Germanium (10 ppb) was added to all
samples as the internal standard. Samples were analyzed using
the ThermoScientific iCAPQ system using Glass Expansion
(Pocasset, Massachusetts) nickel/copper base sampler cone
and nickel skimmer cone with insert. Sample uptake time of
30 s and wash time of 60 s were used throughout the analysis.
Gold standards at 0.1, 1, 10, 50, 100, and 500 ppb were used to
generate the standard curve. Au-197 counts in organs were
normalized to the average counts of Ge-72 from the standards.
Gold elemental content is expressed and normalized to the
excised organ mass in ppb/g.

For fluorescence imaging, the excised organs were imaged
using an IVIS spectrum imaging apparatus (PerkinElmer) and
associated Living Image software in fluorescent mode with the
lamp level set too high. Excitation and emission filters at 675
and 780 nm, respectively, were used for optimal signal generation
from the injected gold NPs. The exposure time was between 0.5

Journal of Biomedical Optics

066007-3

and 2 s, adjusted so that the resultant images had a signal between
600 and 60,000 counts. Autofluorescence was subtracted from
images using noninjected organs as a reference.

For PA imaging, the excised organs were immersed in
ultrasound gel and imaged using a Vevo LAZR PA imaging sys-
tem (FUJIFILM VisualSonics, Inc., Toronto). Spleens, kidneys,
livers, and tumors were imaged with Spectro mode (images
taken at wavelengths from 680 to 970 nm at 5 nm intervals;
pulse duration is 5 to 10 ns, pulse repetition rate = 20 Hz,
fluence < 20 mJ/cm?). Ultrasound and PA images were acquired
with a LZ-250 transducer (center frequency = 21 MHz,
axial resolution = 75 pum, lateral resolution = 165 um). A poly-
ethylene tube (PE20, VWR) filled with the gold NP solution
was imaged in a similar fashion. Regions of interest within each
sample were drawn and spectral curves of PA signal intensity
versus wavelength were generated with the onboard VisualSonics
software and compared. Spectral unmixing was performed using
the Vevo LAZR onboard software to distinguish multiple com-
ponents in each image.

3 Results and Discussion

3.1 Particle Characterization and ICP-MS

The Au particles were capped with tiopronin [Fig. 1(a)], giving
them a negative charge at physiological pH (zeta potential =
—16.79 £ 1.94 mV).The FTIR spectrum showed the stretches
at 3300 nm (O=H of carboxylic acids) and 1700 nm (C=0
of carboxylic acids), which further confirmed the successful
synthesis of the NPs [Fig. 1(b)]. TEM showed particles that
were uniform in size, 2.7 0.9 nm in diameter [Fig. 1(c)].
Thiol capping causes a broadening of the surface plasmon peak,
and at this size of NP, there was no distinct peak at any wave-
length, consistent with previous studies.* The particles were
fluorescent in the NIR range with a quantum yield of ~1.62 X
1073 [Fig. 1(d)].

To establish a basis of comparison between the imaging modal-
ities, biodistribution of gold NPs as determined by ICP-MS was
performed. B16 melanoma tumor-bearing C57/BL6 mice were
injected intravenously via the tail vein with gold NPs. At 1 and
24 h postinjection, the animals were sacrificed and the gold elemen-
tal content of the major organs were analyzed by ICP-MS. Gold
NPs were found to be retained in the animal for at least 24 h post-
injection (Table 1). The major organs of accumulation, as expected
from the main routes of clearance, were the spleen, kidneys, and
liver. Detection of gold in the lungs, heart, pancreas, and muscle
was most likely from the respective blood volumes retained inside
those organs. There were negligible amounts of gold in the brain,
indicating that the particles did not pass the blood-brain barrier.
There was no statistically significant difference (as determined
by two-way analysis of variance with p > 0.05) in gold concen-
tration in liver versus spleen versus kidney versus tumor when
normalized to organ weight [Fig. 2(a)]. However, when the total
amount of Au was considered, most were found in the liver and
tumor [Fig. 2(b)]. With regard to the spleen, although the gold
concentration was high, the total mass amount of Au is actually
much lower than that of the liver and tumor. The Au concentra-
tion and mass accumulation in the tumor are both among the
highest in the examined organs. As such, this demonstrates
that Au-tiopronin, which is passive-targeting NP due to the
lack of conjugated targeting moieties, is suitable to be used for
drug delivery to tumors.
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Fig. 1 Tiopronin-capped ultrasmall gold nanoparticles (NPs). (a) Schematic. (b) Infrared (IR) spectrum.
(c) Representative transmission electron microscopy image indicating uniform distribution and 2.7 + 0.9
diameter. (d) Absorbance and fluorescence emission spectra (arbitrary units).

Table 1 Biodistribution of gold nanoparticles in mice at 1 and 24 h
postinjection by inductively coupled plasma mass spectrometry analy-
sis (shown as mean + SEM, n = 3).

[Au] (ppb/g tissue) [Au] (u9)
Organ 4 h 24 h 4 h 24 h
Tumor 170+ 60 150 +90 08+0.3 1.0+0.3
Liver 130+50 120+ 60 1.2+0.3 1.4+05
Kidneys 120 £40 100 +50 0.4+0.2 0.4+0.2
Spleen 20t 4 80 £ 50 0.012 £ 0.002 0.06 + 0.04
Lungs 3020 26+16 0.05+£0.03 0.08 £ 0.01
Heart 114+ 11 3+2 0.02 +0.02 0.01 +0.01
Pancreas 27+5 27+22  0.029 +0.009 0.02 £ 0.01
Muscle 19+4 9+4 0.04 £0.01 0.015 £ 0.005
Brain 1.7+£02 06+£0.6 0.0064+0.0007 0.002+0.004

3.2 PA Imaging

The mouse hair of the C57/BL6 strain and the high concentra-
tion of melanin produced by the implanted B16 melanoma
tumor caused interference and attenuation of the PA and fluo-
rescence signal from gold NPs.** Thus, for imaging experi-
ments, the LLC nude mouse model was used instead of the
B16 melanoma C57/BL6 mouse model. Spectrally unmixed
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PA images showed, with high resolution, the location and rel-
ative amount of distinct components within the samples. Three
distinct spectral curves were identified from the subsets of
regions of interest in all organs (Fig. 3). Component 1 (in
red) matched the spectral curve for hemoglobin and component
2 (in blue) showed some characteristics of hemoglobin but
with differences at shorter wavelengths (missing the peak at
~760 nm, which normally corresponds to deoxygenated hemo-
globin). Component 3 (in yellow) showed a linear decay of
intensity with increasing wavelength. Component 3 was not
seen in control noninjected organs and so was assigned to the
Au particles.

Spectrally unmixed images of control and injected organs are
shown in Fig. 4. Components 1 and 2 were combined and are
represented in red, and component 3 (the gold NP signal) is
represented in yellow. In the injected liver [Fig. 4(e)], the gold
NP signal was observed on the surface of the entire organ. In
the injected kidneys [Fig. 4(f)], the gold NP signal was seen
on the surface as well. In the injected spleen [Fig. 4(g)],
there was a strong gold NP signal throughout the organ interior
and also some component 1 signal near the edges/apices of the
spleen. In the tumor [Fig. 4(h)], the gold NP signal was concen-
trated only in the apical half of the lesion.

These results from PA imaging suggested that the concentra-
tion of gold NPs was highest in the spleen and tumor. There
was a weaker signal observed in the liver and kidneys by PA
imaging. Aggregation of the particles dramatically increases the
intensity of the signal (tested concentrations, up to 34 uM, with
and without acid-induced aggregation; see Appendix Fig. 7);
it is, therefore, likely that some aggregation occurred in spleen,
accounting for the very high signal seen in this organ.
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Fig. 3 Spectral curves of the three components identified in excised
organs by photoacoustic imaging. Component 1 (in red) matched the
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wavelengths. Component 3 (in yellow) is the signal from gold NPs,
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for Au particles imaged in solution).
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3.3 NIR Fluorescence Imaging

Figure 5 shows the total fluorescence signal intensity from
injected and control organs. Strong autofluorescence was
seen in the kidneys. Both the liver and kidney fluorescence sig-
nals completely dominated the spleen when imaged together.
Thus, each organ pair (control versus injected) was imaged
side by side for autofluorescence subtraction. Subtracted images
are shown in Fig. 6, with dark red representing low epifluores-
cence counts and yellow representing high epifluorescence
counts. As expected, a low fluorescence signal was observed
in control organs with no gold NPs [Figs. 6(a), 6(c), and 6(e)].
This degree of autofluorescence was consistent with what has
been seen previously.* It was primarily found on the ventral
side of the organs, probably due to the location of the blood
supply.

In the injected organs, the fluorescence signal from gold
NPs was seen everywhere in the liver and spleen, with distinct
concentrated regions in the interior [Figs. 6(b) and 6(f)]. For
the tumor, the gold NPs were concentrated in the core of
the lesion [Fig. 6(d)]. The autofluorescence in the kidneys
[Fig. 6(g)] was difficult to eliminate completely. When the

Spleen Tumor

Fig. 4 Spectrally unmixed images of (a) control liver, (b) control kidney, (c) control spleen, (d) control
tumor, (e) injected liver, (f) injected kidney, (g) injected spleen, and (h) injected tumor. Red denotes com-
ponent 1 and 2 photoacoustic signal, whereas yellow denotes component 3 of the photoacoustic signal.
White dotted lines give the outline of the organ.
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Fig. 5 Total fluorescence signal intensity from gold NP injected and
control excised organs imaged using the IVIS spectrum imaging
system.

kidneys were sliced coronally [Fig. 6(h)], it was found that
the fluorescence signal was mostly from the outer layers of
the kidney, most likely the renal capsule or cortex. The signal
in spleen was likely somewhat attenuated by quenching due to
the high concentration of Au present (see Figs. 8 and 9 in the
Appendix).

The localization of gold NPs throughout the entire liver
is consistent with previous observations that Kupffer cells
throughout the liver are responsible for the retention of gold
NPs.”” In the kidney, gold NPs were found mainly in the
renal capsule and cortex, which suggested that gold NPs that
were cleared into the renal tubule were excreted in the urine
without being reabsorbed in the renal pelvis.

3.4 Comparing Between ICP-MS, PA Imaging, and
NIR Fluorescence Imaging

Both PA imaging and NIR fluorescence imaging of all organs
with Au-tiopronin NPs generally matched the trend of Au con-
centration results as determined quantitatively by ICP-MS. In
the liver, PA imaging revealed that gold NPs were localized
to the surface, while fluorescence imaging showed that the
NPs were almost uniformly distributed throughout the organ.
In the tumor, both imaging techniques showed lower than
expected signal densities as compared to the ICP-MS results.
This may be a result of poor vascularization of the LLC as it
is exogenous to the athymic nude mice, as well as the size
of the tumor used for experimentation that has a reduced
EPR effect.* In the spleen, PA imaging showed high concen-
tration of Au-tiopronin throughout the organ, whereas fluores-
cence imaging showed similar results but with distinctively
higher signals at the organ poles. This may suggest that Au-tio-
pronin accumulates distal to the splenic hilum. In the kidneys,
both imaging modalities are in agreement in demonstrating that
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Fig. 6 Fluorescence signal intensity from gold NP injected and control
excised organ pairs imaged from different orientations using the IVIS
Spectrum imaging system. (a) Control liver. (b) Au-injected liver.
(c) Control tumor. (d) Au-injected tumor. (e) Control spleen. (f) Au-
injected spleen. (g) Top view of kidney with and without Au. (h)
Coronal section of kidney with and without Au. Fluorescence intensity
is scaled as (a and b) 40,000 to 64,741 counts. (c and d) 11,800 to
16,077 counts. (e and f) 9000 to 14,148 counts. (g) 11,689 to 12,306
counts. (h) 5800 to 7701 counts.

Au-tiopronin is mainly in the renal cortex or capsule. However,
the high degree of intrinsic autofluorescence made it difficult to
make direct comparisons between the renal tissue and other
organs. The fixation process of the tissues ex vivo with gluta-
raldehyde also contributes the autofluorescence. While there
are some proposed methods of minimizing autofluoresence in
the fixation process, there are currently no effective strategies
to eliminate kidney autofluoresence in vivo other than improv-
ing the quantum yield of the fluorescent contrast agent*’ or
using agents that emit more deeply in the infrared.
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Fig. 7 Photoacoustic spectral curves of water-dispersed and aggre-
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Fig. 8 Indicated concentrations of AuNP (in dH,O) imaged with
the IVIS system. Images were acquired using 675-nm excitation
and 780-nm emission filters. As concentration increases, the AuNP
fluorescence self-quenches.

Fig. 9 Image of a raw chicken thigh (as a tissue phantom) taken with
the IVIS system after injection of 100 pL of indicated concentrations of
AuNP. Images were acquired using 675-nm excitation and 780-nm
emission filters. A similar trend was observed in the tissue phantom
scenario as with the AuNP in Eppendorf tubes. As concentration
increases, the AuNP fluorescence self-quenches.
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4 Conclusion

This study demonstrated that tiopronin-capped gold NPs may be
used as agents for fluorescence and PA imaging for determining
their biodistribution in organs and tumors. Both imaging tech-
niques correlate well with one another and are in agreement with
the bulk-organ level ICP-MS data. As Au-tiopronin NPs have
already been demonstrated to be promising drug carriers for
cancer treatment, these results suggest PA and fluorescence
imaging may potentially be used to track this drug delivery
process.

The differences in the patterns seen with fluorescence versus
PA imaging illustrate the strengths and weaknesses of each tech-
nique. Fluorescence signals may be obscured by autofluores-
cence, and at high concentrations, fluorescent NPs self-quench.

Appendix

Characterization of spectra of particles in sifu or in phantoms
was performed in order to facilitate interpretation of the in vivo
data. Particles in aqueous solution were aggregated by lowering
the pH of the solution with HCI until visible agglomeration
occurred. The PA spectra of these aggregated particles are
shown compared with the well dispersed particles in Fig. 7.

Fluorescence spectra were also acquired from particles in
solution at different concentrations in order to evaluate the
self-quenching of AuNP emission. As can be seen in Fig. §,
a reduction in signal intensity occurred at ~200 nM as com-
pared with ~100 nM concentration. At ~900 nM concentration,
the signal was weaker than at 30 nM. The same effect was
observed in a tissue phantom (Fig. 9).
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