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Abstract

The development of high-performance photoacoustic (PA) probes that can monitor disease
biomarkers in deep-tissue has the potential to replace invasive medical procedures such as a
biopsy. However, such probes must be highly optimized for in vivo performance and exhibit an
exceptional safety profile. In this study, we have developed PACu-1, the first PA probe designed
for biopsy-free assessment (BFA) of hepatic Cu via photoacoustic imaging. PACu-1 features a
Cu(l)-responsive trigger appended to an aza-BODIPY dye platform that has been optimized for
ratiometric sensing. Owing to its excellent performance, we were able to detect basal levels of Cu
in healthy wildtype mice, as well as elevated Cu in a Wilson's disease model and in a liver
metastasis model. To showcase the potential impact of PACu-1 for BFA, we conducted a blind
study where we were able to successfully identify a Wilson’s disease animal from a group of
healthy control mice with greater than 99.7% confidence.

Significance Statement

The ability to non-invasively detect and track disease biomarkers via photoacoustic imaging can
potentially serve as a substitute for invasive medical procedures such as a liver biopsy. While
achieving this goal can have a profound impact on disease management, it is an immense
challenge that requires novel chemical tools that are sensitive, selective, and safe. Here we
report an acoustogenic probe designed for Cu(l), which becomes dysregulated in many disease
states. In addition to demonstrating in vivo efficacy in multiple models, we designed a blind study
to assess its utility for biopsy-free assessment of hepatic copper levels in Wilson’s disease. This
work sets the stage for future studies to evaluate the performance of acoustogenic probe designs
for biomedical applications.

Main Text
Introduction

Photoacoustic (PA) imaging is a light-in, sound-out technique that has emerged as a promising
biomedical approach for the non-invasive assessment of various ailments in humans, ranging
from arthritis to cancer.” 2 Excitation of an endogenous pigment such as hemoglobin in blood or
melanin in tissue can provide contrast since relaxation via non-radiative decay can trigger
thermoelastic expansion of the surrounding tissue. Repeatedly irradiating a region of interest with
a pulsed laser can result in pressure waves that can be readily detected by ultrasound
transducers. Since ultrasound at clinically relevant frequencies can travel through the body with
minimal perturbation, it is possible to accurately pinpoint the source of the signal to afford high
resolution images at centimeter imaging depths.® Beyond label-free applications, the utility of PA
imaging for disease detection has been augmented by the recent development of acoustogenic
probes (activatable PA probes) that give an off-on signal enhancement or ratiometric readout.* °
Notable examples include those that can visualize dysregulated enzymatic activities,®® properties
of the disease tissue microenvironment,’®?? as well as small molecule- and metal ion-based
disease biomarkers.’**¢ However, replacing an invasive medical procedure such as a liver biopsy
with an acoustogenic probe is an immense challenge since the in vivo performance and safety
profile of such a chemical tool must be exceptional. Thus, in spite of undesirable shortcomings
such as the potential to develop severe infections, false negatives due to collection of non-
diseased tissue, and the inability to directly monitor disease progression in real-time,*° liver
biopsies are still commonly employed to assess biomarkers in conditions such as Wilson’s
disease (WD)? and cancer.*



It is noteworthy that elevated levels of hepatic copper (Cu) is a common biomarker shared by
these conditions. In WD, Cu accumulates in the liver due to a genetic mutation in the Cu-exporter,
ATP7B, and this can lead to chronic liver damage which can become fatal if not treated.?> % In the

context of cancer, Cu is elevated in many solid tumors including breast® % and lung® %’ cancers
which generally metastasize to the liver. Since Cu can promote angiogenesis and drive tumor
progression, BFA of Cu in metastatic lesions is critical. While several probes have been
developed for in vivo imaging of Cu, these early examples were designed for fluorescent®® and
bioluminescent®*® methods which are more suitable for shallow imaging depths (mm range) owing
to scattering and attenuation of light. More recently, our group** * and others® have developed
Cu probes for PA imaging to achieve greater tissue penetration and higher resolution. However,
these probes are designed to target Cu(ll), whereas intracellular Cu exists predominantly in the
+1-form owing to a highly reducing environment of the cell.* To overcome this challenge, we
present the development of PACu-1, the first acoustogenic probe for Cu(l) and its application in
BFA of hepatic Cu in a WD model and a liver metastasis model. Moreover, we designed an
unbiased BFA blind study to identify a Wilson's disease mouse from a group of healthy wildtype
controls using PACu-1.

Results

Design and Characterization of PACu-1

To target the +1-oxidation state of Cu, we installed a Cu(l)-responsive tris[(2-pyridyl)methyl]lamine
(TPA)* trigger onto an optimized aza-BODIPY dye platform to yield PACu-1 which features
ratiometric imaging capabilities. Specifically, we hypothesized capping of the 2,6-dichlorophenol
moiety will result in a blue-shift of the wavelength of maximum absorbance (Amax) relative to the
uncapped probe. However, the binding of Cu(l) to TPA will induce an oxidative cleavage event of
the pendant ether linkage to release the latent dye (Figure 1a). Subsequently, selective
irradiation of each form (probe and product) at their corresponding Amax Will yield two signals, from
which a ratio can be determined. This probe design feature is important for BFA, especially in the
liver since we anticipate there to be significant background interference from blood. In addition,
we selected the aza-BODIPY platform to develop PACu-1 due to their large extinction coefficients
(10* to 10° M*cm™) in the near infrared range and low fluorescence quantum yields since both of
properties translate to a stronger PA signal.® Lastly, we have determined empirically that many of
the aza-BODIPY-based probes we have developed intrinsically localizes to the liver owing to its
relatively high hydrophobic properties.

After synthesizing PACu-1 (Scheme S1), we evaluated its in vitro response to 20 equivalents of
Cu(l) (introduced as [Cu(CH;CN),4]PF). After 1 h incubation at room temperature, we observed a
large spectral shift of 91 nm from 678 nm (probe, € = 5.3 x 10* M'cm™) to 767 nm (product, € =
3.7 x 10* M*em™) (Figure 1b). Given that the extinction coefficient of a molecule is a reliable
proxy for its PA output, we estimate the ratiometric turn-on will be ~10.4-fold (defined as
(770/680¢ina)/(770/680miia)). Importantly, irradiation at 680 nm will predominately excite PACu-1,
whereas light at 770 nm will only generate a signal that corresponds to the turned over product
(Figure 1c-d). Moreover, we were able to observe a dose-dependent response to Cu (LOD = 0.2
uM) (Figure 1e). We were also able to show that PACu-1 can function in the presence of
glutathione (GSH), an abundant biological thiol, that can compete with PACu-1 to bind Cu(l)
(Figure 1f). Indeed, GSH is present at high levels in the liver and most solid tumors (up to 10
mM).% % Lastly, PACu-1 was shown to exhibit excellent selectivity for Cu(l) against a panel of
monovalent and divalent metal ions (Figure 1g). This finding is significant because in addition to
Cu(l), the TPA trigger has been tuned to sense other metal ions and thus, may exhibit off-target
reactivity. ¥

Metabolic Stability, Biodistribution, and Safety Profile of PACu-1



Because our objective is to employ PACu-1 for BFA of hepatic Cu via PA imaging, it is critical to
1) demonstrate that it is not metabolized in the liver to give false positives and 2) show that it is
biocompatible with an excellent safety profile. To this end, we treated PACu-1 with rat liver
microsomes rich in metabolic enzymes (e.g., CYP450s). After an incubation period of 1 h, we did
not observe any change in the absorbance spectra indicating there would be minimal off-target
activation of PACu-1 that can lead to false positive results (Figure S1). We corroborated these
results with mass spectroscopy analysis that showed the latent aza-BODIPY was not being
released. Next, we performed MTT assays to assess the cytotoxicity of the probe in mammalian
cell lines. For instance, HEK293 cells incubated with up to 25 uM of PACu-1 for 24 h were shown
to have no significant loss of viability (Figure 2a). Next, we sought to determine the biodistribution
of PACu-1 after systemic administration in BALB/c mice via ex vivo PA imaging analysis of the
vital organs. Our data indicates that PACu-1 predominantly localizes to the liver and does not
accumulate in the heart, kidneys, or spleen (Figure S2). Before PACu-1 could be considered
further as a chemical tool for BFA applications, we examined its in vivo safety profile. First, we
performed H&E staining on liver samples obtained from mice treated with either a vehicle control
or PACu-1. Our results show that the nuclear staining patterns were identical, suggesting that
PACu-1 is non-toxic (Figure 2b). Second, we conducted a comprehensive liver function test to
measure the levels of albumin, alkaline phosphatase (ALP), alanine aminotransferase (ALT),
aspartate transaminase (AST), bilirubin, blood urea nitrogen (BUN), cholesterol, and glucose in
serum. We did not observe any statistical difference between vehicle- and PACu-1-treated
animals which further demonstrates that PACu-1 is safe and thus, is ideal for BFA applications
(Figure 2c).

Imaging Exogenous Cu(l) in BALBI/c Mice

To determine whether PACu-1 can be employed to detect elevated hepatic Cu(l) in live animals,
we treated BALB/c mice with CuCl; via intraperitoneal administration 2 h prior to the introduction
of PACu-1. Of note, Cu(ll) is rapidly reduced to Cu(l) upon uptake into cells. PA imaging revealed
that the PAsoes0 ratio was 1.48 £+ 0.23 for the Cu-treated animals, whereas the corresponding
ratio for the vehicle control was 0.94 + 0.13 (Figure 3, red and blue, respectively). To confirm that
these results were due to the detection of Cu(l), we administered ammonium tetrathiomolybdate
(TM), a high affinity FDA-approved Cu chelator drug (K4 = ~10%°),% prior to treatment with PACu-
1. As anticipated, we did not observe any activation (0.94 + 0.13) when TM was present since it
can outcompete PACu-1 for binding to Cu(l) (Figure 3, yellow). To further validate this finding, we
administered Ctrl-PACu-1, a non-responsive control probe that features an attenuated Cu(l)
binding trigger (Scheme S2), to a fourth group of animals. Interestingly, PA imaging
demonstrated that the ratio was also lower than both the vehicle group and the TM group (0.82 £
0.12) (Figure 3, green). The lower ratio suggests that PACu-1 can detect basal levels of Cu that
are present in the liver. Finally, we performed ICP-MS analysis on liver samples obtained from
mice treated with CuCl,. Compared to animals that received a vehicle control, the concentration
of hepatic Cu was twice as high (Figure 3c).

PA Imaging of Hepatic Cu(l) in Wilson’s Disease

Cu accumulation in the liver is a pathological hallmark of WD which is typically assessed clinically
via liver biopsies.* Using an established ATP7B genetic knockout model of WD developed by
Lutsenko and co-workers (JAX stock #032624), we measured the levels of hepatic Cu in wildtype
mice and WD mice using ICP-MS analysis after obtaining biopsied tissue. On average, we found
that the Cu levels in WD mice were 17.5-fold greater than wildtype mice (Figure 4a). Likewise,
when we employed PACu-1 and PA imaging for BFA of Cu, we found that the PA;7pes0 ratio was
significantly higher in WD mice (1.24 + 0.16) relative to wildtype mice (0.80 + 0.11) (Figure 4b-d).
It is critical to note that while ICP-MS analysis reports on total Cu levels, PACu-1 can only access
the labile pool which is defined as Cu weakly associated with intracellular chelators such as GSH.
To confirm the in vivo imaging results, we harvested the heart, kidneys, liver, and spleen from
WD and wildtype mice treated with PACu-1 to perform ex vivo PA imaging. This experiment was
performed to demonstrate that the PA signal intensity is higher in the liver of WD mice owing to
activation of PACu-1 (Figure S3).



BFA of Hepatic Cu(l) in Wilson’s Disease via a Blind Study

To evaluate the potential efficacy of PACu-1 for BFA of hepatic Cu(l) in WD, it is critical to
perform a rigorous study that is free of potential bias. To this end, we designed a blind experiment
where one investigator randomly selected mice belonging to either the WD or wildtype groups
(eight total) for the study (Figure 5a). Each of the animals were then tagged, and their identities
were concealed until the completion of the study. A second investigator then administered PACu-
1 and employed PA imaging to identify the WD mice. There was no physical indicator that would
allow us to distinguish the mice based on appearance. Prior to BFA, a reliable diagnostic
threshold was determined in wildtype mice, which is defined as the PAzueso ratio (0.82 + 0.10)
(vide infra). With this in mind, we identified seven animals with a PAzeso ratio (0.63, 0.72, 0.82,
0.86, 0.87, 0.93, 0.94) within two standard deviations of the diagnostic threshold which were
assigned to Group 1 (wildtype mice) (Figure 5b-d). In contrast, only one of the animals had a
PA770es0 ratio (1.16) greater than three standard deviations of the diagnostic threshold and was
correspondingly assigned to Group 2 (WD mouse). When the identity of the eight animals were
revealed at the end of the study, we were able to correctly identify the WD mouse with greater
than 99.7% confidence.

PA Imaging of Cu(l) in a Liver Metastasis Model

Finally, we turned our attention to a second model to further showcase the potential clinical
impact of PACu-1. Elevated Cu in cancer of the bone, breast, gastrointestinal tract, and lungs has
been associated with aggressive phenotypes and poorer prognosis.?® There are ongoing efforts to
employ Cu chelation therapy to reduce the copper status in primary tumors, as well as in
metastatic lesions to treat cancer.” “* Since the liver is one of the most common sites of
metastasis in the body, BFA of Cu(l) levels would facilitate real-time monitoring during tumor
progression and treatment with a chelator. Nu/J mice were either implanted with A549 cells in the
liver or received sham surgeries. After four weeks, PACu-1 was administered for PA imaging. We
elected to use a PA instrument (MSOT inVision, iThera Medical) capable of whole-body cross-
sectional imaging for this study because a built-in feature would allow us to readily perform
spectral unmixing to distinguish the signal from PACu-1 and blood. Compared to the animals that
received sham surgeries (1.06 + 0.28), the PA fold turn-on (defined as PAFgina/PAnia) Of tumor-
bearing mice was 2.31 £+ 0.78 (Figure 6a-c). This indicates that in addition to being able to sense
hepatic Cu(l) in WD, PACu-1 can also detect elevated Cu in a lung cancer liver metastases
model.

Discussion

One of the major goals of molecular imaging research is to develop high-performance chemical
tools that can non-invasively detect and monitor disease biomarkers in a deep-tissue context. PA
imaging is ideal for this application because it involves the conversion of safe near infrared light to
non-toxic ultrasound waves. Since sound at clinically relevant frequencies can readily pass
through the body, it is possible to obtain high resolution images beyond 10 cm in depth.*? Despite
the emergence of various acoustogenic probes for analyte sensing, none have been explored to
date for BFA of disease biomarkers of the liver. Thus, our goal is to develop PA probes that can
potentially replace or complement invasive biopsies currently in use to provide real-time
monitoring capabilities.

In this study, we chose to target Cu because while it is an essential metal ion required by all living
organisms, aberrant levels are linked to genetic disorders such as WD, as well as most solid
cancer types. Our group has previously developed several PA probes for Cu(ll),** ** however we
found that they were not stable when incubated with RLMs. Likewise, after synthesizing RPS1, a
PA probe designed to image Cu(ll) in a murine Alzheimer’'s disease model,* we discovered that it
could not detect exogenous copper in the liver (Figure S4). These results are not surprising since
each of these examples were designed to respond to Cu in its +2-oxidation state. PACu-1 on the
other hand, is highly selective for Cu(l), affords a robust PA signal enhancement when irradiated
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at 770 nm, is compatible with ratiometric sensing, intrinsically targets the liver, and most
importantly, exhibits an exceptional safety profile.

It is worth noting that one of the major differences between BFA using PACu-1 and traditional
biopsies is that our probe is designed to detect the labile Cu pool (Cu associated with GSH),
whereas the latter technique reports on the total Cu content in the sample. Despite this
difference, we can still reliably distinguish WD mice from wildtype controls as shown in our blind
study. In addition to detecting Cu in WD, we also demonstrate PACu-1 can be used to detect
elevated Cu in a liver metastasis model. We envision PACu-1 can be used to aid in the
development of new Cu chelators or in conjunction with existing Cu binding drugs to monitor
changes in real-time. As previously mentioned, we employed two different PA instruments for the
WD and cancer studies. This indicates that PACu-1 will be compatible with a range of imaging
systems including new hand-held scanners,”* * wearable devices,* “¢ and endoscopic setups.*”
“ Lastly, we envision this work will inspire the development of other PA probes for BFA
applications.

Materials and Methods

In vitro selectivity assay. The initial absorbance (400-800 nm) of PACu-1 (5 pM, 1:1
DMF:HEPES, pH 7.4) was measured before the addition of a panel of metal ions (100 uM).
These initial measurements were used to determine the initial ratioz7oeso Via UV-vis spectroscopy.
After addition, the cuvette was sealed and incubated for 1 h. Final measurements were recorded,
and the ratiometric fold turn-on was calculated by dividing the final ratio with the initial ratio. All
metal solutions were prepared in water from their chloride salt, except for Ag.COs. Cs,CO;3, and
tetrakis(acetonitrile)copper(l) hexafluorophosphate.

Biopsy assessment of hepatic Cu via ICP-MS. BALB/c mice were anesthetized using
isoflurane (1.5 — 2.0%). The mice were then intraperitoneally injected with a solution of CuCl, (5
mg/kg) or vehicle (sterilized saline). After 2 hours, the mice were euthanized, then the liver was
excised and weighed for ICP-MS analysis. The 2-hour incubation time was used to reduce Cu in
vivo. To determine the Cu concentration in WT (B6129SF2/J) and WD (B6;129S1-
Atp7b™9/tsnkJ) mice, the livers were similarly prepared as the BALB/c mice for ICP-MS
analysis, except no intraperitoneal injections were performed.

Ex vivo biodistribution of PACu-1 via PA imaging. BALB/c mice were anesthetized using
isoflurane (1.5 — 2.0%) and retro-orbitally injected with either a solution of PACu-1 (50 uM) or
vehicle (10% DMSO in sterilized saline, 50 pL)). After 1 hour, the mice were euthanized, and the
liver, spleen, heart, and kidneys were excised. Photoacoustic imaging of the organs was
performed at 680 and 770 nm using continuous mode with a 6 second rotation time (Nexus 128+,
Endra Life Sciences) The ratio of the PA signals in PACu-1 treated mice obtained upon excitation
at 680 nm and 770 nm were normalized to the ratio of the PA signals in vehicle treated mice.

Determination of the diagnostic threshold. A group of 10 wildtype mice (B6129SF2/J), which
are direct controls of the WD mice (B6;129S1-Atp7b™ ™9/ tsnkJ), were used to determine the
diagnostic threshold for hepatic Cu in Wilson’s disease via PA imaging. After the mice were
anesthetized using isoflurane (1.5 — 2.0%), their abdomens were shaved, and they were
positioned in the PA tomographer to facilitate direct imaging of the abdomen. After an image was
acquired, an ROl was drawn around the liver to determine the signal intensity. The ratio of the PA
signals obtained upon excitation at 680 nm and 770 nm in the ROI provided the initial PA 770680
ratio. The mice were then treated with a 50 uM solution of PACu-1 in saline containing 10%
DMSO (50 L) via retro-orbital injection. The mice were returned to their cages for 60 minutes
while PACu-1 was allowed to react with the hepatic Cu. The mice were anesthetized and their
livers were imaged as described previously to obtain the final PA7es0 ratio. The diagnostic
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threshold value (mean + 2xSD) was determined by dividing the final PA77ss0 ratio with the initial
PA770680 ratio.

Identification of WD via PA imaging in a blind study. A group of eight mice consisting of one
WD animal (B6;129S1-Atp7b™/LtsnkJ) and seven wildtype animals (B6129SF2/J mice) was
tagged and randomized by the first researcher. Their identity and the total number of WD mice
present was concealed until the end of the study. Importantly, these mice had no distinguishing
physical features that would allow us to identify them based on appearance. PA imaging of
hepatic Cu using PACu-1 was then performed by a second researcher to determine the PA
ratiometric fold turn-on for each animal. Mice with a PAses0 ratio value greater than 1.02 was
assigned to Group 1 (WD) and mice with a PAseso ratio value between 0.62 to 1.02 was
assigned to Group 2 (wildtype). After PA imaging was performed on all animals, the assignment
and identity were revealed to and validated by the corresponding author.

Statistical analyses. Statistical analyses were performed in Microsoft Excel. Sample sizes in all
experiments were sufficiently powered to detect at least a p value <0.05, which was significant.
All data are expressed as mean + SD. Multiple group analysis was performed using the Kruskal-
Wallis Test. All other in vivo imaging data was analyzed by performing the Student’s t-test (a =
0.05). *p > 0.05; **p > 0.01.
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Figure 1. a) General reaction schematic of PACu-1 with Cu(l). b) Normalized absorbance spectra
of PACu-1 (blue) and turnover product (red). PA image of c) PACu-1 and d) the product in a
tissue-mimicking phantom excited at 680 and 770 nm. Images compiled from different phantoms
e) Ratiometric fold turn-on after incubating PACu-1 with 0, 0.5, 2.5, 5, 12.5, 25, 50, and 100 uM
Cu(). f) Ratiometric fold turn-on of PACu-1 after incubating with 100 uM Cu(l) and 0, 1, or 10 mM
GSH. g) Ratiometric fold turn-on after incubating with 100 uM of various metal ions. All assays
were performed in 1:1 DMF:HEPES, pH 7.4 for 1 h. Values are reported as mean + SD (n = 3).
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Figure 2. a) MTT assay measuring cell viability after incubating cells with 0, 0.1, 1, 5, 10, and 25
UM of PACu-1 for 24 h. b) H&E stains of the liver after treating live mice with 0 or 50 uM of PACu-
1. ¢) Liver function assays on serum after treating live mice with 0 or 50 uM of PACu-1. Values
are reported as mean + SD (n = 10).
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Figure 3. a) Representative PA images of the liver (dashed white line) using PACu-1 (50 uM) and
pre-treatment with 0 mg/kg CuCl; (n = 5) or 5 mg/kg CuCl; (n = 4), ammonium tetrathiomolybdate
(n =5), or Ctrl-PACu-1 (50 uM) (n = 4). b) PA ratiometric fold turn-on for matching conditions in a.
¢) Cu concentration in the liver after pretreatment with 0 mg/kg CuCl; or 5 mg/kg CuCl, obtained
via ICP-MS. Liver ROIs are for visualization purposes and was not used for quantification. Values
are reported as mean = SD. Statistical analyses were performed using the Kruskal-Wallis Test;
*n <0.05.
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Figure 4. a) Cu concentration in the liver of WD and WT mice (n = 4) obtained via ICP-MS. b) PA
ratiometric fold turn-on after treatment with PACu-1 (50 uM, 10% DMSO in saline) in live WD (n =
7) and WT (n = 3) mice. c) Representative PA image of the liver after treatment with PACu-1 (50
MM, 10% DMSO in saline) in live WD or d) WT mice. Liver ROIs are for visualization purposes

and was not used for quantification. Values are reported as mean = SD. Statistical analyses were
performed using the Student’s t-test; **p <0.01.
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Figure 5. a) General schematic depicting experimental setup of the blind imaging study. b) PA
ratiometric fold-turn-on using PACu-1 stratified into groups 1 and 2 based on diagnostic
threshold. Total mice in the blind study were 8 (WT = 7, WD = 1). c) Average PA ratiometric fold
turn-on shown in b. d) Representative PA images of livers (white dashed line) in groups 1 and 2.
Liver ROIs are for visualization purposes and was not used for quantification. Values are reported
as mean + SD.
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Figure 6. a) Cross section schematic of a mouse to reference the positioning of the liver and
tumor. Representative spectrally unmixed MSOT images of the liver 1 h post-injection in b) non-
tumor bearing mice and c) tumor bearing mice. Scale bar represents 5 mm. d) Average PA signal
from MSOT imaging represented in Figure 6b (n = 3) and Figure 6¢c (n = 5). Statistical analysis
was performed using the Student’s t-test, *; p < 0.05.
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