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CONSPECTUS

Photoacoustic imaging (PAI) is a powerful imaging modality capable of mapping the absorption of
light in biological tissue via the PA effect. When chromophores are optically excited, subsequent
energy loss in the form of heat generates local thermoelastic expansion. Repeated excitation from
a pulsed laser induces pressure fluctuations that propagate through tissue and can be detected as
ultrasound waves. By combining ultrasonic detection with optical excitation, PAl enables high-
resolution image acquisition at centimeter depths. PAI is also relatively inexpensive and relies on
safe, non-ionizing excitation light in the near-infrared window, making it an attractive alternative
to other common biomedical imaging modalities.

Research in our group is aimed at developing small-molecule activatable probes that can be used
for analyte detection in deep tissue via PAI. These probes contain reactive triggers that undergo a
selective chemical reaction in the presence of specific stimuli to produce a spectral change, that
can be observed via PAI. Chemically tuning the absorbance profile of the probe and the reacted
product such that they are both within the PA imaging window enables ratiometric imaging when
each species is irradiated at a specific wavelength. Ratiometric imaging is an important design
feature of these probes as it minimizes error associated with tissue-dependent signal fluctuations
and instrumental variation.

In this account, we discuss key properties for designing small-molecule PA probes that can be
applied for /n vivo studies and the challenges associated with this area of probe development. We
also highlight examples from our group including probes capable of detecting metal ions (Cu(ll)),
reactive nitrogen species (NO), and oxygen tension (hypoxia). Each of these targets can be sensed
using a modular design strategy based on influencing the electronic and spectral properties of a
NIR-absorbing dye platform. We demonstrate that ideal PA probes have high molar absorptivity,
low fluorescence quantum yields, and selective triggers that can reliably report on a single analyte
in a complex biological setting. Probes must also be highly chemo- and photostable to enable long
term imaging studies. We show that these PA probes react rapidly and selectively and can be
utilized for deep-tissue imaging in mouse models of various diseases. Overall, these examples
represent a new class of biomedical imaging tools that seek to enable high resolution molecular
imaging capable of improving diagnostic methods and elucidating new biological discoveries. We
anticipate that the combination of small-molecule PA probes with new PAI technology will enable
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non-invasive detection of analytes relevant to disease progression and mapping of tissue
microenvironments.
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INTRODUCTION

The complexity of living systems has presented scientists with the immense challenge of
understanding biological phenomena in their native contexts. Molecular imaging has enabled
visualization of dynamic events occurring at the cellular and molecular levels in intact
samples and living organisms. The observation of an array of chemical reactions and
signaling networks that contribute to both physiology and pathology has led to fundamental
and translational scientific advances including improved diagnostics and real-time therapy
monitoring.

Molecular imaging refers to the use of specialized instrumentation with or without targeted
imaging agents to non-invasively observe biochemical processes and tissue characteristics in
real time.! Historically, imaging agents used for molecular imaging consist of a targeting
unit appended to a signal-emitting component (e.g., radionuclide), and target detection relies
on accumulation-based signal enhancement. An alternative approach aimed at improving
sensitivity involves activatable probes in which the signal is “off” until the probe undergoes
a target-specific chemical reaction to provide a turn-on response.? Fluorogenic probes are
the most common members in this family and have been employed in an impressive array of
live-cell imaging applications.3 However, the utility of these imaging agents in vivo is
limited to shallow imaging depths (< 1 mm) due to tissue-induced light scattering.

Our goal is to combine photoacoustic imaging (PAI) with activatable probes that can be used
in deep tissue for both diagnostic and basic scientific applications. PAI relies on optical
excitation of a chromophore, followed by vibrational relaxation to release energy as heat.”
This induces a local temperature increase and thermoelastic expansion, propagating pressure
waves that are detected using ultrasound transducers and digitalized to produce a 3D image.
The combination of optical excitation with ultrasonic detection results in high-resolution
image acquisition at centimeter depths. PAI utilizes near-infrared (NIR) light that can
penetrate deep into tissue and minimize light-induced damage. The utility of PAI for
detecting endogenous chromophores (e.g., hemoglobin) has already been demonstrated for
numerous clinical applications.® In this Account, we describe general design considerations
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for small-molecule PA probes and our application of these strategies to develop activatable
probes for analytes and microenvironments implicated in disease pathology.

PA PROBE DESIGN PRINCIPLES

When designing PA probes, it is essential to consider three key photophysical properties of
the chromophore. First, the wavelength of maximum absorbance (A4ps) should fall between
680 and 950 nm because interference from tissue absorbance is minimized and commercial
PA tomographers rely on a tunable laser operating within this wavelength range. Second, the
fluorescence quantum yield should be low to maximize the energy dissipated through non-
radiative pathways, resulting in a greater PA signal.” Finally, the chromophore should
exhibit a large extinction coefficient (>10* M~1cm™1) to maximize the amount of incident
light absorbed.

NIR fluorescent dyes and quenchers featuring characteristics mentioned above have been
repurposed to provide exogenous PA contrast in several studies.8:9 In 2010, Gambhir and
coworkers demonstrated the first activatable PA probe with a design that relies on enzymatic
cleavage of two NIR chromophores linked by a peptide backbone.10 While this approach
was effective for imaging endoprotease activity, we sought to establish a more general
design based on a single small-molecule chromophore that could be tuned to respond to a
specific stimulus.11

Our early designs involved modulating the quantum yield as a function of probe turnover.
We rationalized that if a probe was highly fluorescent, it would exhibit a low PA signal
output since radiative and non-radiative processes are competing pathways.’ This PA signal
could then be enhanced to give a turn-on response if fluorescence became quenched upon
probe activation. However, many other parameters also contribute to the strength of the PA
signal, including solubility, triplet state contributions, excited state absorption, relaxation
kinetics, and photobleaching.12:13 Thus, we found that the quantum yield alone is not a
reliable predictor of PA signal. We then turned our attention to a design in which activation
would result in a shift in the molecule’s absorbance to produce a spectrally distinct product
(Figure 1). This enables detection of a PA turn-on response at a wavelength where
previously little to no signal could be detected, and it allows for ratiometric imaging if both
states of the probe produce signal within the desired wavelength range. Ratiometric imaging
is a key highlight of this strategy as it accounts for factors commonly known to cause signal
variation such as local probe concentration, tissue-dependent signal attenuation, and
fluctuations in the irradiation source intensity.14 In our studies, ratiometric fold turn-on is
defined as the fold enhancement of a ratiometric PA signal upon probe activation (Eq. 1).

PA(iZ)ﬁnal / PA(/ll)final
PA()”Z)inital / (Al)inital

Equation 1:

Work published in 2012 by Klimant demonstrated that the absorbance maximum for an aza-
BODIPY dye could be tuned based on its protonation state.1> This study reports a large pH-
dependent shift in the absorbance maximum (~90 nm) when an aza-BODIPY-based probe
containing an o-chloro phenol is deprotonated. Other studies have shown that this trend is
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consistent for aza-BODIPY dyes; increasing electron donation into the conjugated system
provides a bathochromic (red) shift in the absorbance, while a hypsochromic (blue) shift
results when electron density is removed with electron-withdrawing substituents.18 This
inspired our general strategy in which manipulation of the electronics of the aza-BODIPY
dye platform produces a spectral change that can be detected using PAI. We have termed
these small-molecule probes “acoustogenic” to indicate a selective PA turn-on response to a
particular analyte of interest.11.17

METAL ION-RESPONSIVE PROBES

Misregulation of Cu(ll) is known to play a role in cancer and neurodegenerative diseases
including Alzheimer’s disease and amyotrophic lateral sclerosis.18 Developing tools capable
of detecting Cu(ll) in deep tissue can help to further our understanding of its roles in disease
progression. This motivated our development of Acoustogenic Probes for Copper(1l) (APC).
17 APC-1 and APC-2 (a water-soluble congener) each consist of a Cu(Il)-responsive
picolinic ester appended to an aza-BODIPY dye. Coordination of Cu(ll) activates the ester
for hydrolysis, resulting in uncapping of a phenoxide product (Figure 2a). Similar to
Klimant’s work,® we relied on installation of ortho substituents to modulate the phenol pKj.
The dichloro structure resulted in a lower phenol pK; of ~4.5, ensuring that the product is
fully deprotonated in a biological setting. As predicted, the conversion of an electron-
withdrawing ester to an electron-donating phenoxide produces a 70 nm red shift in the probe
absorbance (Figure 2b). Ratiometric imaging can therefore be used to detect Cu(ll) by
determining the PA signals produced at 697 and 767 nm, corresponding to the parent probe
and its hydrolyzed product, respectively (Figure 2e). The addition of just one equivalent of
Cu(ll) to a solution of APC-2 elicited a 91.3-fold ratiometric PA turn-on response, while 10
equivalents produced a 100.5-fold turn-on response (Figure 2c). Selectivity studies and
metal ion competition experiments revealed that probe activation was selective for Cu(ll)
(Figure 2d).

PA evaluation of APC-2 was carried out by acquiring images of probe solutions in
fluorinated ethylene propylene (FEP) tubing placed inside an agarose-based tissue-
mimicking phantom (Figure 2e). Of note, this method has become standard practice in our
group for /n vitro evaluation of probe PA signal. To demonstrate that PA signal from APC-2
could still be detected in the presence of endogenous absorbers like proteins and lipids,
images were also acquired of APC-2 in chicken breast tissue cut to the same dimensions as
our tissue-mimicking phantoms. These results indicated that the PA signal of the aza-
BODIPY dye would be sufficient for imaging in biological tissue.

APC-1 and -2 show that a single chromophore can be used for analyte-responsive PALI if it is
designed to undergo a spectral change upon activation. This work paved the way for further
applications of this wavelength-shift approach and indicated that the aza-BODIPY platform
could serve as a generalizable PA chromophore for a variety of applications. Ongoing work
in our group is aimed at expanding the toolbox of acoustogenic probes for sensing other
metal ions and applying these probes /n vivo. A major challenge is to develop probes with
the sensitivity to detect the metal ion of interest under physiologically relevant
concentrations. A complementary approach to our strategy was demonstrated by Westmeyer
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in which PA imaging of calcium could be achieved by a probe that undergoes reversible ion
chelation.1®

NITRIC OXIDE-RESPONSIVE PROBES

Non-invasive detection of nitric oxide (NO) is of interest due to its many roles in biological
signaling pathways, but presents a challenge due to the limited resolution and sensitivity of
established methods.2%-21 We hypothesized that PAI with an NO-responsive acoustogenic
probe could address these challenges and enable new investigations such as longitudinal
tracking of NO production during disease progression.

An important consideration in acoustogenic NO probe design is the selection of a responsive
trigger. Most reported NO-responsive triggers rely on reaction with a nucleophilic amine or
aniline,22 indicating that an absorbance-tuning strategy would be better applied to an aniline-
based rather than a phenol-based aza-BODIPY. While uncapping of an o-dichlorophenol
produces a reliable 70-90 nm absorbance shift, the shift of aniline-based probes can vary
significantly depending on other substituents and the capping group. Thus, chemical tuning
was an essential step to design a probe with a substantial wavelength shift.

To this end, a panel of aza-BODIPY-based probes containing various NO-responsive
moieties was synthesized (Figure 3a).23 Acoustogenic Probe for Nitric Oxide (APNO) 1
featured an o-phenylenediamine group that reacts with NO to form a trizole.2* While this
probe did undergo a blue absorbance shift upon reaction with NO, ratiometric PA turn-on of
7.4-fold left room for improvement. This encouraged development of APNO-2 and
APNO-3, which rely on the reaction of an o-aminophenol with NO to produce a diazonium
intermediate that undergoes subsequent deamination.2> Although this design improved the
wavelength shift and dynamic range, slow reaction kinetics limited its utility. The
development of APNO-4 revealed that the ideal NO-sensing moiety was an o-methoxy
methylaniline, which is rapidly nitrosylated by NO.26 Alkylation of the aniline prevented the
slow kinetics of deamination, and the electron-withdrawing A-nitroso produced an 86 nm
wavelength shift relative to the starting probe. This enabled ratiometric detection of probe
activation using 770 and 680 nm light. Our final design, APNO-5, included a
tetraalkylammonium PEG moiety that improved the solubility and tissue uptake of the
probe.

In vitro characterization of APNO-5 revealed a 91 nm blue absorbance shift and
corresponding 18.6-fold ratiometric turn-on upon reaction with NO (Figure 3b—d). The
trigger proved highly selective for NO and was unresponsive to other reactive nitrogen,
oxygen and carbonyl species. Additionally, APNO-5 was cell permeable and minimally
toxic to RAW 264.7 macrophages, indicating its suitability for /n vivo studies.

To evaluate APNO-5 /in vivo, we employed a murine model of inflammation in which mice
were subcutaneously administered with lipopolysaccharide (LPS) to induce NO production.
Following treatment with LPS or saline, APNO-5 was subcutaneously administered, and
ratiometric PAI was performed using 680 and 770 nm. PA images revealed that the 680/770
nm intensity ratio was initially similar for LPS and saline-treated animals; however, a 1.3-
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fold increase in the signal ratio was consistently observed in LPS-treated mice 2 hours after
probe administration (Figure 3e-f).

Development of APNO-5 enabled comparison of several probe designs aimed at sensing the
same target. We found that the greatest wavelength shift upon activation produces the
greatest ratiometric fold turn-on and dynamic range. This feature is especially important for
in vivo imaging due to the background signal produced by endogenous absorbers. The
APNO series also demonstrated the importance of probe solubility, as this can affect both
the PA signal and the tissue uptake of the probe. Aggregation and consequent absorbance
broadening can diminish the dynamic range of ratiometric fold-turn on and limit
applicability for biological studies. In particular, ortho substitution of strongly electron-
donating substituents resulted in diminished solubility of the APNO probes, and therefore
the tetraalkylammonium PEG moiety was essential. This solubilizing group also played a
key role in enabling tissue uptake following subcutaneous injection. When compared to
other probes in the series, only APNO-5 resulted in clear diffusion of the PA signal into the
surrounding tissue rather than pooling at the injection site. The addition of this group may
prove to be a generalizable strategy for facilitating tissue uptake of lipophilic probes
following subcutaneous administration.

During probe evaluation, we found that the A-nitroso product can undergo light-mediated
reversion back to APNO-5 via denitrosylation after extended irradiation. While it did not
impact our studies owing to the mild irradiation used, this result inspired us to explore the
idea of small molecules capable of releasing species such as NO /n vivo and providing a PA
readout of the release. Modulation of NO levels in biological systems can provide insights
into its many roles, and the use of a NIR photolabile PA donor would enable release and
monitoring with high spatiotemporal control. This led to development of photocontrolled
NO Donor (photoNOD) 1 and 2 (a water-soluble congener).2” The photoNODs consist of an
aza-BODIPY dye containing a photolabile A-nitroso (Figure 4a). NIR irradiation induces
release of NO and the corresponding aniline, a process that is observable by ratiometric PAI
(Figure 4c). While APNO-5 was designed with an o-methoxy group to increase aniline
nucleophilicity, this feature was removed from the photoNODs to prevent re-capture of NO
after release.

NO release from photoNOD-1 and 2 was demonstrated /7 vitro via irradiation in tissue-
mimicking phantoms, and the identity of released NO was confirmed using EPR
spectroscopy (Figure 4d—e). NO release was also observed in vivo following subcutaneous
administration and irradiation (Figure 4f). The Atnitroso bond of both compounds was
stable in the presence of numerous metal ions and reductants and was not susceptible to
oxidation by cytochrome P450 enzymes (CYP450s). This indicated that these compounds do
not form DNA-alkylating species known to result from metabolism of some A-nitroso-
containing compounds.28 To demonstrate the utility of our donor for in vivo NO release, we
employed a murine tumor model. Tumors were implanted on both flanks of mice, and mice
were treated with a systemic injection of photoNOD-1. NO was selectively released in one
of the two tumors using NIR irradiation, and attenuation of tumor growth was observed in
irradiated tumors compared to the control (Figure 4g).
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The photoNODs represent a new class of PA probes designed for imaging analyte release
with high spatiotemporal control following systemic administration. Like APNO,
photoNOD was modified with a tetraalkylammonium PEG moiety to afford solubility and
improve biological utility. While this was useful for subcutaneous administration, further
studies indicated that the charged molecule likely undergoes rapid clearance following
systemic administration.2? Therefore, photoNOD-1 proved to be superior for tumor uptake.
Further modifications to this structure with targeting functionalities may facilitate tissue-
specific uptake and NO release, and this class of molecule may be expanded to enable
release of a variety of biological species /n vivo.

HYPOXIA-RESPONSIVE PROBES

Hypoxia refers to low tissue oxygenation and is known to lead to many changes in oxygen-
dependent processes.3% Chronic hypoxia occurs when the distance from blood supply to a
tissue area is greater than oxygen’s diffusion limit, while acute hypoxia occurs when arterial
occlusions prevent blood delivery entirely. Hypoxia is known to be a pathological hallmark
of solid tumors due to their irregular vasculature and rapid growth. Tumor hypoxia is
associated with malignant phenotypes and treatment resistance; therefore, hypoxia detection
is of significant clinical interest.31 We hypothesized that a small-molecule hypoxia-
responsive PA probe could provide an alternative to other detection methods that suffer from
invasiveness and low resolution.

Although aryl nitro moieties are the most commonly employed hypoxia-responsive triggers
for imaging probe development, we sought to establish a new trigger that overcomes several
key drawbacks. Aryl nitro triggers can undergo reversible, one-electron reduction by
CYP450 enzymes with nitroreductase activity.32 Under hypoxic conditions, this species is
further reduced to a highly reactive nitroso capable of crosslinking intracellular
nucleophiles. While this process is typically hypoxia-selective, the reduction of aryl nitro
triggers can also be mediated by certain nitroreductases in an oxygen-independent manner.
Furthermore, activation of aryl nitro probes are associated with chronic rather than acute
hypoxia detection.32

Our design instead drew inspiration from AQ4N, a hypoxia-responsive prodrug containing
two A-oxide groups that undergo selective bioreduction by various CYP450 enzymes to
unmask its cytotoxic DNA-binding properties.33 This process is inhibited by oxygen binding
to the heme iron, affording hypoxia selectivity. Unlike enzymatic aryl nitro reduction, N-
oxide reduction is an irreversible process .34:35 With this in mind, we designed Hypoxia
Probe 1 (HyP-1), which consists of an aza-BODIPY dye containing an aniline A-oxide
(Figure 5a).36

Photophysical characterization of HyP-1 and the corresponding aniline (red-HyP-1) revealed
that A~oxide reduction produces a significant red absorbance shift (Figure 5d). PA images in
a tissue-mimicking phantom show that HyP-1 produces no signal at 770 nm, while red-
HyP-1 produces a strong, concentration dependent signal (Figure 5b—c). Hypoxia detection
can therefore be carried out by detecting a 770 nm signal enhancement (APA). Additionally,
HyP-1 and red-HyP-1 are fluorescent and can be used for ratiometric fluorescence imaging
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of hypoxia. This enabled /n vitro and cellular studies using fluorescence imaging and
confirmation of /n vivo imaging results with a second imaging modality.

To verify that hypoxia-selective response of the N-oxide trigger, /n vitro studies were
performed in which HyP-1 was incubated with NADPH-supplemented rat liver microsomes
(RLMs) in hypoxia and normoxia. The hypoxic condition selectively resulted in a 105-fold
ratiometric fluorescent turn-on. To elucidate the mechanism of this response, experiments
were performed in which RLMs were treated with an Fe(l1) chelator. The lack of inhibition
under these conditions indicated that HyP-1 was not being reduced from labile iron released
from the microsomes. However, turnover was inhibited by both the exclusion of NADPH
and the addition of a CYP450 reductase inhibitor, diphenyl iodonium chloride, suggesting
that reduction is CYP450-mediated. Finally, heat inactivation of the microsomes did not
inhibit turnover, providing evidence that HyP-1 can undergo both enzymatic and non-
enzymatic heme-mediated reduction under hypoxic conditions.3* These results were
confirmed in cell culture (Figure 5f—g).

To demonstrate /77 vivo imaging with HyP-1, we first employed a murine 4T1 tumor model
(Figure 5h—k). Tumors were grown to 300-400 mm3, at which point HyP-1 was administered
via tail vein injection and PAI was performed at various time points. Images were compared
to those acquired before probe administration, and a consistent signal enhancement (APA)
was observed in the tumors, while no signal change occurred in the control flank.
Interestingly, the high resolution of the PA images revealed subtumoral regions where signal
accumulation was greatest, which we hypothesized to indicate areas of most significant
hypoxia.

Since the N-oxide trigger was designed to respond to both types of hypoxia, it was important
demonstrate the activation of HyP-1 in an acute hypoxia model. To this end, we employed a
murine hindlimb ischemia model in which surgical ligation of the femoral artery produces
an ischemic limb. Following surgical ligation, HyP-1 was administered into both limbs and
PAI revealed that activation occurred only in the ischemic limb. This experiment
demonstrates an important contrast between HyP-1 and aryl nitro-based probes, which
require enzyme upregulation. In contrast, HyP-1 can respond to hypoxia before significant
changes in gene expression occur and is therefore applicable for acute hypoxia detection.3’

HyP-1 was the first example of an acoustogenic probe used /n vivo. This work enabled
determination of essential characteristics for PA probes; including a large wavelength shift,
high extinction coefficient, and rapid response. Compatibility with fluorescence imaging
was advantageous in this study because it enabled multimodal imaging and facile in vitro
evaluation. A direct comparison between fluorescence and PALI in this study revealed the far
superior resolution of PAI in deep tissue. Finally, a key component of HyP-1 development
was the hypoxia-responsive N-oxide trigger, which may prove to be a versatile mechanism
for hypoxia detection.

One challenge of using HyP-1 for PAI is that hypoxia detection relies on a signal
enhancement at a single wavelength. As mentioned previously, PA signal is subject to
fluctuations in laser source intensity, tissue properties, and local probe concentration.
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Ratiometric imaging can account for these factors; however, the low extinction coefficient of
HyP-1 and limited imaging range (680-950 nm) of commercial PA tomographers prevented
ratiometric imaging with this probe. We sought to improve this design by shifting the
wavelength of both HyP-1 and red-HyP-1 further into the PAIl window such that both would
be detectable using PAL. It is well-established that increasing electron donation into the aza-
BODIPY platform provides a red shift in the absorbance profile, and in fact this is the basis
of many of our PA probe designs.1® Thus, we designed ratiometric Hypoxia Probe 1
(rHyP-1) with an electron-donating dialkyl amine in place of the methoxy group of HyP-1.38
To further tune photophysical properties and CYP450-mediated activation, a small panel of
ratiometric hypoxia probes was synthesized containing various dialkyl anilines including
diethyl, dimethyl, dipropyl, piperidine and morpholine analogs (Figure 5a). Photophysical
characterization revealed that these probes were indeed red-shifted relative to HyP-1, with
absorbance maxima for the N-oxides and turned over products ranging from 718-749 nm
and 758-818 nm, respectively (Figure 5b—c).

This new series was evaluated /7 vitro using RLMs in both hypoxic and normoxic conditions
(Figure 6c). The aniline substituents influenced probe solubility, reactivity with RLMs, and
the wavelength shift between A-oxide and aniline. Based on collected data, rHyP-1 was
determined to be optimal for /n vivo applications. To evaluate this probe /n vivo, we again
relied on a 4T1 murine tumor model. rHyP-1 was locally administered into both tumor-
bearing and control flanks of mice, and PAI at 820 and 750 nm was performed at various
time points following injection. The 820/720 nm signal ratio remained unchanged in the
control flank but steadily increased in the tumor, reaching an average 1.2-fold ratiometric
turn-on after one hour (Figure 6f). 3D rendering of tumor images enabled visualization of
“hot spots” within the tumor where ratiometric signal was greatest relative to the rest of the
tumor (Figure 6e). These regions were hypothesized to correspond to subtumoral volumes
where hypoxia is greatest. Ratiometric signal within specific tumor regions could be
evaluated by demonstrating that the PA ratio increases with tumor depth in 2 mm imaging
sections (Figure 5d).

Overall, rHyP-1 demonstrated that photophysical tuning can improve the PA properties of
acoustogenic probes. HyP-1 and rHyP-1 both offer certain advantages and are
complementary in their applicability. For instance, while rHyP-1 is superior for ratiometric
PAI, HyP-1 is more useful for multimodal imaging. With respect to rHyP-1, the ability to
discern specific subtumoral hypoxic regions is of critical importance as the extent of hypoxia
can be used to guide radiotherapy and predict prognosis.3°

CONCLUSION

Over the past decade, PAI has approached the forefront of preclinical imaging modalities. To
date, PAI has been used clinically for label-free imaging of breast cancer,4° thyroid cancer,*!
and inflammatory arthritis.42 The safe irradiation, high resolution, clinically-relevant depths,
and affordability make it an attractive tool for various biomedical applications. There is
currently significant interest in expanding the applications of PAI through the use of
responsive probes. To date, we have demonstrated how chemical reactivity and
photophysical tuning can be employed to rationally design small-molecule PA probes, and
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our efforts have produced probes for Cu(ll), NO, and hypoxia. More importantly, the design
principles employed in these studies are generalizable and can be employed for the
development of acoustogenic probes responding to a variety of targets.

The wavelength tunbability of the aza-BODIPY platform via chemical modification makes it
an attractive PA chromophore and inspired its use in our acoustogenic probe designs.
However, other NIR dye platforms such as cyanine and semicyanine have also found
applications in the development of activatable PA probes.1 The choice of PA chromophore
for a particular application relies on characteristics such as photostability, biocompatibility,
and ability to respond to a given analyte to provide a change in PA output. Additionally,
while our work focuses on small-molecule-based probes, many nanomaterial and polymer-
based activatable PA probes have also been developed.11:4344 These different probe types
can offer complementary advantages depending on the desired applications.

Our future work will be aimed at continuing to explore new designs for small-molecule PA
probes and applying developed probes for /n vivo studies. For example, monitoring reactive
species throughout tumor progression will help elucidate specific roles. The non-
invasiveness of PAI makes it an attractive approach for these studies since longitudinal
tracking of animals can be performed without sacrificing and ex vivo analysis. Furthermore,
the high resolution of PAI enables imaging of smaller microenvironments within one tumor.
Simultaneous imaging of endogenous chromophores such as hemoglobin enables
visualization of these subtumoral regions in the context of vasculature, a feature that is
unique to this imaging modality. Overall, the combination of this powerful technique with
acoustogenic probes is poised to enable real-time analysis of complex tissue
microenvironments with high resolution in a non-invasive manner.
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Figure 1.
Schematic illustration of ratiometric imaging with acoustogenic probes. Probe activation

results in a spectral change, and PAI is performed at wavelengths corresponding to both the
unactivated and activated probe forms. A high ratiometric PA signal corresponds to a large
proportion of activated probe, indicating target detection.
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Figure2.
a) Chemical structure of APC probes and the products formed after Cu(ll) treatment. b)

Normalized absorbance of APC-1 and its hydrolyzed product (1). c) Normalized ratiometric
PA fold turn-on of APC-2 upon treatment with Cu(ll). d) Normalized ratiometric PA fold
turn-on of APC-2 upon treatment with various metal ions. €) PA images of solutions of
APC-2 in fluorinated ethylene propylene (FEP) tubes in a tissue-mimicking phantom with or
without the addition of Cu(ll).
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Figure 3.

a) Chemical structures and sensing mechanisms of the APNO and tAPNO series. b)
Normalized absorbance spectra and c) PA spectra of APNO-5 and tAPNO-5. d) PA images
of APNO-5 and tAPNO-5. e) Ratiometric PA signal and f) representative images of APNO-5

in a murine model of inflammation.
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a) Chemical structure of photoNODs and rNODs. b) Normalized absorbance spectra of

photoNOD-1 and rNOD-1 in CHClIs. ¢) Time-dependent ratiometric PA signal of

photoNOD-1 produced with or without irradiation. d) EPR spectra of photoNOD-1 collected

after 0, 5 and 40 minutes of irradiation in the presence of Fe(MGD),. e) PA images of

photoNOD-2 with or without 5 min of irradiation. f) PA images of photoNOD-2 after

subcutaneous injection and a 5 min period with/without irradiation. g) Tumor volumes

following repeated systemic administration of photoNOD-1 or vehicle with/without

irradiation.
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Figure5.
a) Chemical structure of HyP-1 and red-HyP-1. b) PA image HyP-1 treated with RLMs

under normoxic or hypoxic conditions. ¢) Concentration-dependent PA signal of red-HyP-1
in a tissue mimicking phantom. d) Normalized absorbance (solid) and emission (dashed)
spectra of HyP-1 and red-HyP-1. e) PA spectra of HyP-1 and red-HyP-1. f) Normalized
ratiometric fluorescence of 4T1 cells following treatment with HyP-1 in hypoxic (red, light
grey) or normoxic (dark grey) conditions. g) 4T1 cells stained with HyP-1 and incubated
under hypoxic conditions. Cy5 and Cy?7 filters used for visualization of HyP-1 and red-
HyP-1, respectively. h) Representative images and i) quantification of ratiometric
fluorescence of HyP-1 following intratumoral and subcutaneous (control) injection. j)
Representative images and K) quantification of PA signal of HyP-1 in a murine tumor model
following systemic injection.
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Figure 6.

134 —=—  Tumor

Ratiometric Tum-On

a) Chemical structures of the rHyP series. b) Normalized absorbance and c¢) PA spectra of
rHyP-1 and red-rHyP-1 in CHCIs3. d) PA images of rHyP-1 solutions treated with RLMs in

normoxic and hypoxic conditions. e) Ratiometric PA signal

in 2 mm slices of a PA

reconstruction of a 4T1 tumor following administration of rHyP-1. f) Ratiometric PA fold
turn-on of rHyP-1 in tumor-bearing and control flanks. g) Representative PA 3D
reconstruction of a 4T1 tumor following administration of rHyP-1.

Acc Chem Res. Author manuscript; available in PMC 2020 June 19.



	CONSPECTUS
	Conspectus Graphic
	INTRODUCTION
	PA PROBE DESIGN PRINCIPLES
	METAL ION-RESPONSIVE PROBES
	NITRIC OXIDE-RESPONSIVE PROBES
	HYPOXIA-RESPONSIVE PROBES
	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

