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New directions of activity-based sensing for in vivo
NIR imaging
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Amanda K. East, Melissa Y. Lucero and Jefferson Chan

In vivo imaging is a powerful approach to study biological processes. Beyond cellular methods, in vivo
studies allow for biological stimuli (small molecules or proteins) to be studied in their native
environment. This has the potential to aid in the discovery of new biology and guide the development of
diagnostics and therapies for diseases. To ensure selectivity and an observable readout, the probe
development field is shifting towards activity-based sensing (ABS) approaches and near-infrared (NIR)
imaging modalities. This perspective will highlight recent in vivo ABS applications that utilize NIR imaging

rsc.li/chemical-science platforms.

Introduction

A major focus of chemical biology research is to develop and
apply methods for monitoring complex biological processes.
Significant progress toward this goal has been made over the
past decade, particularly in the context of molecular imaging
probes.™* Although most chemical tools are designed for use in
cell culture, in vivo imaging can paint a more complete picture
of biological stimuli (small molecules or proteins). This is
especially important in the context of studying complex disease
states, such as cancer. A molecular imaging probe for in vivo use
must satisfy the following criteria: (1) exhibit good selectivity to
minimize interference from competing processes, (2) be non-
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toxic to the specimen, (3) be able to reach its target within the
body, (4) enable real-time monitoring, and (5) produce a suffi-
ciently strong signal for accurate sensing. Activity-based sensing
(ABS) is a powerful design strategy that has the potential to
satisfy these criteria when coupled with an appropriate
modality for live animal imaging. Traditional design strategies
are based on molecular recognition, in which a specific, binding
interaction between the imaging agent and target results in an
optical change. In contrast, ABS probes can leverage the unique
chemical reactivity of a target to achieve the requisite selectivity
and sensitivity, resulting in a permanent change of the probe to
provide a readout (Fig. 1). The reaction kinetics of an ABS probe
can be increased to intercept a fleeting biological species with
a short half-life, and conversely, the reactivity can be attenuated
if the target being studied is highly abundant. Traditional,
binding-based designs where an enzyme is the target, typically
feature a ligand appended to an imaging agent. The resulting
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Fig.1 General scheme of an ABS probe interacting with the biological
stimulus to produce a measurable readout.

stoichiometric binding event only reports on protein concen-
tration and does not reveal its activity. However, ABS probes can
report on enzymatic activity by serving as a substrate.® Regard-
less of what is being detected, ABS is a versatile and robust
approach to monitor biological stimuli.

Historically, ABS probes designed for in vivo applications
prioritized NIR wavelengths (650 to 900 nm) over UV or visible
light because there is less interference by endogenous optical
absorbers (e.g. haemoglobin, melanin, and water) in addition to
less autofluorescence and light scattering. These result in
deeper tissue penetration and lower background from
surrounding tissues.* Recently, ABS probe designs for in vivo
use have been trending toward the use of light at even longer
wavelengths. Light in the NIR-II window (1000-1700 nm)
improves upon imaging depths and signal-to-background ratios
through decreased light scattering and attenuation. Many
fluorescent dye platforms have been developed using excitation/
emission wavelengths within the NIR-I or -II ranges.>®

While fluorescence modalities can be best described as
“light in, light out” processes, photoacoustic (PA) imaging (also
referred to as optoacoustic imaging) is a “light in, sound out”
technique that has gained significant momentum over the past
five years. Because the incident light does not need to be
focused, probes can be excited at depths up to 10 cm within the
body. Additionally, sound is ~10°-fold less likely to scatter as it
passes through tissue, which results in images with submicron
resolution.” Other NIR imaging modalities are available for the
development of ABS probes that eliminate the need for an initial
light excitation event. Specifically, chemiluminescence (CL) and
bioluminescence (BL) release photons as a result of chemical or
enzyme-catalysed reactions, respectively. In both cases, one only
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has to be concerned with the detection of photons as they are
being emitted.

Herein, we will highlight recent ABS probes that have been
developed for five NIR imaging modalities (BL, CL, NIR-I fluo-
rescence, NIR-II fluorescence, and PA imaging). In each section,
we will briefly cover background and design considerations
before focusing on key examples that have been employed in
living systems. Lastly, we will discuss outstanding challenges
and future directions in this exciting field of research in the
Outlook.

Bioluminescence

BL describes the process in which light is generated as the result
of a biochemical reaction. For instance, fireflies and certain
marine organisms can produce a class of small molecules
known as luciferins, which react with luciferase enzymes to
generate a high-energy intermediate that decomposes to emit
light. The first step of this process involves the attachment of an
adenosine monophosphate group to a luciferin (e.g., o-lucif-
erin). Molecular oxygen is then introduced to produce the cor-
responding dioxetanone, which decomposes to generate an
excited state oxyluciferin. This intermediate relaxes to its
ground state through the emission of a photon at 560 nm
(Fig. 2).*° Other than p-luciferin, other luciferins such as coe-
lenterazine and fungal luciferin have been used for BL appli-
cations.'™'* Scientists have harnessed this technology to track
cells,"”** monitor cell-cell interactions,"* and serve as
a reporter gene.®

Beyond p-luciferin, a variety of NIR-light emitting luciferins
have been developed,”*”'* which can be adapted for ABS
applications. The most common design is to chemically modify
the luciferin with a trigger such that luciferase does not recog-
nize the luciferin until it is unmasked. Using this approach,
a luciferin variant that partially emits in the NIR range was
utilized to establish an ABS system for fatty acid amide hydro-
lase (FAAH)."

FAAH is a serine hydrolase that catalyses the hydrolysis of
fatty acid amides to their corresponding acid products.** FAAH
has been shown to decrease the therapeutic lifetime of drugs
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Fig. 2 Bioluminescence mechanism of p-luciferin. Reproduced from
ref. 9 with permission from The Royal Society of Chemistry, Copyright
2016.
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acting on the cannabinoid receptor pathway (involved in pain
sensation).>* Thus, inhibiting FAAH can be used as a means to
modulate pain. Previous methods to assess FAAH inhibitors in
vivo involve sacrificing the animal, use of radioactive substrates,
and/or HPLC analysis.**® As an alternative to these low-
throughput methods, Miller and co-workers developed
CycLucl amide, an ABS probe for BL imaging of FAAH activity."
Prior to reacting with FAAH, CycLuc1 amide is not recognized as
a substrate by luciferase. However, upon FAAH-catalysed
hydrolysis to CycLucl, a robust BL signal can be observed
following interaction with luciferase (Fig. 3a). CycLucl amide
was used to assess FAAH activity within mice. Luciferase was
expressed within the brains of mice using adeno-associated
virus 9 gene delivery. Following initial in vivo validation to
ensure CycLucl amide could penetrate the blood-brain-barrier
(BBB), the authors sought to determine if CycLuc1 amide could
be used to assess the efficacy and tissue distribution of known
FAAH inhibitors, PF3845, URB597, and URB937 (Fig. 3b). As
expected, URB937 is BBB impermeable and non-active within
the brain, while the other inhibitors were able to inhibit FAAH
activity, as determined by a lack of BL signal. The authors were
able to determine the ICs, of each inhibitor within the brain
and kidneys (Fig. 3c). The values obtained with this in vivo assay
were comparable to those previously reported, highlighting the
utility of this approach for quantitative imaging.”*** Further, the
developed technology enables facile validation of FAAH inhib-
itor BBB penetration, which is difficult to recapitulate in vitro.

Chemiluminescence

Similar to BL imaging, CL is not limited by the need of light
excitation to generate a readout; however, in contrast, the
approach does not require co-development and transfection of
a luciferase enzyme. Although oxalate and luminol derivatives
have been used for a variety of CL applications,***” recently, 1,2-
dioxetanes that feature a bulky adamantane moiety and
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Fig. 3 BL ABS probe for FAAH activity. (a) Scheme of CyclLucl amide
hydrolysis by FAAH to CyclLucl and interaction with luciferase to
produce BL signal. (b) BL imaging with CycLucl and CyclLucl amide in
mice treated with vehicle or a FAAH inhibitor. (c) Total photon flux
from the brain quantified as a function of inhibitor concentration and
BL signal normalized to vehicle signal. Error bars = SEM (n = 3).
Adapted with permission from ref. 19, Copyright 2015 American
Chemical Society. Future permissions related to the adapted figure
should be directed to the American Chemical Society.
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a capped phenol group have emerged as the favoured platform
to design ABS probes for CL imaging.”® Unlike its predecessors
that require a prior oxidation step to generate light, the so-
called Schaap's dioxetane can be modified with various target
responsive triggers (Fig. 4). When a target reacts with the cor-
responding trigger, the resulting phenolate intermediate
undergoes an electron transfer event and decomposition
through a chemically initiated electron exchange chem-
iluminescence (CIEEL) mechanism to afford 2-adamantanone
and a singlet excited-state benzoate intermediate. Relaxation to
the ground state is accompanied by the emission of light at
470 nm.* Although, the CL signal of Schaap's dioxetane is
typically very weak due to quenching by water, Shabat and co-
workers improved its emissive character through the installa-
tion of an electron withdrawing acceptor in conjugation with
the phenolate, leading to a marked 3000-fold improvement in
CL emission under physiological conditions.*® This significant
advancement set the stage for the development of ABS probes
with improved CL emission for reactive species,*"** hypoxia,*
and enzymes**** within the visible range.

In addition to improving aqueous performance, the field
sought to enhance the signal output by shifting the lumino-
phore emission to the NIR region. Shabat and co-workers ach-
ieved this by extending the conjugation through the addition of
a dicyanomethylchromone acceptor in the para position and an
acrylate unit in the ortho position of the luminophore.*® With
this new design, they were able to develop CL ABS probes for -
galactosidase (B-gal) and hydrogen peroxide that emit in the
NIR range (Aem = 690 nm). To examine their hydrogen peroxide
probe in vivo, the authors used lipopolysaccharide (LPS) to
induce inflammation in a murine model. They observed a 44-
fold higher CL signal enhancement compared to a non-
responsive control probe bearing a methyl ether group rather
than the boronate ester trigger.

Beyond this initial work, the groups of Chang and Shabat
developed CFAP700, an ABS probe for CL imaging, to detect
formaldehyde.*” Although formaldehyde is best known as
a tissue fixative, due to its potent ability to cross-link DNA, it is
also produced endogenously (20-100 uM in blood),***® playing
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Fig.4 CIEEL mechanism of Schaap's dioxetane. Reproduced from ref.
29 with permission from The Royal Society of Chemistry, Copyright
2018.
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arole in metabolism and functioning as a signalling molecule.*®
Recently, it has also been shown to inhibit wound healing when
perturbing cellular concentrations at the micromolar level.** To
study this reactive molecule, the probe design features a form-
aldehyde-responsive trigger that is based on 2-aza-Cope chem-
istry** and the NIR luminophore previously described
(Fig. 5a).>**¢ CFAP700 was first evaluated in vivo using exoge-
nous formaldehyde. The corresponding turn-on response could
be attenuated by scavenging formaldehyde with sodium bisul-
fite (NaHSO;). Next, the authors employed the probe to detect
formaldehyde produced endogenously by the folate cycle
(Fig. 5b and c). Mice treated with tetrahydrofolate (THF)
produced a 2.5-fold turn-on response as compared to a group
that received vehicle treatment. THF was used because it can
spontaneously decompose under physiological conditions to
afford formaldehyde, or it can enter the one-carbon cycle to
produce purines and formaldehyde.** When animals were co-
treated with THF and NaHSO;, the signal was attenuated,
demonstrating the turn-on was due to formaldehyde. To probe
if folinate, another important metabolite in the folate cycle, is
also able to generate formaldehyde, the authors administered
calcium folinate to mice. Unlike THF, they were unable to see
a significant CL signal compared to the control. The authors
postulate that the two important components of the folate cycle,
THF and folinate, have drastically different metabolic profiles in
vivo. The development of CFAP700 provides a new tool to
monitor the production, metabolism, and signalling of
formaldehyde.

A limitation of CL ABS probes is that they generate a sus-
tained but weak CL signal when uncapped because photon
production is tied to probe turnover. To address this
outstanding challenge, Guo and co-workers developed a dual-
lock strategy for hydrogen peroxide to achieve a stronger burst
of light on demand.* First, a target reacts with the probe (QM-B-
CF), leading to the generation of a stable fluorophore

o
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Fig. 5 Chemiluminescent Formaldehyde Activity Probe 700
(CFAP700). (a) CFAP700 reaction with formaldehyde (FA) to produce
a CL signal. (b) CL imaging with CFAP in mice treated with vehicle, THF,
and THF with NaHSOs. (c) Total photon flux from mice over the course
of 0—25 min. Error bars = SEM (n = 4-5). Reproduced from ref. 37 with
permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim,
Copyright 2018.
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intermediate (QM-O -CF). Following accumulation of QM-O" -
CF, an enriched CL signal can be produced through irradiation
with white LED light (Fig. 6a). QM-O™-CF is proposed to turn-
over via photooxidation in which light initiates the generation
of a radical. The radical can react with molecular oxygen to
generate the 1,2-dioxetane, and the subsequent decomposition
releases light via the CIEEL mechanism. The authors installed
hydrogen peroxide and B-gal triggers onto their platform for
initial in vitro testing. In the B-gal example, the authors saw
a 9.5-fold enhanced signal in Skov-3 human ovarian cancer cells
with the dual-lock design compared to the one-lock version, in
which a CL signal was generated immediately after reaction
with the biological stimulus. Next, the hydrogen peroxide dual-
lock probe was evaluated in a 4T1 tumour model, which is ex-
pected to have elevated hydrogen peroxide. Following intra-
tumoural injection, the authors saw a 66-fold higher CL signal
intensity of their probe compared to luminol, a standard CL
hydrogen peroxide probe (Fig. 6b). The authors showed that
probe turnover was diminished in the presence of N-acetylcys-
teine (NAC), a hydrogen peroxide scavenger. An impressive 3D
rendering of the tumour could be generated to map the origin of
the CL signal (Fig. 6c). This technology could be applied for
targets with either a low activity or concentrations, and resul-
tantly, a more definitive signal can be detected. Although,
a possible limitation of this technology is that it is currently
restricted by the tissue penetration of the excitation source
(non-NIR white LEDs). One would expect that red-shifting the
activation of the stable fluorophore to emit a CL signal would
enhance the utility of this technology to non-invasively image
deeper tissue.

Fig. 6 Dual-lock strategy for CL emission enhancement. (a) Reaction
scheme of QM-B-CF reacting with hydrogen peroxide to generate
a stable fluorescent intermediate (QM-O™-CF), and following irradia-
tion with light, the generation of a CL signal. (b) Comparison of CL
signal from QM-B-CF with and without white light irradiation and
Luminol (c) 3D image of QM-B-CF CL signal. Reproduced from ref. 45
with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim,
Copyright 2020.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Near infrared-| fluorescence

As mentioned previously, in vivo fluorescence imaging utilizes
longer wavelengths of light (650 nm to 900 nm), rather than UV
or visible, to minimize interference from biological optical
absorbers (Fig. 7). ABS probes for NIR-I imaging have been
developed for diverse targets such as metal ions,* reactive
oxygen species (ROS),"” reactive nitrogen species (RNS),*®
thiols,* carbonyls,* and proteins.>** ABS probes have been
developed on a variety of dye platforms including but not
limited to cyanine,* hemicyanine,* xanthene,*® and donor-two-
acceptor dyes.?”*® Several excellent review articles that cover this
in detail are available.**** In this section, we focus on recent
examples with an emphasis on disease marker detection in vivo.

In the first example, Pu and co-workers developed an ABS
probe for NIR-I imaging of aminopeptidase N (APN) activity.®
APN is a cell membrane protein that is responsible for digesting
peptides generated by gastric and pancreatic proteases.®® Due to
its extracellular localization and overexpression in bladder
cancer (BC),*** APN activity is an attractive target for the
diagnosis and staging of BC. Other NIR-I dyes have been re-
ported for APN,*>% but in addition to the APN trigger and a NIR-
1 dye, the probe developed by the authors (CyP1) is also equip-
ped with a renal clearance moiety (Fig. 8a). To demonstrate
selectivity, the authors stained human 5637 BC cells and
murine 4T1 breast cancer cells with CyP1. A significant fluo-
rescent response was only observed in the 5637 BC cells owing
to the overexpression of APN. The pharmacokinetics of the
probe were assessed by monitoring CyP1 concentration in the
blood and urine of mice via HPLC. The renal clearance effi-
ciency was determined to be 94 £ 2.0% of the injected dose (ID)
after 24 hours. In contrast, only 3.8 &= 1.6% of the probe without
the renal clearance moiety was eliminated 24 hours post-
injection. The authors then assessed CyP1's ability to detect
BC in a murine orthotopic bladder tumour model. CyP1 was
administered at varying time points post BC cell implantation.
The probe could be detected 30 minutes post-injection, and
a statistically significant fluorescence signal was observed 7
days after tumour implantation relative to the control mice
(Fig. 8b and c). Immunofluorescence staining of the BC tissue
showed overlap between the probe signal and APN staining. The
authors assert that CyP1 signal correlates well with APN activity,
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Fig. 7 Endogenous absorbers in the body within the NIR-I and -II
regions. Adapted with permission from ref. 89, Copyright 2018
American Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Q =HBBCD
C

CyP1 post-injection

time (min)
24
- -~
& 25
3: E g 1.8
g 52
5 28
§ &:’é 1.2
[N x
£ ==
= 0.6
3 0 3 7 14 21 28
g Tumour implantation
e (days)

Fig. 8 Prognostic probe for bladder cancer (CyPl). (a) Reaction
scheme of CyP1 with APN. (b) Representative images of mice at 0, 30,
90, and 150 min post-injection of CyP1 for different tumour implan-
tation time points. (c) Quantified NIR fluorescent intensities relative to
control at 150 min post-injection of CyP1. Error bars = S.D. (n = 6).
Reproduced from ref. 62 with permission from Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, Copyright 2019.

making CyP1 a prognostic tool for early BC detection and
staging.

Many imaging agents can be oxidized by ROS/RNS, resulting
in off-target effects and false positive readouts.®®® This is
especially problematic when an ABS probe is developed for
a disease such as drug-induced liver injury (DILI) in which ROS/
RNS are generated in large quantities.””* Many diagnostic
agents for DILI suffer from cross-reactivity with ROS/RNS and
therefore, do not accurately represent the disease state. To
address this limitation, Yuan and co-workers designed two
probes for sensing peroxynitrite and leucine aminopeptidase
(LAP), an enzyme overexpressed in DILL.”> To develop these
probes, the authors initially screened 23 NIR-I dyes to assess
their stability toward peroxynitrite and other ROS/RNS. From
this panel, two suitable candidates featuring a pendent benzoic
acid moiety were identified. The authors postulated that this
group imparts chemostability by blocking a common oxidation
site. Triggers for peroxynitrite and LAP were installed to the
more red-shifted platform to afford NIR-ONOO™ and NIR-LAP,
respectively (Fig. 9a). The authors observed 7- and 13-fold
turn-on responses in vitro for the peroxynitrite and LAP probes,
respectively. Importantly, both probes were non-reactive to
other ROS/RNS, biological analytes (e.g. metabolites and metal
ions), and enzymes (e.g. ALP, NTR, MAO-A). Next, the authors
sought to monitor the protective effects of a variety of thera-
peutics in an acetaminophen (APAP)-induced hepatotoxicity
model. Hepatotoxicity could be observed 140 minutes post
injection with the LAP probe (Fig. 9b and c). However, if mice

Chem. Sci., 2021, 12, 3393-3405 | 3397
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Fig. 9 Probe for detecting peroxynitrite and LAP activity in DILI. (a)
Structures of NIR-ONOO™ and NIR-LAP. (b) Representative images of
in vivo LAP activity in an APAP-induced hepatotoxicity model. (c)
Quantified hepatoprotective effects of NAC, DDB, and DCA in an
APAP-induced hepatotoxicity mouse model. Error bars = S.D. (n = 3).
Adapted with permission from ref. 72, Copyright 2019 American
Chemical Society.

were pretreated with a hepatoprotective therapeutic such as
NAC, biphenyldicarboxylate (DDB), or ursodeoxycholic acid
(UDCA) before APAP was administered, no hepatotoxic indica-
tions were observed. The authors state that this ROS/RNS stable
probe can be used for in vivo screening to assess a drug candi-
date's hepatotoxicity or screen for new hepatoprotective medi-
cines, as well as assess the pathology of hepatotoxicity. This
study highlights the utility of prescreening dye analogues and
understanding dye decomposition pathways. This can aid in the
development of ABS probes, especially for ones that will be used
in high ROS/RNS environments.

Near infrared-Il fluorescence

Because there is still significant attenuation and scattering of
light in the NIR-I region, the development of ABS probes for
NIR-II imaging has become a growing area of research. Light
within the NIR-II window (1000-1700 nm) is absorbed less
within biological tissue, which reduces autofluorescence and
improves the signal to background ratio.* However, NIR-II
fluorescence imaging is a relatively new area of research, and
improvements are still needed. For instance, while several NIR-
II platforms have been reported,””” there have been only a few
examples of NIR-II ABS probes.”*! One of the major challenges
of NIR-II dyes is their limited aqueous solubility, a consequence
of their extensive w-conjugation. This has the potential to cause
unproductive aggregation induced quenching or blue-shifting
the fluorescent properties. Further, extensive m-conjugation
makes these dye platforms more susceptible to oxidation
compared to their NIR-I counterparts. Although some groups
have harnessed this characteristic to design NIR-II FRET pairs
for sensing ROS (e.g., peroxynitrite),?*®* this design strategy is
not currently broadly applicable to other biological targets. Due
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to their inherent instability, many of the reported ABS probes
for NIR-II imaging must be encapsulated into particles to have
sufficient solubility and stability.

The groups of Wu and Zeng recently developed a dual-modal
NIR-I/II and multispectral optoacoustic tomography (MSOT)
probe for detection of breast cancer metastasis through nitro-
reductase (NTR) activity.” Breast cancer affects 1 in 8 women
worldwide and has a poor survival rate following metastasis.
The probe (NP-Q-NO,) consists of a NTR-reactive trigger
installed on a hemicyanine dye (Fig. 10a). Upon reacting with
NTR, the product exhibits aggregation-induced emission (AIE)
behaviour and generates NIR signals at 780 and 922 nm, with
emission stretching into the NIR-II window. To evaluate NP-Q-
NO,, 4T1 breast cancer cells expressing luciferase were injected
into the mammary fat pads of mice. The resulting tumours were
visualized via NIR-II imaging at 0, 8, 16, and 20 days post-
implantation. Following treatment with p-luciferin, a biolumi-
nescent signal could be detected after 8 days, indicating the
formation of a tumour. Moreover, the authors imaged the
subiliac lymph nodes and lungs, which are common metastatic
sites for breast cancer. A weak BL signal was observed in the
subiliac lymph nodes, but not the lungs (Fig. 10b). However,
metastatic sites in both the lymph nodes and lungs could be
detected using NP-Q-NO, via NIR-II fluorescence imaging
(Fig. 10c). Additionally, the probe was used to assess the ther-
apeutic efficiency of cyclophosphamide (CPA). Four days
following tumour implantation, mice were treated with CPA
once every other day. No metastases were observed using NP-Q-
NO, in mice treated with CPA, but they were observable in the
control mice. Then, the authors performed the same studies
using NP-Q-NO, as a MSOT probe and observed similar results.
Signals from endogenous absorbers such as haemoglobin,
deoxyhaemoglobin, and melanin could be subtracted from the
image of the probe using MSOT technology. This dual-modal
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Fig. 10 NIR-II probe (Q-NO,) for NTR activity in metastatic breast
cancer model. (a) Reaction scheme of Q-NO, reaction with NTR. (b)
Representative images of BL and NIR-II fluorescence signals in lucif-
erase-expressing breast cancer tumours at 0, 8, 16, and 20 days post-
implantation. (c) Relative NIR-II fluorescent intensity in mammary fat
pads, lymph nodes, and lungs at O, 8, 16, and 20 days post-implan-
tation normalized to the control. Error bars = S.D. (n = 5). Reproduced
from ref. 79 with permission from Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, Copyright 2019.
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platform has the potential to be used with other biomarkers for
the detection of cancer.

As discussed previously, the overproduction of ROS/RNS is
characteristic of many inflammatory diseases. Thus, imaging
these species may be important to track disease progression.
Zhang and co-workers developed an ABS probe, IRBTP-B, for the
detection of peroxynitrite in DILL.** IRBTP-B contains a phenyl
boronate trigger, which upon reaction with peroxynitrite
unmasks a novel NIR-II benzothiopyrylium cyanine fluorescent
dye (IRBTP-O). IRBTP-O exhibits large extinction coefficients at
575 and 905 nm (Fig. 11a). Inclusion of the two terminal ben-
zothiopyrylium groups was critical in extending the emission
peak beyond 1000 nm.** When tested against a panel of ROS/
RNS, the probe was shown to be selective for peroxynitrite and
had a limit of detection (LOD) of 55.9 nM in vitro. An APAP-
induced hepatotoxicity model was used to evaluate IRBTP-B in
vivo (Fig. 11b). A NIR-II fluorescence signal was observed in
mice treated with APAP, but it was reduced in PBS vehicle
control mice and those pre-treated with NAC. The authors
compared their new probe with D632, a commercial probe for
peroxynitrite that exhibits fluorescence within the visible
region. They found that IRBTP-B was more sensitive than D632,
which they attribute to their probe's emission within the NIR-II
range.

Hydroxy radicals ("OH) are highly reactive ROS generated in
vivo and are known to cause oxidative damage in a variety of
inflammatory diseases.*® To image this ROS, Liu and co-
workers recently developed Hydro-1080, an ABS probe for NIR-
II imaging of "OH (Fig. 12a).** Initially, the probe is not fully
conjugated between the two benzoindole groups and does not
fluoresce in the NIR-II window. However, the oxidation of
Hydro-1080 triggered by "OH extends the conjugated system,

IRBTP-B IRBTP-O
b : IRBTP-B : D632 :
' Omin  5min 10 min

k {
Omin S5min 10 min 15 min

APAP PBS

NAC

Fig. 11 ABS probe for NIR-Il imaging of peroxynitrite. (a) Reaction
scheme of IRBTP-B reacting with peroxynitrite to produce a NIR-II
fluorescent product, IRBTP-O. (b) Representative images of perox-
ynitrite in an APAP-induced hepatotoxicity model using IRBTP-B and
a commercial dye, D632. Adapted with permission from ref. 80,
Copyright 2019 American Chemical Society.
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Fig. 12 ABS probe for NIR-Il imaging of “OH. (a) Reaction scheme of
Hydro-1080 reacting with *OH to form Et-1080. (b) Representative
images of the ABS probe imaged at 808 and 1064 nm within an APAP-
induced hepatotoxicity model and the hepatoprotective effects of
ABT. Adapted with permission from ref. 81, Copyright 2019 American
Chemical Society.

and the resultant product, Et-1080, emits at 1080 nm with
a quantum yield of 0.45%. The LOD was determined to be
0.5 nM in vitro, which is competent in detecting basal levels of
'OH. The authors used Hydro-1080 for imaging "OH in APAP-
induced hepatotoxicity and LPS induced inflammation models
(Fig. 12b). The "OH response in the APAP model was attenuated
when mice were pretreated with 1-aminobenzotriazole (ABT).
ABT inhibits cytochrome P450 activity and prevents the
metabolism of APAP into a hepatotoxic agent. This study is the
first small-molecule sensor for “OH that gives a NIR-II readout.

Photoacoustic imaging

The PA effect converts absorbed light into acoustic signals.
Upon irradiation and excitation, a PA agent can undergo non-
radiative relaxation thereby releasing heat (Fig. 13a). The
rapid release of heat causes a local temperature change and
thermoelastic expansion within the tissue. Excitation using
a pulsed laser generates cyclic pressure changes which propa-
gate as acoustic waves. Ultimately, these acoustic waves can be
detected by ultrasound transducers and reconstructed to yield
high resolution images (1/200™ of the imaging depth) in the
centimetre range (up to 10 cm depending on the instrument).”
ABS PA agents typically utilize either a “turn-on” or ratiometric
design. A “turn-on” design refers to a quenched probe that upon
reaction with a target produces a PA signal. Ratiometric probes
have differing absorbance profiles compared to their turned
over product (Fig. 13b). As a result, both species can be moni-
tored by selective irradiation at the appropriate wavelength of
maximum absorbance (A,ps). Although, it should be noted that
irradiation at the maximum absorbance is not essential. If the
probe and turnover product have overlapping absorbance
profiles, they can be selectively irradiated to provide the best
ratio between the two. Ratiometric imaging is desirable because
it can account for tissue heterogeneity, differences in imaging
depth, local probe concentration, and clearance.*® Important
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Fig. 13 Photoacoustic imaging. (a) A fluorescence signal is produced
by absorbance (blue arrow) followed by relaxation to the ground-state
via radiative relaxation. A photoacoustic signal arises from absorbance
followed by vibrational relaxation via non-radiative relaxation path-
ways (red arrow). Adapted with permission from ref. 89, Copyright
2018 American Chemical Society. (b) Schematic of ratiometric imaging
in which the starting material produces a PA signal at a particular
wavelength (1) following reaction with the stimulus of interest
produces a wavelength shift (1,). Adapted with permission from ref. 90,
Copyright 2018 American Chemical Society.

criteria to consider in the design of an ABS probe for PA imaging
are the following: a A,ps in the NIR window, high extinction
coefficient, low fluorescent quantum yield, and for ratiometric
probes, minimal overlap between the absorbance profiles.****
Using these criteria, a variety of ABS probes have been devel-
oped for Cu®",*> hypoxia,®** nitric oxide,**® and a variety of
enzyme targets.®”*°° This is in addition to many excellent non-
ABS PA probes that have been reviewed elsewhere.'* %

Nitric oxide (NO) is another RNS upregulated in inflamma-
tory diseases and cancer. Due to its roles in pathology (and
physiology), it is essential to be able to image NO in an in vivo
context. A variety of methods have been developed to detect NO
in vivo (e.g& MRI, fluorescence, and luminescence);'**"*
however, these methods are limited by poor resolution, sensi-
tivity, and/or depth penetration. Through rational tuning, our
group developed the first ABS probe for in vivo PA imaging of
NO, APNO-5 (Fig. 14a).”> APNO-5 features a PA compatible aza-
BODIPY dye. When NO reacts with the aniline trigger of
APNO-5, the resultant N-nitrosated product is blue-shifted by
91 nm (from 764 nm to 673 nm). As mentioned previously,
selective irradiation of each species enables ratiometric
imaging. To demonstrate the ability of APNO-5 to image
endogenous NO production, an LPS-induced inflammation
model was used. A signal enhancement was compared to
a saline vehicle control. To improve the sensitivity toward NO,
we developed a second-generation ABS probe for PA imaging
named SR-APNO-3 (Fig. 14a).”® By replacing two of the pendant
phenyl groups with smaller thiophenes, we were able to pla-
narize the probe by relaxing the steric clash. This modification
led to a theoretical 4.4-fold increase in ratiometric turn-on
response in vitro. In addition to using an intramuscular
inflammation model, we also challenged the sensitivity of SR-
APNO-3 by imaging lower concentrations of NO in a 4T1
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Fig. 14 ABS probe for PA imaging of NO in inflammation and cancer.
(a) Structures of APNO-5 and SR-APNO-3. Reaction scheme of SR-
APNO-3 reacting with NO to produce the N-nitrosated product. (b)
Representative images of SR-APNO-3 within the mouse flank, tumour,
and tumour pre-treated with L-NMMA. Scale bar represents 2.0 mm.
Reproduced from ref. 96 with permission from the Royal Society of
Chemistry, Copyright 2020.

breast cancer model, and to confirm that turn on was the result
of SR-APNO-3 interacting with NO, we pre-treated mice with r-
N®-monomethyl-arginine (1-NMMA), a pan-selective NO syn-
thase inhibitor (Fig. 14b). Since our initial work, others have
also developed PA ABS probes for NO using a donor-acceptor—-
donor dye platform.'*”

Beyond RNS, our group has recently developed an ABS probe
for PA imaging of glutathione (GSH), which is the most abun-
dant biological thiol. GSH plays important roles in maintaining
redox homeostasis and xenobiotic detoxification. However,
elevated levels of GSH have been associated with various cancer
types and chemotherapeutic resistance, and yet, targeting GSH
as a cancer biomarker is challenging because it is abundant
throughout the body in mM concentrations.'*® To address this,
our group developed PACDX, an ABS probe that can distinguish
GSH levels in healthy and tumour tissue, as well as across
different cancer types (Fig. 15a).'® PACDx features two key
elements, a dye capable of producing a PA signal in the NIR-I
region upon irradiation and a nucleophilic aromatic substitu-
tion (SnAr)-based GSH trigger. By tuning the SyAr reactivity via
physical organic approaches, we designed a probe that can
respond to GSH in a dose-dependent manner within the 0.1-
10 mM range. After demonstrating that PACDx can report on
GSH levels in various cell lines (A549, HEK 293, and U87 cells),
PACDx was used in a A549 lung cancer xenograft model. PACDx
accumulated in tumours after systemic injection, where it
generated a strong PA signal in vivo. In a blind study, PACDx was
used to stratify a group of mice bearing A549 tumours (high
GSH) from animals with U87 tumours (low GSH) via PA imaging
(Fig. 15b and c). Inspired by the lack of off-target activation, we
leveraged our new trigger to develop a prodrug (PARx) for
treating lung cancer (Fig. 15a). PARx exhibits the same reactivity
and selectivity capabilities as PACDX, enabling the release of
a chemotherapeutic and a PA imaging dye exclusively in lung
tumours. The selective release of the drug was demonstrated via
a tumour inhibition study in which we observed significant

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 GSH-responsive companion-diagnostic for lung cancer. (a)
Structures of GSH-responsive companion diagnostic (PACDx) and
prodrug (PARx). (b) Representative images of stratified groups. (c)
Normalized PA intensities of stratified groups. Error bars = S.D.

tumour attenuation in A549 xenografts compared to U87
xenograft tumours. The development of PACDx provides a new
strategy for designing ABS probes for PA imaging that can be
exploited for various in vivo applications.

Finally, another biomarker for cancer is upregulation of
matrix metalloproteinases (MMPs), which are calcium-
dependant endopeptidases responsible for degrading extracel-
lular matrix proteins. MMP-2 overexpression is common in
most solid tumours, and therefore its activity can be used for
cancer diagnosis and evaluating therapeutic efficacy.”® A
number of MMP-2 probes for PA imaging have been devel-
oped;"*™*** however, existing technologies do not provide real-
time acquisition of MMP expression in vivo. Gao, Shi, Ji, and
co-workers report a dual-modal activatable probe for MMP-2
expression in cancer.'”” The probe (QC) consists of a MMP-2
cleavable peptide sequence, a Cy5.5 dye, and a QSY21
quencher (Fig. 16a). Due to the hydrophobicity of the quencher
and hydrophilicity of the Cy5.5 dye, the probe spontaneously
forms nanoparticles in aqueous solution. Interaction with
MMP-2 cleaves the recognition sequence, resulting in an altered
aggregation state and efficiency of luminescence energy transfer
between the dye and quencher. Subsequently, the PA signal at
680 nm decreases, while the signal at 730 nm remains constant.
The PA signal at 680 nm (PAgg,) could be used to assess MMP-2
activity, while the signal at 730 nm (PA3,) served as an internal
standard. The authors were able to correlate the change in
ratiometric signal (PAggo/PAs30) to MMP-2 concentration, and
a linear relationship was determined in vitro for concentrations
between 10-640 ng mL~'. However, when testing their probe
against other relevant enzymes, QC was not selective for MMP-2
as MMP-9 also turned over the probe. Nevertheless, the authors
applied QC for in vivo MMP detection in a 4T1 breast cancer
model. Following intravenous injection, QC accumulation in
tumours was monitored via PA imaging. Using this probe, the
authors measured MMP activity as a function of tumour size
(Fig. 16b). The PA signals at each wavelength increase against
tumour volume. These imaging results were confirmed using

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 ABS probe for PA imaging MMP-2 activity in cancer. (a)
Schematic of QC reacting with MMP-2. (b) Representative images of
QC irradiated at 680 and 730 nm in different tumour sizes. (c) MMP-2
expression within different tumour sizes determined by western
blotting. (d) MMP-2 expression determined by the ratio of PA signal at
680 and 730 nm. Adapted with permission from ref. 115, Copyright
2019 American Chemical Society.

western blot analysis of MMP-2 ex vivo (Fig. 16¢). The relation-
ship between tumour size and MMP-2 expression allowed the
authors to correlate the ratiometric readout to MMP-2 activity in
vivo (Fig. 16d). The authors found that MMP-2 activity decreased
with increasing tumour size, which has previously been
observed.”® This proof-of-principle study demonstrates the
utility of using real-time monitoring to semi-quantitatively
measure enzyme activity in the complexity of the tumour envi-
ronment, and this developed system has the potential to be
used for other biological stimuli.

Outlook

We have highlighted recent key examples of ABS probes for NIR
BL, CL, NIR-I fluorescence, NIR-II fluorescence, and PA imaging
(Table 1). An emphasis was placed on in vivo applications
because it provides a complementary approach to cellular
studies by capturing a biological stimuli's role in complex
environments such as cancer and other diseases.”'** BL
imaging is particularly advantageous for tracking a particular
cell population in vivo by encoding the luciferase machinery
into the target cells. The use of NIR-I emitting luciferins will
enable the tracking of cells within deeper tissue. Unlike BL, CL
eliminates the need for transfection and implantation of cells in
vivo. Only the reactivity between the CL probe and biological
stimulus needs to be tuned unlike the additional concern of
evolving a competent luciferase/luciferin pair. This is
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Table 1 Reported photophysical properties of NIR ABS probes
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ABS probe Aabs (NmM) Aem (NM) ] e(x10"M 'em ™)
Bioluminescence CyLucl — 604 — —
Chemiluminescence CFAP700 — 700 — —
QM-B-CF — 700 — —
NIR-I fluorescence CyP1 695 720 0.22 —
NIR-LAP 622/670 703 0.28 —
NIR-II fluorescence Q-NO, 664/808 780/922 — —
IRBTP-O 855 950 0.04 5.999
Hydro-1080 525 — — 2.43
Et-1080 1021 1054 0.08 9.37
Photoacoustic SR-APNO-3 790 — 0.002 7.24
t-SR-APNO-3 704 — 0.10 5.31
PACDx 690 — — —
QC 680/730 — — —

particularly attractive for the low cost of diagnosis or screening
of diseases. However, CL is currently limited by poor resolution
due to uncontrolled release of photons after reaction with
a target. This limitation is starting to be addressed by the
highlighted CL dual-lock probe, where a CL signal could be
released in an enriched burst.*® Future iterations of this strategy
can make use of other non-light mediated triggers to induce
a CL response, or the excitation wavelength can be red-shifted
into the NIR region to enable deep-tissue penetration.
Recently, the ABS probe development field is shifting its focus
towards the use of longer wavelengths within the NIR-II
window. This emerging technology can be paired with NIR-I
ABS probes to potentially reveal cross-talk between different
biological species. However, issues of solubility and stability
must be addressed for using NIR-II dye platforms as ABS
probes. Addition of solubilizing groups or encapsulation of
these probes can be used to enhance their fluorescent proper-
ties,'***** and a similar approach, as in the highlighted NIR-I
example,” can be used to screen for ROS/RNS stability for
NIR-II dye platforms. Another promising imaging modality
within the ABS field is that of PA imaging. Sub-micron resolu-
tion can be achieved at 7-10 cm depths. Moving forward,
improvements in both depth penetration and resolution in vivo
can be made by developing PA probes that absorb and emit
within the NIR-II region. The tuning of excited state lifetimes
and aggregation induced emission of these probes opens the
door for the development of exciting new dye platforms.
Furthermore, the imaging field is still relatively new with
regards to instrumentation and image processing. Improve-
ments made in these areas will undoubtedly further the field
complementary to probe development.

A variety of probes have been developed for these different
modalities, and the highlighted proof-of-principle studies
demonstrate the utility of ABS for in vivo, especially in the
example of semi-quantification of MMP-2 activity.'* The probe
development field will likely shift towards the use of ABS probes
for quantification or semi-quantification of an biological stim-
ulus rather than just a binary answer of its presence. By
leveraging the sensitivity and selectivity of ABS probes, we are

3402 | Chem. Sci,, 2021, 12, 3393-3405

now in a position to make new discoveries in biology in addition
to moving towards precision medicine and diagnostics. Signif-
icant advancements will be made once these developed probes
are adopted and used by scientists in other fields.
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