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Nitric oxide imaging in cancer enabled by steric
relaxation of a photoacoustic probe platformf

*

Christopher J. Reinhardt, & Ruiwen Xu® and Jefferson Chan

Nitric oxide (NO) is a key signaling molecule involved in a variety of physiological and pathological
processes. Over the past few decades it has become clear that the microenvironment and concentration
of NO are critically linked to its bioactivity. Direct visualization of NO in vivo remains difficult due to
a lack of sensitive analytical tools with deep tissue compatibility. Herein, we report the optimization of an
activatable photoacoustic probe for NO by planarizing the boron-azadipyrromethene (aza-BODIPY) dye
platform via steric relaxation. The lead compound, SR-APNO-3, exhibits maximal absorption at 790 and
704 nm before and after N-nitrosation with NO, respectively, and a 4.4-fold increase in the theoretical
maximal ratiometric response compared to the non-sterically relaxed parent compound, APNO-5. This
circa 30 nm red-shift enabled direct visualization with the laser system commonly employed in
commercially available photoacoustic tomographers and a 1.1-fold increase in sensitivity within an
intramuscular lipopolysaccharide-induced inflammation model. Moreover, this optimization facilitated
the detection of endogenously produced NO in an allograft murine breast cancer model, where steady-
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Introduction

Reactive oxygen and nitrogen species represent a major class of
biological signaling molecules. Nitric oxide (NO) was initially
identified in the 1980s for its role in the regulation of vascular
tone.'™ Since then, NO has been implicated in a wide range of
pharmacologically important processes, such as inflammation,®
neuronal signaling,® and cancer,”” through distinct chemical
mechanisms.” A general and underappreciated conclusion
from these works is that there are intrinsic connections between
the concentration, cellular environment, and resulting biolog-
ical effects of NO. For example, high concentrations of NO are
antitumoural, while low concentrations promote angiogenesis
and tumour growth.*"*"** For this reason, it is critical to develop
new methods that facilitate non-invasive detection of NO within
complex biological systems. This remains an unsolved problem
due to the lack of imaging technologies with the requisite
sensitivity, spatiotemporal resolution, and/or depth penetration
along with the capabilities of performing molecular imaging.*®

Photoacoustic (PA) imaging is a non-invasive modality that
has the promise to expand bioimaging beyond purely optical
limits (millimeter depths). Mechanistically, pulsed laser exci-
tations are used to induce heating-cooling cycles (~2 kJ) with
corresponding thermoelastic expansion events, which
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state concentrations are several orders of magnitude less than during the immune response.

propagate through the tissue as ultrasound. These ultrasound
signals are then detected by piezoelectric detectors and recon-
structed to yield high-resolution images. By detecting sound,
rather than emitted fluorescence, PA imaging depths are
limited only by the excitation light and provide high resolution
(empirically ~1/200 of imaging depth)"” within deep tissue
(centimeter depths).*®

To facilitate PA-based molecular imaging, a range of nano-
particle- and small-molecule-based contrast agents and molec-
ular probes have been developed.'*?' We reported the first
activatable PA probe for NO, APNO-5, and applied it for the
detection of NO in an LPS-induced murine model of inflam-
mation.'® It is important to note that while APNO-5 was able to
detect NO concentrations relevant to the immune response
(millimolar range), it was ineffective for NO detection in cancer
(103-fold lower concentrations). For this reason, it is essential to
enhance the sensitivity of the probe platform for imaging within
deeper tissue and at lower NO concentrations.*

To date, only a handful of approaches have been successfully
employed for increasing the sensitivity and ratiometric prop-
erties of small-molecule PA probes. Specifically, increasing the
electron density within the aza-BODIPY** and conformational
restriction of the pendant phenyl rings* have led to improved
designs for ratiometric, activatable PA probes compared to non-
ratiometric** or poorly ratiometric probes.>® While successful in
the selected example, increasing electron density may not be
trivial, depending on the application. On the other hand,
conformational restriction yields reliable red-shifts (~30 nm
per fusion) but increases the molecular weight (26 Da per
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fusion) and cLogP of the dye platform (increase from the parent
aza-BODIPY cLogP = 7.8 to conformationally restricted aza-
BODIPY cLogP = 8.2-8.6). Together, these properties decrease
the probability of passive uptake into the cell and increase
propensity for aggregate formation and peak broadening.

We decided to investigate the photophysical effects of pla-
narizing the pendant aromatic rings on the aza-BODIPY core by
relaxing steric clash. We generally refer to this approach as
“steric relaxation for planarization” with the corresponding PA
platform being named SR-aza-BODIPY for sterically relaxed aza-
BODIPY (Fig. 1). Specifically, we proposed to replace the phenyls
with thiophenes because the average diameter is ~75% the size.
Similar thiophene-modified aza-BODIPYs have been previously
prepared and analyzed using X-ray crystallography and UV-vis
spectroscopy.”** These studies confirmed a substantial plana-
rization of the dye backbone and red-shifting. However, their
applicability to activity-based sensors and PA imaging remain
unexplored. Moreover, we hypothesized that incorporation of
sulphur atoms would induce the heavy-atom effect, causing
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Fig. 1 Examples of previous and current approaches for the optimi-
zation of aza-BODIPY PA probes. Yellow circles denote past locations
of optimization, while red pentagons indicate the location for steric
relaxation. SR-APNO-3, the lead compound, undergoes oxidative N-
nitrosation and a wavelength shift for ratiometric PA imaging. Repre-
sentative images of SR-APNO-3 and t-SR-APNO-3 (10 puM) at Ape
(690 nm) and Aeq (790 Nnm) in a tissue-mimicking phantom. R = CH,—
CoH3N3—PEG3—N(CH3)4l.
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a reduction in fluorescence quantum yield and increase in PA
signal. Herein, we report the optimization of APNO-5 via the
systematic replacement of the 1- and 7-position phenyl rings
with thiophenes and the application of the optimized
compound for imaging cancer-derived NO in live-animal
models.

Results and discussion

To investigate the feasibility of this approach, we utilized
density functional theory (DFT) and time-dependent DFT (TD-
DFT) to study the effect of thiophene substitution on the dihe-
dral angle and predicted absorption of the dyes (calculated in
implicit methanol solvent). The method was validated by
comparing the dihedral angle between the planes of the
aromatic rings and the aza-BODIPY core to previous experi-
mental data in which the computational and experimental data
were in good agreement (~28° and ~18°, respectively, Fig. Sla-
dt).2**” Replacement of the phenyls with thiophenes resulted in
a decreased dihedral angle with a corresponding ~25 nm red-
shift per thiophene. Importantly, we observed an inverse linear
relationship between the calculated dihedral angle and experi-
mental absorption maximum, suggesting the dihedral angle is
predictive (R> = 0.60, Fig. Stet).

With the validated computational workflow, the probes and
N-nitrosated products were built in silico with the polyethylene
solubilizing group truncated to a methyl for computational
analyses. The geometries were optimized, and the wavelength of
maximal absorbance was calculated for each compound. In all
cases, we observed a near complete decrease (8°, 80% of the
disubstituted analogue's effect) in dihedral angle after replacing

APNO-5 (Ph/Ph)

NN

SR-APNO-1 (Ph/Thio)

\

SR-APNO-2 (Thio/Ph)

Name  Dihedral A . o \\

(-NO/+NO) D)
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SR-APNO-3 (Thio/Thio)
SR-APNO-1 21 +10/8
SR-APNO-2 21 +4/11 '\— L= ——
>

SR-APNO-3 19 +16/10 .

Fig. 2 Computational investigation of the effect of thiophene
replacement on the structural and absorptive properties of the SR-
APNO series. Locations of the thiophenes and phenyls are indicated in
parentheses (left indicates the same side of the molecule as the o-
methoxy-methylaniline trigger, right indicates the anisole-containing
side of the molecule). The solubilizing PEG chain was truncated to
a methyl for computational analyses.
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a single phenyl and a 14 nm red-shift per thiophene (Fig. 2).
Additionally, inverse correlations were observed between the
dihedral angle and wavelength of maximal absorbance for both
the initial probe (R* = 0.64) and the N-nitrosated product (R* =
0.59). These trends were consistent with the results from gas
phase optimized geometries with only the universal force field
(R* = 0.60, 0.90) and B3LYP (R> = 0.69, 0.90), suggesting these
should be sufficient for predicting the effect of steric interac-
tions on the wavelength for the aza-BODIPY platform
(Fig. S1ef¥).

Encouraged by the computational results, we prepared both
singly substituted constitutional isomers, SR-APNO-1 and SR-
APNO-2, and the disubstituted analogue, SR-APNO-3. First,
the desired functionality is installed through the Claisen-
Schmidt condensation of the appropriate acetophenone and
aromatic aldehyde to afford a chalcone. Next, the chalcone is
subjected to Michael-type addition of the nitromethane anion
followed by Paal-Knorr cyclization and boron chelation. Finally,
the appended alkyne handle was utilized for installation of
a solubilizing moiety through copper-catalysed 1,3-dipolar
cycloaddition (Schemes 1 and S1-5t).*

Photophysical characterization indicated that all probes and
N-nitrosated products displayed maximal absorbance at greater
than 680 nm, maintained high extinction coefficients and low
quantum yields, and exhibited pH-independent absorbance
and fluorescence properties (Table 1, Fig. 3c and S2-3%). The
oxidative nitrosation products were confirmed using high
resolution mass spectrometry and clean conversion was
observed by liquid chromatography mass spectrometry (Fig. S4-
61).

As anticipated, each probe underwent rapid NO-mediated
oxidation to afford the blue-shifted product. Incorporation of
two sulphurs into the chromophore resulted in a decrease in N-
nitrosated product's fluorescence quantum yield, presumably
due to the heavy atom effect, and the planarization resulted in
an increase in molar absorptivity due to more efficient orbital
overlap. Striking similarities between the two constitutional

NH,0Ac
—_—
n-BuOH

N3-PEG3-N(CHa)s!
CuS0,-5H,0
NaAscorbate

THPTA

THF/H,0

Scheme 1 Generalized synthesis for the SR-APNO series. Ar = Ph or
Thio.
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Table 1 Photophysical properties of APNO-5 and the SR-APNO
series”®

—Nitric oxide +Nitric oxide

Compound Amax & x 10* ¢ Amax e x 10* ¢

APNO-5 759 3.38 0.0003 670 2.91 0.23
SR-APNO-1 775 3.18 0.004 685 2.25 0.26
SR-APNO-2 770 1.75 0.015 688 1.56 0.17
SR-APNO-3 790 7.24 0.002 704 5.31 0.10

“ A(nm)and e (M " em ') are reported in methanol and ¢ is reported in
ethanolic 20 mM potassium phosphate buffer (pH 7.4, 50% v/v). Data is
reported as the average of experimental replicates (n = 3) with less than
15% error.

isomers confirmed that the planarization is not dependent on
the location relative to the trigger (consistent with our compu-
tational predictions, Table 1 and Fig. S1-2t). This is in contrast
to the conformational restriction approach in which the loca-
tion of restriction effects both the photophysical and PA
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Fig. 3 (a) Quantified PA ratios (Apiue/Areq) fOr each probe (red) and the
corresponding N-nitrosated products (blue). (b) Theoretical maximal
ratiometric PA responses for APNO-5, SR-APNO-1, SR-APNO-2, and
SR-APNO-3 before and after nitrosation (25 uM dye, 500 equiv. NO
derived from MAHMA-NONOate). (c) UV-vis (2 puM) and (d) PA spectra
(10 uM) of SR-APNO-3 (red) and t-SR-APNO-3 (blue). All experiments
were performed at room temperature in ethanolic 20 mM potassium
phosphate buffer (pH 7.4, 50% v/v, final DMSO concentration is <1.25%
v/v). Data is reported as the mean =+ standard deviation (n = 3). Ape/
Areq (nmM): APNO-5, 680/770; SR-APNO-1, 680/780; SR-APNO-2, 680/
780; SR-APNO-3, 690/790.
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properties.”® The SR-APNO series, along with previous
reports,”* indicate that planarization via steric relaxation is
similarly efficient for red-shifting the absorbance (15 versus 0-
30 nm and 30-67 versus 0-52 nm after one and two modifica-
tions, respectively).>*****

To evaluate the effect on the PA properties, the maximal
ratiometric responses were measured for each compound
following N-nitrosation (Fig. 3 and S27). Interestingly, neither
SR-APNO-1 nor SR-APNO-2 resulted in any increase in sensi-
tivity. On the other hand, SR-APNO-3 was 4.4x more sensitive
than the parent molecule with a 44-fold maximal ratiometric PA
turn on. It is important to note that the increased sensitivity
comes predominantly from more efficient detection of the N-
nitrosated product rather than changes in the initial probe
(Fig. 3b).

With the ideal probe in hand, SR-APNO-3's applicability for
NO imaging was evaluated. First, SR-APNO-3 and t-SR-APNO-3
were compared using UV-vis spectroscopy and PA tomog-
raphy, where maximal PA ratiometric responses were observed
at 690 and 790 nm (Fig. 3¢ and d). Changing the percent ethanol
content of the buffer resulted in different ratiometric responses
to NO; however, N-nitrosated product was observed at all tested
concentrations (0-80% ethanol, Fig. S7a and b¥). The spectral
changes were consistent with the formation of J-aggregates
under aqueous conditions, which has been observed previously
with the aza-BODIPY dye platform.'**> Comparison between
reactions performed in the presence and absence of ethanol
suggest that the differences in ratiometric response occur due
to differences in reaction depending on aggregation state and
lower sensitivity due to beak broadening (Fig. S7c and df). Next,
the selectivity of SR-APNO-3 was confirmed against a panel of
reactive metals, carbonyl, oxygen, sulphur, and nitrogen
species. The panel of potential cross-reactive biomolecules was
selected due to the possibility of binding to the thiophenes or
oxidation of the trigger, which could lead to false positives.
Importantly, no changes were observed via fluorescence or UV-
vis (Fig. S8%). Finally, the photostability of SR-APNO-3 and the
corresponding N-nitrosated product were measured using an
OPO laser for irradiation. All of the SR-aza-BODIPYs were pho-
tostable (>90% over 60 s) and the N-nitrosated products showed
reasonable stability towards de-nitrosylation (greater than 50%
over 30 s, typical imaging is ~10 s per wavelength, Fig. S97). t-
SR-APNO-3 proved to be the most photostable product. This
finding is consistent with the proposed de-nitrosylation mech-
anism which includes photo-induced electron transfer from the
chromophore into the N-NO followed by NO release.**** More
broadly, this suggests that tuning intersystem crossing rates can
be used to optimize both N-nitrosation based NO probes (e.g.,
APNO-5)* and photo-activatable NO donors (e.g., photoNOD-
1)‘35

The biocompatibility of SR-APNO-3 was assessed in RAW
264.7 macrophages and 4T1 murine breast carcinoma cells,
where good viability was observed (Fig. S10t). The cellular
performance was then investigated in 4T1 cells to confirm both
uptake and sufficient reaction kinetics for intracellular detec-
tion. Cells were stained with SR-APNO-3, washed to remove
excess probe, and then incubated with DEA-NONOate. The cells
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were collected via centrifugation and the cell pellet was imaged
using PA tomography. Quantification revealed a dose-
dependent, ratiometric response to NO (Fig. S117). Next, SR-
APNO-3 was applied for imaging LPS-induced inflammation
in BALB/c mice. To more accurately simulate the deeper tissue
involved in cancer imaging, inflammation was induced through
intramuscular administration of LPS rather than the subcuta-
neous model reported in our initial report.'® Under these
conditions, APNO-5 was no longer able to detect NO. On the
other hand, a statistically significant increase was observed
using SR-APNO-3 after 3 h (Fig. 4 and S127). These results are
consistent with the in vitro characterization, where SR-APNO-3
was shown to be more sensitive than APNO-5. Mice were then
co-administered SR-APNO-3 and 1-N°-monomethyl-arginine (r-
NMMA), a pan-selective nitric oxide synthase inhibitor,* to
confirm that the signal enhancement was a result of NO. Under
these conditions, we observed a 12% inhibition in the ratio-
metric response (Fig. 4b and S12+). This suggests that SR-APNO-
3 could serve as a tool for the evaluation of anti-inflammatory
small molecules within live mouse models.

As previously mentioned, NO plays a key role in cancer
biology, where high concentrations are initially biosynthesized
by macrophages to elicit antitumoural effects. After this brief
window of inflammation, emerging evidence suggests that the
tumour microenvironment decreases macrophage motility,
thereby trapping the macrophages within the tumour. These
immune cells, often referred to as tumour-associated macro-
phages, produce lower levels of NO which promote tumour
progression, angiogenesis and premetastatic potential.*” After
local administration of SR-APNO-3 we observed a clear differ-
ence in the ratiometric PA response between the flank and
tumour indicating that the probe was nitrosated. After 6 h,
a 1.22-fold increase in the relative ratiometric PA response was
observed between the flank and tumour (Fig. 5a and b and
S131). To confirm these results, we deemed it necessary to
inhibit NO biosynthesis within the tumour, where co-
administration of .-NMMA and SR-APNO-3 resulted in an 81%
decrease in the relative ratiometric PA response (Fig. 5 and

1.6 b 1.6-
S 1.4 S 1.4 -
© S ns
R 1.2 i B 1.21
< <

o

L 10 % 1.0
2 3
g 0.8 & 0.

0.6- 0.6

Salne  LPS Saline LPS NMMA
Fig.4 (a) APNO-5 (50 uM, 25 ul) and (b) SR-APNO-3 (50 uM, 25 L) PA

imaging of NO in an intramuscular LPS-induced inflammation model.
Statistical analysis was performed using (a) an unpaired t test (a = 0.05)
or (b) Dunnet's multiple comparisons (« = 0.05). *p < 0.05. Data is
reported as the mean + standard deviation (APNO-5, n = 5; SR-APNO-
3:saline, n =7; LPS, n = 8; L-NMMA, n = 4).
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Fig. 5 SR-APNO-3 PA imaging of cancer-derived NO. (a—c) Repre-
sentative image overlays corresponding to the N-nitrosated product
(690 nm, blue) and SR-APNO-3 (790 nm, red) after 6 h subcutaneous
or intratumoural administration (25 plL, 50 uM, 15% DMF in saline v/v).
(d) Quantified relative ratiometric PA at 3 and 6 h. Statistical analysis
was performed using 2-way ANOVA (¢ = 0.05) between the flank,
tumour, and L-NMMA inhibited tumour. Relative ratiometric signals
were compared to the tumour at each time point using Sidak's multiple
comparison test (@ = 0.05). *p < 0.05; **p < 0.01. Data is reported as
the mean + standard deviation (flank, n = 11; tumour, n = 18; L-NMMA,
n = 9). Scale bar represents 2.0 mm.

S137). This represents the first example of where the PA imaging
of cancer-derived NO has been validated using an inhibitor of
nitric oxide synthase. To confirm that the signal change was not
due to changes in any endogenous absorbers (e.g., haemoglobin
or deoxyhaemoglobin), we performed an intratumoural injec-
tion of .-NMMA without SR-APNO-3. Under these conditions, we
observed no change in the relative ratiometric PA response
(Fig. S147). Together, these imaging studies demonstrate that
SR-APNO-3 can be applied to facilitate deep tissue imaging of
cancer NO, where concentrations are approximated to be ~10°-
fold lower than in the immune response. We propose that SR-
APNO-3 provides a new, previously inaccessible window of
imaging NO within cancer using a single contrast agent.
Ongoing efforts in our group are focused on utilizing the
increased sensitivity of SR-APNO-3 to study the role of NO
within cancer.

Conclusion

In this work, we report the first systematic photophysical opti-
mization of the aza-BODIPY dye platform that interrogates the
effect of relieving steric interactions for dye planarization and
PA signal optimization. A computational model was validated
for predicting the effect of steric relaxation on the dihedral
angle, which was confirmed experimentally. Replacement of

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

a phenyl with a thiophene resulted in a circa 15 nm shift in the
absorbance maxima, regardless of where the replacement was
in comparison to the trigger. This contrasts with the confor-
mational restriction approach, in which the location was
essential for obtaining desirable PA properties. Replacing both
aromatic rings with thiophenes had an additive effect and
yielded the optimal compound, SR-APNO-3, which was 4.4-fold
more sensitive than the parent molecule, APNO-5. This increase
in sensitivity allowed for higher ratiometric responses in an
intramuscular inflammation model and the first successful
detection of cancer-derived NO with a small-molecule PA
contrast agent. This small molecule approach for PA probe
optimization is in contrast to recent nanoparticle-based exam-
ples which focus on for enhancing the sensitivity of NO-
responsive PA by co-administering inert or analyte-selective
probes for internal calibration or added sensitivity.**** More
broadly, this work provides a new approach for the optimization
of activatable PA probes and bridging the gap in sensitivity
between optical and photoacoustic imaging methods.
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