Convergence and Technologies

An Activatable Cancer-Targeted Hydrogen
Peroxide Probe for Photoacoustic and

Fluorescence Imaging

Cancer
Research

®

Check for
updatas

Judith Weber"?3, Laura Bollepalli"?, Ana M. Belenguer?®, Marco Di Antonio?,
Nicola De Mitri®, James Joseph'?, Shankar Balasubramanian®®, Christopher A. Hunter>,

and Sarah E. Bohndiek"?

Abstract

Reactive oxygen species play an important role
in cancer, however, their promiscuous reactivity,
low abundance, and short-lived nature limit our
ability to study them in real time in living subjects
with conventional noninvasive imaging methods.
Photoacousticimaging is an emerging modality for
in vivo visualization of molecular processes with
deep tissue penetration and high spatiotemporal
resolution. Here, we describe the design and syn-
thesis of a targeted, activatable probe for photo-
acoustic imaging, which is responsive to one of
the major and abundant reactive oxygen species,

An activatable and cancer-targeted hydrogen peroxide probe enables photoacoustic molecular
imaging in a mouse model of breast cancer.

© 2019 American Association for Cancer Research

hydrogen peroxide (H,O,). This bifunctional
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probe, which is also detectable with fluorescence

imaging, is composed of a heptamethine carbocyanine dye scaffold for signal generation, a 2-deoxyglucose cancer localization
moiety, and a boronic ester functionality that specifically detects and reacts to H,O,. The optical properties of the probe were
characterized using absorption, fluorescence, and photoacoustic measurements; upon addition of pathophysiologic H,O,
concentrations, a clear increase in fluorescence and red-shift of the absorption and photoacoustic spectra were observed. Studies
performed in vitro showed no significant toxicity and specific uptake of the probe into the cytosol in breast cancer cell lines.
Importantly, intravenous injection of the probe led to targeted uptake and accumulation in solid tumors, which enabled
noninvasive photoacoustic and fluorescence imaging of H,O,. In conclusion, the reported probe shows promise for the in vivo

visualization of hydrogen peroxide.

Significance: This study presents the first activatable and cancer-targeted hydrogen peroxide probe for photoacoustic
molecular imaging, paving the way for visualization of hydrogen peroxide at high spatiotemporal resolution in living

subjects.

Graphical Abstract: http://cancerres.aacrjournals.org/content/canres/79/20/5407/F1.1arge.jpg.
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Introduction

Reactive oxygen species (ROS) are generated as a normal by-
product of respiration and at low concentrations act as signaling
molecules. Oxidative stress arises when the concentration of ROS
exceeds the capacity of intracellular antioxidant systems and plays
a key role in the progression of a range of pathologies (1),
including cancer, as well as neurodegenerative and cardiovascular
diseases (2). For example, a sustained oxidative environment can
lead to malignant transformation. Once transformed, aberrant
cancer cell proliferation and metabolism together with a complex
tumor microenvironment leads to very high levels of ROS (3).
Cancer cells must therefore tightly regulate their antioxidant
capacity to survive this ROS exposure; the ability to endure
prolonged and severe oxidative stress has been strongly associated
with cancer aggressiveness and drug resistance.
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Our current understanding of how oxidative stress contributes
to cancer progression, and whether strategies to abrogate this
adaptive response can be used to modify therapy response, are
fundamentally limited by a lack of tools with which to study redox
processes with sufficient spatiotemporal resolution in living sub-
jects (4). Fortunately, photoacoustic imaging (PAI) operates on a
regime highly suited to meet these needs. PAI is an emerging
molecular imaging modality that enables noninvasive, real-time
visualization of cellular, and molecular processes in living subjects
with a spatial resolution of ~100 um at depths of several cen-
timeters. It is based on the photoacoustic effect, in which acoustic
waves are generated in response to the absorption of short light
pulses and subsequent tissue heating. Because sound waves are less
scattered by biological tissues than photons, this technique
bypasses some of the drawbacks of traditional optical imaging
techniques and combines the high temporal and spatial resolution
of ultrasound with the high contrast of optical imaging (5).

Optically absorbing chromophores intrinsic to living subjects
(e.g. hemoglobin, melanin and lipids) enable PAI to provide
structural and functional imaging. A great variety of signaling
compounds used as contrast agents for PAI have already been
reported to enable PA molecular imaging, including small mole-
cule near-infrared dyes, inorganic and organic nanostructures (6).
Probes that are targeted and activatable are of particular interest
because they preferentially accumulate in a specific tissue type and
then elicit a signal change upon binding or interaction with their
target biological process. These 2 features reduce the impact of the
physiologic background signals and increase the potential for
signal quantification. A PAI probe tailored for the detection of
ROS in disease must be nontoxic, avoid promiscuous reactivity at
normal physiological ROS concentrations or with multiple ROS,
be highly sensitive to the ROS of interest, and accumulate in the
tissue of interest to allow disease-specific readout.

In this study, we created the first activatable and cancer-targeted
H,0, probe providing dual contrast in photoacoustic and fluo-
rescence imaging that satisfies these criteria. H,O, is a major and
abundant ROS with a relatively high chemical stability involved in
cell signaling and strikingly increased in cancer cells (7). There are
several reports describing boronic acid/esters as specific masking
groups, which are chemoselectively removed by H,O, over com-
peting ROS (8-10). Based on this foreknowledge, we designed a
smart, targeted near-infrared PAI probe composed of a hepta-
methine carbocyanine backbone (11), an aryl boronate ester
reactive towards H,O, connected to the dye backbone via a linker
structure, and 2-deoxyglucose as a targeting moiety to direct the
probe preferentially to cancerous tissue (12-14). The resulting
probe, JW41, allows the effective and selective detection of path-
ological H,0, concentrations via absorption, fluorescence, and
photoacoustic spectroscopy. Importantly, we demonstrate the
ability of the activatable probe to detect tumor specific H,O, levels
in a subcutaneous mouse model of breast cancer in vivo. Future
in vivo application of this new targeted, activatable probe could
provide unprecedented insight into the role of oxidative stress in
cancer at high temporal and spatial resolution in living subjects.

Materials and Methods
Synthesis

The preparation and characterization of JW35 and JW41 as
depicted in Fig. S1 and Supplementary Fig. S1 are documented in
the Supplementary Materials and Methods.
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Optical characterization

Absorption maxima (Aaps), emission maxima (Agy), Stokes
shift, molar extinction coefficient (€), fluorescence quantum yield
(®r), and brightness (B) were determined. Stokes shifts were
calculated from the difference of Ag,, and A . € was determined
using the Beer-Lambert law from dilutions of solutions with
known concentrations. ®p of JW41 and JW35 in water, MeOH,
and EtOH/H,0 (7/3) were measured at the excitation wavelength
of 785 nm and referenced against 1,1,3,3,3’,3’-hexamethylindo-
tricarbocyanine iodide (HITC, 252034; Sigma-Aldrich) in MeOH
(®r = 0.28; ref. 15). Discrepancies in absorbance and solvent
refractive index were corrected (16). To assess the optical
responses of JW41 to H,0O,, the probe was incubated with 100
umol/LH,0, (pH 6.15) and the absorption, fluorescence, and PA
spectra recorded before and up to 90 minutes after addition of
H,O, at either 5 minutes intervals over the whole period or at 1
minute intervals for the first 10 minutes, followed by 5-minute
intervals. JW41 in water without the H,O, supplement served as
control. To prove that the product of the reaction, JW35, does not
react further, the same measurements were performed with JW35.
Selectivity to H,O, was confirmed using LC/MS (Supplementary
Materials and Methods). All experiments were repeated withn =3
separately prepared probe samples and errors are represented as
SDs.

To study the photostability of the probes for in vivo applications
and potential for spectral unmixing, phantoms with defined
optical properties closely mimicking the optical properties of
biological tissue were fabricated, imaged, and analyzed as
described previously (17) and further elaborated in the Supple-
mentary Materials and Methods. Photoacoustic signals were
recorded using 25 different excitation wavelengths between
660 and 900 nm.

In vitro cell experiments

The 2 human adenocarcinoma cell lines MDA-MB-231
(estrogen receptor—, ER™) and MCF7 (ER") were obtained
from the Cancer Research UK (CRUK) Cambridge Institute
Biorepository Core Facility at the University of Cambridge and
mycoplasma tested. The experiments were performed when
cells were between passage 22 and 35 for MCF7 and between
passage 30 and 43 for MDA-MB-231. Authentication using
Genemapper ID v3.2.1 (Genetica) by STR Genotyping
(11/2017) showed exact match with the reference sequence in
both cases. Cells were maintained in DMEM (21885-025;
Thermo Fisher Scientific) with 10% heat inactivated FCS
(1050064; Thermo Fisher Scientific) at 37°C in 5% CO,. The
cells were routinely subcultured when reaching 85% confluence
(1:10 for MCF7 and 1:20 for MDA-MB-231).

Full details of all in vitro experiments can be found in the
Supplementary Materials and Methods. Cellular toxicity of
the probes was examined by quantifying cell proliferation
and viability via standard 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay and IncuCyte
proliferation assay. GLUT-dependent uptake kinetics and locali-
zation of JW41 as well as JW35 were examined in MDA-MB-231
and MCF?7 cells using standard fluorescent assays and epifluor-
escent microscopy. The fluorescence of JW41/35 was collected
upon excitation at 770 nm. Cells were also stained with:
MitoTracker Orange (excitation 580 nm); LysoTracker green
(excitation 490 nm), and NucBlue/Hoechst (excitation 365 nm).
Zen 2.3 (blue edition) was used for image analysis.
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In vivo studies

All animal procedures conducted meet the standards required
by the UKCCCR guidelines and were performed under the author-
ity of project and personal licenses issued by the Home Office, UK,
reviewed by the Animal Welfare and Ethical Review Board at the
CRUK Cambridge Institute. A total of 300,000 MDA-MB-231 cells
in a final volume of 100 pL of 1:1 DMEM (GIBCO) and matrigel
(BD Biosciences) were inoculated orthotopically in the mammary
fat pad of both flanks of 10 seven-week-old immunodeficient
female nude (BALB/c nu/nu) mice (Charles River Laboratories).
All mice were kept with 5R58 diet (PicoLab) in Tecniplast Green
Line cages, individually ventilated in 12-/12-hour On/Off light
cycles. Tumors were measured externally with Vernier calipers.
The probe was injected and the mouse imaged when tumor size
was between 0.5- and 1-cm diameter. Animals were killed by
exsanguination and cervical dislocation as confirmation of death.
Tumors, liver, kidney, spleen, heart, and brain were collected for
ex vivo analysis. Afterwards, tumors and livers were divided into 3
parts for histopathology, microscopy, and LC/MS-MS analysis.
Kidney, spleen, heart, and brain were paraffin embedded. One
mouse developed only 1 tumor that could be fully analyzed and 1
small tumor, which was not analyzed ex vivo.

PA in vivo imaging

All PA in vivo imaging was performed with the photoacoustic
imaging system described in Supplementary Materials and Meth-
ods (inVision 256-TF, iThera Medical GmbH) and mice were
prepared for imaging following our standard operating proce-
dure (17). Briefly, <3% isoflurane was used to anesthetize the
mice before they were placed in a custom animal holder (iThera
Medical), wrapped in a thin polyethylene membrane. A thin layer
of ultrasound gel (Aquasonic Clear; Parker Labs) was used to
couple the skin to the membrane. The holder was then placed
within the PA system and immersed in heavy water maintained at
36°C. The respiratory rate of the mice was maintained in the range
of 70 to 80 b.p.m. with 1.5% to 2% isoflurane concentration for
the entire scan time. Five minutes after the animal was placed into
the imaging system, the scan was initialized and the baseline was
monitored for further 14 minutes, to stabilize the signal. Fourteen
minutes into the scan 150 UL of the probe in saline (9 mg/mL; pH
4.93) was injected intravenously in the tail vein fora 20 g mouse at
a concentration of 150 umol/L for JW41, 50 pmol/L for JW35 and
100 pmol/LJW41 + 50 umol/L JW35 for the 2-1 mixture. Images
were acquired at 1 slice centered on the liver, 1 slice centered on
the kidneys, spleen and liver, and several slices covering the whole
length of both tumors in 1-mm steps. Scans were recorded at 21
wavelengths between 660 and 900 nm with 10 averages (contin-
uous averaging) for up to 50 minutes in 5-minute interval.
Twenty-four hours after injection of the probe, the mouse was
imaged once again.

Image analysis of PA in vivo data

The acquired images were reconstructed offline with model-
linear reconstruction and analyzed with linear regression multi-
spectral processing (ViewMSOT version 3.8; iTheraMedical). Lin-
ear regression was performed with published spectra for oxy- and
deoxyhemoglobin as well as JW41 and JW35 spectra obtained
from our phantom studies. Regions of interest (ROIs) were drawn
around the liver, left kidney, spleen, and tumors as identified
using the hemoglobin signals as an anatomical reference. Refer-
ence values from ROIs drawn as indicated were taken in the same
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anatomical plane. The PA spectra in the imaged organs were
generated by averaging the mean pixel signal intensities of each
ROI from every section. For the PA tumor spectra, the average of
all tumor spectra of each tomographic section was formed. To
correct for the intrinsic background signal, the PA signal recorded
at t = 0 was subtracted from the subsequent images. To monitor
the kinetics of the probe in the different organs, the raw mean
pixel intensity values at 760 and 900 nm were used and the ratio
was formed. To generate the PA signal kinetic plot based on the
spectral unmixing data obtained by linear regression, the values
obtained before injection of the probe in the ROI were averaged
and used as baseline to allow comparison with the 24-hour time
point signal.

In vivo fluorescence imaging

In vivo fluorescence imaging was carried out on a Xenogen IVIS
200 system. The anesthetized animal was imaged before the
injection of the probe and acquiring the PA scans, after the PA
image acquisition, then 50 to 60 minutes postinjection of the
probe, and 24 hours postinjection. Scans were recorded with filter
set 4 using 705 to 780 nm as the excitation passband, 810 to
885 nm as the emission passband, and 665 to 696 nm as the
background passband. Autofluorescence was corrected by sub-
tracting the background filter image from the primary filter image.
ROIs were drawn on the black and white photographic image of
the mouse without displaying the fluorescence signal. The average
radiant efficiency obtained in the control region C was subtracted
from the average radiant efficiency within the ROL

Ex vivo characterization

Tumors were divided into 3 parts, which were either mounted
on a cork base using optimal cutting temperature solution (VWR
Chemicals) and snap frozen in an isopentane bath cooled to
-60°C for fluorescence analysis, snap frozen in liquid nitrogen for
LC/MS-MS analysis or fixed in neutral buffered 10% formalin (24
hours) for hematoxylin and eosin (H&E) staining. Livers were
divided in 2 parts, 1 was snap frozen for LC/MS-MS analysis, the
other one fixed in neutral buffered 10% formalin (24 hours) for
H&E staining. Formalin fixed, paraffin embedded tumors and
livers were sectioned with 3 um and imaged at x 20 magnification
using an Aperio ScanScope (Leica Biosystem) scanner. Frozen
blocks were sectioned with 6 um thickness. Two consecutive slices
were generated, of which, one was stained with H&E. The other
section was fixed with 4% PFA for 5 minutes at room temperature,
washed carefully twice with PBS, mounted in mounting media
with DAPI (ProLong Gold Antifade Mountant with DAPI; Life-
Technologies) and scanned using a wide-field fluorescent micro-
scope (Zeiss Axio Observer Z1) with excitation wavelengths
centered on 365 nm (for DAPI) and on 740 nm for JW41/JW35
under a xX63 oil-immersion objective lens.

The concentration of the activatable probe JW41 and its con-
version product, JW35, in tissue samples were determined by LC/
MS-MS against a reference standard solution (Supplementary
Fig. S2). JW41 hydrolyses under aqueous, acidic conditions
gradually to JW41},y4r01. Thus, JW35, JW41, and JW41yy4r01 Were
identified from their retention time and from their specific mass
transition in multiple reaction monitoring mode (MRM-MS;
Supplementary Fig. S3). Full details of the preparation of quality
control and internal standard solutions, along with details of the
MRM-MS can be found in the Supplementary Materials and
Methods.

Cancer Res; 79(20) October 15, 2019
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Figure 1.

Overview of the smart, targeted hydrogen peroxide probe for photoacoustic and fluorescence imaging. The capped near-infrared probe (JW41) exhibits an
increased accumulation in tumor tissue and an H,0,-dependent change in its photophysical properties once uncapped (JW35).

Statistical analysis

Statistical analysis was performed using GraphPad Prism6.
Each tumor was considered as an independent biological repli-
cate. All data are shown as mean + SD.

Results

Probe design and synthesis

To accurately map cellular redox conditions at depth in vivo by
means of PAI, a characteristic change in the absorption spectrum
in the near-infrared range must be produced upon interaction
with the target redox species. We sought to achieve such a
characteristic change by combining a near-infrared heptamethine
carbocyanine backbone with a linker unit able to elicit a change in
the optical properties of the dye backbone upon H,O,-specific
reaction. Cyanine-based scaffolds with different linker structures
were synthesized and investigated for their ability to trigger a
signal change (Supplementary Fig. S4; Supplementary Materials
and Methods). Our findings encouraged us to proceed with
piperazine and an aryl boronate in para position to a benzylic
carbamate linkage (Fig. 1; Supplementary Fig. S1; Supplementary
Materials and Methods), which promotes the unique H,O,-
mediated deprotection due to formation of the phenol and
subsequent decarboxylation (18).

Experimentally measured changes in absorption after cleav-
age of the aryl boronate moiety in dyes with a piperazine linker
structure were supported by density functional theory calcula-
tions (Supplementary Fig. S5; Supplementary Materials and
Methods). These calculations suggest that the absorption
change corresponds to a decreased twist [74.0° (JW41) vs.
23.3° (JW35)] in the relative orientation of the 2 terminal
benzoindole moieties going from the capped probe, JW41
(Supplementary Fig. S5A), to the uncapped derivative, JW35
(Supplementary Fig. S5B), with a consequence of improved
electron-delocalization. Similar aromatic linkers did not lead
to different absorption spectra, which was in accordance with a
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nearly identical twist (0.3° and 2.10°; Supplementary Fig. S5C
and S5D) in the different derivatives.

Photophysical properties

It is an essential requirement for the determination of H,O,
that the induced changes in absorption spectra precisely distin-
guish the capped (JW41) and uncapped (JW35) probe (Fig. 2;
Supplementary Table S1). The results suggest that the capped and
uncapped probe are clearly distinguishable via absorption, fluo-
rescence, and PA spectroscopy (Fig. 2A). The absorption and PA
maxima of JW41 and JW35 appear in the near-infrared region
with an offset of 60 and 80 nm, respectively. The fluorescence
emission maximum is located at ~825 nm for both forms, leading
to a large Stokes shift of about 95 nm for JW41, affording an
increase in signal-to-noise ratio for fluorescence imaging.
Although the capped and uncapped probes showed emission
maxima at around the same wavelength, the fluorescence inten-
sity of the uncapped probe [®pgwss) = 0.0123 £ 0.0015] in
aqueous environment increased by over 100% relative to the
capped probe (®pgwary = 0.0063 £ 0.0009), which can be
reasoned by photoinduced electron transfer in the case of JW41.
This is mirrored by the total integrated emission intensity (bright-
ness, B) of the capped probe (457 M~' cm™!) in water being
half the brightness of the uncapped probe (951 M~ cm™*), with
molar extinction coefficients respectively of &wasi(730 nm) =
61,400 M~ cm ™" and &w35(790 nm) = 77,450 M~' cm ™. Addi-
tionally, both probes showed promising photothermal stability
for in vivo applications (Fig. 2A) compared with IRSOOCW, a near
infrared dye already widely used in PAI (19-20).

Having identified a clear shift in the absorption spectrum of
the uncapped probe, we then assessed the potential of PAI to
accurately detect and quantify the relative concentrations of the
capped and uncapped probe in tissue mimicking phantoms.
The PA spectra of the 2 probes at 1 umol/L and the background
obtained in a tissue mimicking phantom (Fig. 2B) served as
endmembers for spectral unmixing using linear regression,
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Optical and optoacoustic properties of the capped (JW41) and uncapped (JW35) probes. A, Absorption, fluorescence (excitation A = 740 nm), and
photoacoustic spectra of the capped (JW41, 10 umol/L) and uncapped (JW35, 10 umol/L) probe in water along with photostability data. Photoacoustic spectra
were recorded in the tissue mimicking phantom shown in B. Photostability of 2.5 umol/L probe solutions was evaluated in tissue mimicking phantoms under
continuous laser exposure, showing comparable performance with a widely used commercial dye. B, Schematic illustration of experimental set up for phantom
experiments (top) and resulting PA image of the tissue mimicking phantom (bottom) with regions of interest used for analysis illustrated. The normalized PA
spectra shown form the foundation for subsequent spectral unmixing. C, Phantom images containing straws filled with different aqueous JW41-JW35 mixture
solutions, with adjacent results from spectral unmixing (see also Supplementary Table S2). The weights contributed by the JW41and JW35 spectra to each
straw signal are plotted relative to a reference straw (1) containing 1umol/L JW35. The JW35:JW41 mixtures tested were 0:225 (top left), 66.6:33.3 (top right),

50:50 (bottom left), and 33.3:66.6 (bottom right).

which enabled identification of the capped or uncapped probe
in solution (Fig. 2C). The accuracy (% deviation from the
known concentration) for identification of the relative concen-
tration in mixtures (JW35:JW41; 100:0, 0:225, 66.6:33.3,
50:50, 33.3:66.6) when compared with a reference of 1 umol/L
JW35 was found to be —6.0% and —5.6% for JW35 and JW41,
respectively across the range of samples tested (Supplementary
Table S2). These findings illustrate the effective detection and
separation of the 2 probes from each other and the background
with a preciseness suited to detect changes in H,O, under path-
ological conditions.

ROS sensing

The ability of the capped probe, JW41, to respond to H,O,
with a change in its photophysical properties was next eval-
uated with absorption, fluorescence, and PA spectroscopy
following addition of 100 umol/L H,O,, a physiologically
realistic concentration in a cellular environment undergoing
oxidative stress (21). A rapid spectral change was observed
following the addition of 100 pumol/L H,0O,. The optical
absorption peak at 730 nm shifted by 60 to 790 nm and the
absorbance at 790 nm was found to increase by over 45%
(Fig. 3A). Similarly, the photoacoustic peak shifted from 705
to 785 nm with an increase of the 785 nm signal by 25%
(Fig. 3B). Furthermore, the addition of H,O, elicits a prompt
increase in the fluorescence signal at 825 nm by over 100%
(Fig. 3C). The reaction kinetics could be followed with all 3
modalities, indicating a fast conversion of the capped probe
into the uncapped probe over a period of 10 minutes (Fig. 3D).

www.aacrjournals.org

All measurements were cross validated via LC/MS confirming
that the signal changes were caused by the conversion of
JW41 to JW35 (Fig. 3E). These properties were specific to the
radical species H,O, with no cross-reactivity observed in a
wide range of other radical species using LC/MS with UV
monitoring (Fig. 3E). The generation of the different radical
species was verified independently using standard methods.
As the oxidation reaction is irreversible, this probe records
the total H,O, exposure to the system, rather than an equi-
librium value.

In vitro evaluation

Both probes showed good stability in plasma at 37°C with no
significant formation of degradation product detected after
2 hours (Supplementary Fig. S6A). Protein binding not only
influences the optical properties of dyes but also hampers extrav-
asation and hence affects the biodistribution of a contrast agent
(e.g., by increasing hepatic clearance). Both JW35 and JW41
bound more strongly to protein than a low protein binding dye
(IR800CW) but considerably less than a strongly protein binding
dye (ICG; Supplementary Fig. S6B; ref. 22).

To establish the toxicity and uptake profiles of the new probe, 2
breast cancer cell lines, MCF7 and MDA-MB-231, were used.
These 2 cell lines differ significantly in their ROS production
abilities (23) and MDA-MB-231 cells typically express higher
levels of glutl mRNA than MCF7 cells (Supplementary
Fig. S6C; ref. 24). The cytotoxicity of the capped and uncapped
probe was tested via MTT viability assay and IncuCyte prolifer-
ation assay. Neither the capped or uncapped probes showed any

Cancer Res; 79(20) October 15, 2019
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H,0, reactivity and specificity. A-C, Reaction kinetics of the capped probe (JW41; 10 umol/L) with H,0, (100 umol/L) could be monitored via absorption (A),
photoacoustic (B), and fluorescence (C) spectroscopy. D, The change in peak absorbance at 730 and 790 nm was used to generate the reaction progress curve.
Data were acquired in water at 25 °C and repeated three times. E, HPLC-UV monitoring at 750 nm of the response of JW41 (10 umol/L) towards different ROS
after 60 minutes ([ROS] ~100 pumol/L) shows good specificity. JW35 (10 umol/L) was used as endpoint-reference. It should be noted that JW41 partially
hydrolyzes to the corresponding boronic acid (JW41,yq4ro1.) Under aqueous conditions. However, this does not significantly affect the optical properties of the

probe.

significant cytotoxicity over 5 days in the cell lines tested (Fig. 4A
and B).

Next, we investigated the cellular uptake of the new probe using
the fluorescence capability in microscopy. In cell studies with
MCF7 and MDA-MB-231, addition of 5 umol/L JW41/JW35
resulted in a rapid cellular uptake already after 15 minutes, with
continued increases observed over 4 hours (Fig. 4C). To more
precisely identify the intracellular localization, microscopic exam-
ination of live and fixed MDA-MB-231 and MCF7 cells by wide
field microscopy were performed. Costaining with Hoechst for
nuclear localization, WGA-AF488 for membrane staining, Mito-
Tracker orange for mitochondrial staining and LysoTracker green
for lysosomal staining, suggest that the observed signal from
JW41 and JW35 can be localized to the cytosol of the cells with
no nuclear or cell surface colocalization (Fig. 4D; Supplementary
Fig. S6D).

Finally, to establish the GLUT targeting ability of the probe and
to test whether the cellular uptake is GLUT-mediated, we per-
formed a 12-O-tetradecanoylphorbol-13-acetate (TPA) uptake
assay. TPA generates a rapid upregulation of cell surface localiza-
tion of GLUT], resulting in an increased glucose uptake (25). This
facilitation of glucose transport resulted in an increase in JW41
uptake. IRBOOCW was used as a negative control without targeting
moiety and IRBOOCW-2DG as a positive control (26). This control
pair was chosen due to the similarity in targeting structure, molec-
ular weight, and near-infrared absorption/fluorescent signals in
the same range as JW41. A significant increase in fluorescence
occurred for JW41 and the positive control IRSROOCW-2DG in both
cell lines when treated with TPA, whereas there was no uptake
increase observed in cells treated with IRSOOCW (Supplementary
Fig. S7A and S7B). These results support specific recognition of
JW41 by tumor cells via glucose transporters.
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In vivo evaluation

The ability to detect the photoacoustic and fluorescence signals
of the capped and uncapped probes in living subjects was studied
in subcutaneous MDA-MB-231 tumors in nude mice. Initially, the
probes were injected into healthy mice (n = 2), which were kept
alive for a month after injection. No signs of toxicity were
observed in these mice.

Next, the biodistribution of a 2:1 mixture of JW41-JW35
injected intravenously was evaluated (Supplementary Fig. S8;
n = 2 mice, n = 2 tumors). Spectral unmixing was performed
based on the measured spectra of the probes and published spectra
for oxy- and deoxyhemoglobin (Supplementary Fig. S8A; ref. 27).
Both JW41 and JW35 probes could be successfully distinguished
from each other and the background enabling visualization. An
increase in PA signal intensity as well as a change in the PA
spectrum was observed immediately in both the tumors and
healthy organs (Supplementary Fig. S8B). Analysis of the JW41:
JW35 signal ratio in the liver (the organ with the highest PA signal
following injection) shows that the measured ratio was within 11%
of the expected 2:1 value (Fig. 2). We also analyzed our time course
data using the ratio of the PA signal at 765 nm (the isosbestic point
of the 2 probes) to 900 nm. The initial uptake of the mixture in
tumors and healthy organs remained over the initial imaging
session of 30 minutes following injection but was diminished by
24 hours (Supplementary Fig. S8C). The accumulation and reten-
tion of the probes was confirmed with fluorescence imaging
acquired before probe injection, 1-hour postinjection as well as
24 hours after injection (Supplementary Fig. S8D and S8E).
Furthermore, the control regions of interest (illustrated in Supple-
mentary Fig. S8A) show an initial rise in PA signal as the probe
mixture circulates in the blood volume of the mouse, but then
return to baseline within 15 minutes (Supplementary Fig. S8F).
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In vitro characterization of JW41and JW35 in MDA-MB-231and MCF7 cells. A, Incubation with 5 umol/L JW41/JW35 showed negligible impact on cell
proliferation. ICG (5 umol/L) was used as FDA-approved control dye, H,0, (1mmol/L) as toxic control compound, and DMF (0.5%) to correct for possible effects
of the solvent used in preparation of the dye stocks. The substances were added 24 hours after the cells were seeded. Statistical significance was assessed by
two-way ANOVA (n = 4).*,P>0.024; ****, P< 0.0001. B, Cell viability was tested by MTT assay. Cells were incubated with 5 umol/L of JW41, JW35, ICG, or
0.5% DMF for 8 hours (n = 4). The 0.5% DMF was used to correct for the toxicity caused by the solvent of the dyes stock solutions, ICG was included as a negative
reference being an FDA-approved dye, and 1 mmol/L H,0, as a positive reference causing cell death. ns, nonsignificant. C, Cellular uptake of 2.5 umol/L JW41
and JW35 in MDA-MB-231and MCF7 cells was measured at the indicated time points (n = 3). D, Widefield fluorescence images of fixed MDA-MB-231 and

MCF7 cells stained with JW41/JW35 (red; 2.5 umol/L, 60 minutes before fixation), WGA-AF488 (green; 5 ug/mL, 10 minutes after fixation), and Hoechst (blue;

5 ug/mL, 10 minutes after fixation) indicate intracellular uptake and cytosolic localization.

Having established that JW35 and JW41 could be resolved
in vivo, the capped probe, JW41, was injected alone (Fig. 5; n = 4
mice, n =7 tumors). An increase in PA signal intensity and change
in spectral shape could be observed after injection (Fig. 5A and B).
In this case, however, the strong photoacoustic signal seen imme-
diately after injection persisted for 24 hours in the tumors and
liver. In comparison to the mixture injection, this indicates that a
specificuptake and retention is seen in the tumors and liver for the
capped JW41 probe and that the uncapped JW35 probe exhibits
faster clearance (Fig. 5C). The specificaccumulation and retention
of the probe in tumor and liver was confirmed with fluorescence
imaging (Fig. 5D and E). Again, the PA signals in the control
regions returned to baseline within 15 minutes (Supplementary
Fig. S9) confirming that the kinetics observed are organ specific.
Finally, comparing the time course of the spectrally unmixed
signals in the tumor region shows a similar distribution profile to
the ratio of the single wavelengths but with a negligible contri-
bution of the capped JW41 probe by 24 hours, as might be
expected following complete conversion of the capped JW41 to
the uncapped JW35 (Fig. 5F; Supplementary Fig. S10A). The
spectral unmixing data for the 2:1 mixture injection (Supplemen-
tary Fig. S10B) indeed reflects a 2:1 ratio in the healthy organs,
although it appears closer to 1:1 in the tumor tissue, suggesting

www.aacrjournals.org

parts of the JW41 were already converted into JW35 within the
tumor within the first 5 minutes after injection. Nonetheless,
comparing the signals of JW41 and JW35 in the ROIs of the mice
injected with only JW41 to a 2:1 mixture of JW41:JW35 indicates a
conversion of 574+14% of the injected JW41 into JW35 (average
across 7 tumors; time course data in Supplementary Fig. S10C and
S10D). These results suggest a good tumor targeting efficiency and
demonstrate the applicability of the probe to undergo conversion
in vivo.

Ex vivo evaluation

Finally, we sought to confirm the localization and conversion
of the probe in the tumors ex vivo excised after the 24 hours
imaging time point. Qualitative comparison of H&E-stained
tumor tissue with the probe fluorescence using wide-field micros-
copy of consecutive frozen tumor sections (Fig. 6A; Supplemen-
tary Fig. S11A-S11D) suggests that the probe accumulates to a
greater extent in nonnecrotic areas. Costaining with DAPI con-
firmed that the probe is uptaken into the cytosol of the cells in vivo
as was shown before for in vitro conditions (Fig. 6A zoom;
Supplementary Fig. S11B and S11D). To verify the conversion
of JW41 into JW35 in vivo, we performed LC/MS-MS analysis of
JW41 and JW35 in tissue extracts to evaluate the concentration of
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In vivo characterization of JW41in subcutaneous MDA-MB-231 tumors in nude mice. A, Representative PAl slice through MDA-MB-231 tumors (top row) and
kidney, spleen, and liver (bottom row) before and 15 to 20 minutes after injection of JW41. The ROIs are indicated with white borders (LT, left tumor; RT, right
tumor; L, liver; S, spleen; K, kidney; C, control region). The signal of JW41is shown in yellow, the signal of the JW35 in magenta. B, Changes in the PA spectra and
an increase in the PA signal between 700 and 810 nm were detected in the ROIs upon injection of JW41. Representative graphs for tumor (top row) and liver
(bottom row) are presented. C, The time course of the total probe signal at the isosbestic point of the capped and uncapped probe spectra (765 nm) relative to a
long wavelength that shows negligible absorption is illustrated in tumors and healthy organs up to 24 hours after injection. D, Fluorescence images before, 1and
24 hours postinjection of JW41. E, The time course of fluorescent radiant efficiency in the tumors and liver upon JW41 injection (values from the control region, C,
were used for background correction). F, The time course of PA signal change evaluated using spectral unmixing.

the probes. JW35 was detected in all tumors, confirming the
successful conversion from JW41 in those mice that received
injection of JW41 alone (Supplementary Fig. S2E). The total
probe concentration in the liver calculated by LC/MS-MS com-
bined with multiple reaction monitoring mass spectrometry
(MRM-MS) analysis was around 4-fold higher than the probe
concentration in the tumors, which corroborates the 4-fold great-
er PA signal amplitude in the liver compared with the tumor
regions observed during in vivo imaging. The conversion of JW41
into JW35 in mice injected with JW41 alone was calculated to be
36+4% (Fig. 6B) in tumor tissue, which is somewhat lower than
the value estimated using PA spectral unmixing. By contrast, the
conversion in the liver tissue was negligible (34+3%). This was
expected as the H,O, production in the liver should be relatively
small in comparison to the tumor and the PA signals from spectral
unmixing are diminished at the 24 hours time point (Supple-
mentary Fig. $10; Supplementary Table S3). The experiment was
also completed for the mice treated with the 2:1 JW41:JW35
mixture. Because the organs were only collected 24 hours after
injection of the probe, the relative amount of JW35 in the tumors
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and liver was similar to the mice treated only with JW41, with
39+4% in the tumor sections and 7+4% in the liver sections. This
is again in line with the PA results, which suggested a faster
clearance of JW35.

Discussion

New methods for the specific detection and quantification of
ROS in vivo are necessary to advance our understanding of
oxidative stress in cancer. Accordingly, we designed a new targeted
photoacoustic and fluorescent probe for the detection of H,O,
and demonstrated successful application in vitro and in vivo.

Spectral unmixing of PA images allowed the relative quantifi-
cation of the concentration of the capped probe, JW41, and the
H,O,-transformed uncapped probe, JW35, in tissue mimicking
phantoms with accuracies of ~6%. In vitro studies showed no
significant toxicity and specific uptake of the probe into the
cytosol in both MDA-MB-231 and MCEF?7 cells. The cellular uptake
was increased by treating the cells with TPA, suggesting effective
GLUT targeting. Intravenous injection of the capped probe, JW41,
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Figure 6.

Ex vivo characterization of JW41
and JW35. A, Representative
H&E-stained section of a frozen
MDA-MB-231tumor from a mouse
injected with JW41 compared with
a representative widefield
fluorescence image of the
consecutive tumor section after
formaldehyde fixation and staining
with DAPI (blue). The necrotic area
is indicated with the white line.
Magnification of the widefield
images allowed qualitative
confirmation of the localization of
the probe signal into the cytosols of
the cells. B, Quantification of the
amount of JW41 present in the
tumors and livers being converted
into JW35 based on LC/MS-MS by
MRM-MS analysis (conversion rate
inmole %). ****, P< 0.0001.

into MDA-MB-231 tumor bearing mice indicated a good in vivo
biodistribution. Uptake and specific accumulation into the
tumors and background accumulation in the liver over 24 hours
were observed in both photoacoustic and fluorescence imaging
and no signs of toxicity were observed in mice monitored over
4 weeks. Specific changes in PA spectra enabled spectral unmixing
to generate images indicating the relative concentrations of the
injected probe, JW41, as well the conversion product, JW35 that
were in reasonable agreement with expectation. Histopathologic
and wide field microscopy-based ex vivo examination confirmed
heterogenous cytosolic localization of the new probe in tumor
sections and indicated a decreased accumulation in necrotic
tumor areas. To validate that JW41 was converted by H,O, into
JW35 in tumor tissue, LC/MS-MS by MRM-MS analysis was
performed, suggesting around 4 times higher conversion rate of
JW41 into JW35 inside the tumors compared with liver tissue,
which is to be expected given the high levels of oxidative stress in
solid tumors compared with normal tissues.

The vast majority of H,O, responsive probes have been devel-
oped for fluorescence or luminescence imaging (28-31). Unfor-
tunately, all-optical imaging modalities are restricted by light
scattering in tissue to superficial depths and have poor spatial
resolution. Near-infrared probes have been developed to improve
the depth of penetration by accessing the "tissue optical
window" (32-33); however, the spatial resolution remains
low. Conversely, PAI provides whole-body imaging in small
animals (~3 cm depth) at high spatial resolution (~150 um).
Prior reports of hydrogen-peroxide responsive PAI used untargeted
nanoplatforms (34-36), which afforded a substantial increase in
absorbance upon sensitive and specific reaction with H,O,. Yet in
all cases, the absorption spectrum itself was unchanged, making
it challenging to discern the difference between an organ with
higher uptake of the nanoplatform from one with higher H,0,
concentration. The nanoplatforms were also relatively large in size
(>100 nm) and lacked a specific targeting moiety, relying on
passive uptake in the disease state of interest. Furthermore, induc-
tion of oxidative stress by these nanoplatforms, which has been
reported in other nanoparticle studies, was not specifically inves-
tigated. Our probe overcomes these limitations as it is based on a
small molecule dye, provides a spectral shift in response to H,0,
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and is targeted to the disease site of interest, which enabled direct
hydrogen-peroxide responsive PAI in tumor models.

Despite these promising findings, there are some limitations to
the study. The spectral unmixing approach used shows some
signal misclassification, which could arise due to changes in the
probe spectra under physiologic conditions in vivo or due to
spectral coloring from depth-dependent attenuation of shorter
wavelengths. Applying a fluence correction to the data may
improve the latter. Making structural modifications to the probe
to generate narrower peaks and greater spectral differences
between the capped and uncapped probe would enable better
distinction of the spectra. An alternative approach would be to
create an absorbing product from a nonabsorbing precursor.
Another limitation is our targeting of the probe to cells with
increased expression of the GLUT transporters, which can yield
off-target uptake under, for example, inflammatory conditions as
exhibited in studies with '®F-fluorodeoxyglucose using positron
emission tomography (37). Using a targeting moiety that binds to
a molecular marker that is specific to the cancer cells of interest
would allow us to study the presence of H,O,, while avoiding off-
target effects. Finally, we have considered here only average
signals across the entire tumor volume. Future studies should
explore and validate any heterogeneity in the probe biodistribu-
tion and conversion within the tumor.

In summary, our results suggest that this probe could enable the
physiology and pathology of H,O, to be evaluated in cancer
models to provide new insights into oxidative stress biology.
Given the recent translation of PAI into early clinical trials and the
high biocompatibility of the probe, with further refinement, our
approach could pave the way to specific imaging of oxidative
stress in solid tumors in patients.
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