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ABSTRACT

Overproduction of reactive oxygen species (ROS) is a well-established indicator of ongoing tissue inflammation.
However, there is a scarcity of molecular imaging probes capable of providing noninvasive sensitive detection of
ROS for allowing longitudinal studies of disease pathology and/or monitoring therapeutic efficacy of ROS
scavengers. Herein, we report synthesis and chemical characterization of a novel metalloprobe, Galuminox, a
moderately fluorescent agent that detects superoxide and hydrogen peroxide generation. Using live-cell fluo-
rescence imaging analysis, Galuminox demonstrates ability to detect superoxide and monitor effects of ROS-
attenuating agents, such as Carvedilol, Dexrazoxane, and mitoTempo in lung epithelial A549 cells. Further-
more, LPS stimulation of A549 cells that either express the mitochondria targeted fluorescent protein Keima or
are stained with MitoSOX, a mitochondria-specific superoxide probe, indicates preferential co-localization of
Galuminox with mitochondria producing elevated amounts of superoxide. Dynamic PET/CT scans 45 min post
tail-vein administration of ®®Ga-Galuminox show 4-fold higher uptake and stable retention in lungs of LPS
treated mice compared to their saline-only treated counterparts. Post preclinical PET imaging, quantitative
biodistribution studies also correlate with 4-fold higher retention of the radiotracer in lungs of LPS treated mice
compared with their saline-only treated control counterparts. Consistent with these observations, lung cells
isolated from LPS-treated mice demonstrated elevated ROS production deploying CellROX, the ROS probe.
Finally, Galuminox uptake correlates with histological and physiological evidence of acute lung injury as evident
by polynuclear infiltration, thickening of the alveolar epithelial membranes and increased bronchioalveolar
lavage protein content. Taken collectively, these data indicate that °®Ga-Galuminox tracer uptake is a measure of
ROS activity in acutely injured lungs and suggests its potential utility in monitoring oxidative stress in other
diseases.

1. Introduction

ROS is required to prevent a pro-oxidative cellular state; the biochemical
phenomenon commonly known as “oxidative stress.” During oxidative

Reactive oxygen species (ROS) regulate critical physiological func-
tions, including cellular homeostasis, vascular diameter [1], oxygen
sensing [2], host pathogen defense [3], skeleton muscle physiology [4],
gene transcription, and signal transduction [5]. Additionally, ROS are
by-products of enzymatic reactions in various cell compartments,
including the cytoplasm, cell membrane, endoplasmic reticulum (ER),
and mitochondria [6]. The homeostatic balance via redox regulation of

stress, the continuous production of ROS exceeds the ability of the native
antioxidative defense system to mitigate/neutralize free radicals and
their byproducts, thus inducing damage to DNA, proteins and lipids
[7-9]. Noticeably, this imbalance in production/mitigation of ROS has
been implicated in the pathogenesis of numerous diseases, such as car-
diovascular disease [10], diabetes [11], atherosclerosis [12], asthma
[13], Alzheimer’s disease [14], psoriasis [15], rheumatoid arthritis
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[16], aging [17], and acute lung injury (ALI) [18,19].

Currently, ALL clinically characterized as acute respiratory distress
syndrome (ARDS), is assessed by a combination of pathophysiological
and functional indicators including diffuse alveolar damage, hypoxemia,
and pulmonary edema [20,21]. In developed countries, ALI is the pre-
dominant cause of intensive care unit deaths. Notably, there is a lack of
diagnostic technology that detects ALL Routine laboratory tests are
normally nonspecific and indicate organ injury reflective of severe
hypoxemia or associated shock and systemic inflammation. Further-
more, imaging findings are also variable and depend upon the severity of
the disease. Expectedly, initial chest radiographs typically show bilat-
eral diffuse alveolar opacities with dependent atelectasis [22]. Similarly,
computed tomography (CT) of the chest has been shown to indicate a
widespread patchy and/or coalescent airspace opacities that are usually
more apparent in the dependent lung zones [23-25]. Finally, while
bedside lung ultrasound continues to remain investigational, pre-
liminary clinical studies do suggest approximately 80% sensitivity for
the diagnosis of ARDS compared with CT chest [26]. Therefore, new
molecularly specific diagnostic agents capable of imaging noninvasively
an acute lung injury have been sought.

For designing molecular imaging agents to monitor oxidative stress,
major ROS sensing probes (reported to date) have been conceptualized
based upon their fluorescence and chemiluminescence traits [27-33].
Although immensely beneficial mechanistic information has been
gained from these preclinical studies, agents capable of measuring ROS
levels for translational imaging are desired. For interrogating role of
ROS in mediating pathophysiology of disease states, PET tracers provide
desired high sensitivity and quantifiable readout to enable deep tissue
imaging, while also assisting in evaluating efficacy of therapeutic regi-
mens. Consequently, significant efforts have been made worldwide for
designing and validating ROS sensing radiotracers.

For conceptualizing radiotracers, ROS-sensitive fluorescent probes
such as DHE (dihydroethidium), mitoSOX, and 5-(and 6)-chloromethyl-
2/,7'-dichlorohydrofluorescein diacetate (CM-H3;DCFDA) offer inter-
esting template scaffolds (Fig. 1). Therefore, it is not surprising that the
design of first-generation ROS tracers consists of the DHE motif within
their molecular scaffolds due to its ability to detect superoxide anion.
Taking advantage of molecular targeting traits of DHE, while 6-(4-((1-
(2—[18F] -fluoroethyl)-1H-1,2,3-triazol-4-yl)methoxy)phenyl)-5-methyl-
5,6-dihydrophenanthridine-3,8-diamine (**F-FDMT) and 6-[4-(2-['®F]-
fluoroethoxy)phenyl]-5-methyl-5,6-dihydrophenanthridine-3,8-
diamine (*®F-DHMT) have been investigated for anthracycline-induced
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cardiotoxicity (Fig. 1) in vivo >**°, another tracer ''C-hydromethidine

has been studied for ROS activity within the brain [36]. Furthermore,
another novel tracer comprising hydrogen peroxide sensitive boronic
ester precursor of 3’ -deoxyB’-[lsF] -fluorothymidine (18F-FLT) has also
been reported. The strategic design releases the FLT within cells, and is
phosphorylated by thymidine kinase for trapping within the cells [37].
Finally, a hydrocyanine dye (IR780) analogue has been synthesized by
substituting an '®F-fluorinated prosthetic group to obtain a multi-
modality (PET/Optical) probe for allowing detection of superoxide and
hydroxyl radicals [38]. Although promising strategy, the hydrophobic
tracer shows substantial retention within the blood pool of normal ro-
dents even after 2 h, a critical factor that can potentially negatively
impact signal to background ratios desired for preclinical translational
imaging [38]. Importantly, PET tracers capable of allowing noninvasive
imaging of ROS mediated pathophysiology in ALI have not been
developed. In context of ALI, there are very limited studies on rodent
models focused upon '®F-FDG, the main workhorse of PET imaging
landscape in diagnostic nuclear medicine. Based upon a principle that
ALI induces neutrophil activation, and metabolically active neutrophils
consume more glucose per cell, thereby ALI insult would result in higher
uptake of the 18p_FDG. However, there are also limitations of these
studies. For example, *H-deoxyglucose uptake correlates with glycogen
synthesis and glycolysis and not necessarily with ROS production [39].
Neutrophils, have few mitochondria, produce the bulk of their ROS
through NADPH Oxidase 2 [40] and are largely not dependent on
oxidative phosphorylation that drives the bulk of superoxide production
for most cells [41]. Additionally, deploying >H-deoxyglucose,
micro-autoradiography studies do not show any alveolar macrophage
signal in acutely inflamed lung tissue [42]. While strengths and weak-
nesses of PET FDG in ALI models have been continuously debated, to our
knowledge, there are no PET-metalloprobes capable of allowing imaging
of ROS mediated pathophysiology in vivo.

Among the chemiluminescent probes, luminol and its analogues
have been widely studied for detecting ROS [43], as substrate for
monitoring ROS using nonimmunoassay or immunoassays kits [44], and
a forensic tool in the form of aerosols for detecting trace blood patterns
at the crime scenes [45,46]. Luminol has been shown to detect mainly a
superoxide in human neutrophils [47]. For designing a proof-of-concept
PET tracer, we synthesized a variation on the theme by incorporating a
glycine linker into luminol for a conjugation into a chelator core to
enable incorporation of a radionuclide to assess potential of the radio-
tracer for investigating role of ROS in pathophysiology of diseases in
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Fig. 1. Chemical structures of ROS probes.
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vivo. To perform a functional imaging of oxidative stress-induced
inflammation within the lungs, herein, we show ability of 58Ga-Galu-
minox to detect ROS in cellulo using live-cell fluorescence imaging, and
in vivo by deploying a well-validated endotoxemia model using Lipo-
polysaccharide (LPS), in the age-matched C57BL6 mice through PET/CT
imaging, and correlate PET imaging data through ex vivo studies.

2. Methods
2.1. Chemistry reagents and general methods

All reagents were purchased from Sigma-Aldrich, unless otherwise
stated. '"H NMR was recorded on Bruker (400 MHz) spectrometer;
chemical shifts are reported in & (ppm) with reference to TMS. Mass
analyses were performed using Agilent 1200 HPLC, 1956 MSD (column
Shim-pack XR-ODS 30 mm x 3.0 mm, 2.2 pm) operating in ES (+)
ionization mode. All HPLC analysis was performed with a Waters System
600 equipped with dual A detector 2487 (set to 280 and 214 nm) and a
y-detector (Bioscan) for identification of radio-peaks. For radio-TLC
analysis, silica gel plates were scanned using Bioscan 2000 system.

2.2. Chemical synthesis

2.2.1. Synthesis of precursor ligand (LG-NOTA)

Luminol-glycine (LG; 0.18 mmol) and p-SCN-Bn-NOTA (0.18 mmol)
were dissolved in dimethylformamide (5 mL) and freshly distilled tri-
methylamine (100 pL) was added. The contents were mixed and stirred
at 50 °C for 15 h. Following completion of the reaction, the precursor
ligand was precipitated by addition of ethyl acetate, precipitates were
filtered, washed with ethyl acetate (3 x 5 mL), followed by diethyl ether,
and dried to obtain LG-NOTA (Yield: 105 mg; 0.15 mmol; 83.3%). B
NMR: (400 MHz, DMSO-dg) &: 13.17 (s, 1H), 10.38 (s, 1H), 8.90 (d, 1H),
8.61 (s, 1H), 7.91 (s, 1H), 7.59 (d, 1H), 7.49 (d, 2H), 7.17 (d, 2H), 4.25
(s, 2H), 3.60-2.60 (m, 19H); MS (ESI): Calcd. for C3gH3¢NgOgS; 684.23;
Found: 685.23.

2.1.2. Synthesis of Ga-LG-NOTA (Galuminox)

To obtain metalloprobe, the LG-NOTA (0.20 mmol) and GaCl; (0.20
mmol) were dissolved in dry DMSO (2 mL) and heated to 110 °C for 60
min. Following reaction, the product was precipitated by addition of
EtOAc, filtered, washed with ethyl acetate, diethyl ether, and dried to
obtain Ga-LG-NOTA (Yield: 126 mg; 0.17 mmol; 85%). 1H NMR (400
MHz, DMSO-d6) &: 13.11 (s, 1H), 11.86 (Br. s, 1H), 10.22 (s, 1H), 8.95
(d, 1H), 8.40 (s, 1H), 7.86 d, 1H), 7.63 (d, 1H), 7.52 (s, 2H), 7.23 (s, 2H),
4.32 (s, 2H), 3.64-2.91 (m, 19H); 'H NMR: MS (ESI): Caled for
C30H33GaNg0gS; 750.7; Found (M + K)™: 789.7.

2.3. Radiochemistry

Radiolabeled %®Ga-Galuminox was synthesized using a procedure
described earlier with slight modifications [48]. Briefly, gallium-68 was
eluted from a generator (IGG100-50 M) using 0.1 M HCI (1.1 mL),
NaOAc buffer (pH 5, 400 pL) was added to the eluent mixture, the pH
was adjusted to 4.5, mixed with a solution of the LG-NOTA ligand (50
pg, 50 pL) dissolved in a solution of 90% ethanol/10% polyethylene
glycol 200, and heated at 100 °C for 15 min. The reaction was monitored
using radio-TLC. Following completion of the reaction, the reaction
mixture was passed through cation exchange column (Phenomenex;
Strata-X-C 33 m Polymeric Strong Cation; 30 mg/mL) to remove trace
metal impurities and unreacted gallium-68. Finally, %8Ga-Galuminox
was analyzed using radio-HPLC for purity on a C-18 reversed-phase
column (Alltima, 3 pm, Rocket 53 x 7mm) using an eluent gradient of
methanol with 0.1% (v/v) trifluoroacetic acid and water with 0.1%
(v/v) trifluoroacetic acid (isocratic 20% methanol in water for 5 min;
gradient from 20% to 90% methanol in water from 5 to 40 min, at a flow
of 1 mL/min). 68Ga-Galuminox eluted with a retention time of 7 min
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(radiochemical purity > 98% and radiochemical yield: 97% decay cor-
rected (reference to gallium-68 measured at the start of the reaction)).
Additionally, 3Ga-Galuminox was also analyzed by radio-TLC (meth-
anol (v/v 0.1% TFA)/water (v/v 0.1% TFA) in a ratio of 9:1 (R = 0.53)
using silica gel plates. The radiotracer was characterized by spiking an
unlabeled analytically characterized sample of Galuminox (10 pg) with
the %8Ga-Galuminox, using UV and radio-detectors. Finally, the purified
radiolabeled fraction was diluted into sterile saline containing 2%
ethanol (pH 7) and deployed for micro-PET imaging.

2.3.1. Detection of ROS using Galuminox in vitro fluorescence assay

All methodology for fluorescence assays is described in the supple-
mentary information. Briefly, these assays were performed in phosphate
buffer saline (PBS, 1x, pH 7.2). Reagents were prepared and stored at
4 °C. Catalytic enzymes were diluted using commercial buffers and
stored as per manufacturer instructions. Final concentrations for Galu-
minox, glucose, glucose oxidase, xanthine, xanthine oxidase (X0O), su-
peroxide dismutase (SOD), catalase (CAT), Linsidomine (SIN-1
chloride), and 2,4-carboxyphenyl-4,4-5,5-tetramethyl-imidazoline-1-
oxyl-3-oxide (CPTIO) are listed in Table S1. For fluorescence measure-
ments, Galuminox was incubated with G-GOx/X-XO/SIN-1 either in
absence or presence of SOD/CAT/CPTIO for 15 min at 37 °C. All mea-
surements of fluorescence were performed in triplicates, using a Corning
96-well (12 columns x 8 rows) plate with a final volume of 200 pl per
well. Data were collected using Varian Cary Eclipse Fluorescence
Spectrophotometer (Plate reader), normalized to fluorescence of buffers
without Galuminox, the fluorescence output was determined in arbi-
trary units, converted into % intensity, and plotted using Prism —
GraphPad.

2.4. Bioassays

2.4.1. Cell culture

Human alveolar basal epithelial (A549) adenocarcinoma cells were
grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with r-glutamine (2 mM), penicillin/streptomycin (200 [-U.) and heat-
inactivated fetal calf serum (10%). The cells were grown at 37 °C
under a 5% CO; atmosphere.

2.4.2. A549 cells expressing mt-Keima

mt-Keima has been described previously [49]. A modified mt-Keima
cDNA was generated from the mt-Keima open reading frame encoded
within pCHAC-mt-mKeima (Addgene, Waterman MA) by PCR amplifi-
cation with primers that include an extra N-terminal MT-COX3 leader
peptide to further enhance localization of Keima protein to mitochon-
dria. The resulting mt-Keima cDNA PCR product was then subcloned
into multiclonal site (5'Xbal, 3’ EcoR1) of the lentiviral vector backbone
Ex-EGFP-LV105 (Genecopia, Rockville, MD), which results in the
deactivation of EGFP expression to create Ex-mt-Keima. Thereafter,
Ex-mt-Keima lentiviral vector was packaged into lentiviral particles
(Genecopia) and transfected into A549 cells (ATCC, Manassas VA) at a
10 : 1 multiplicity of infection under puromycin selection (Sigma, St
Louis MO) treatment at 2 pg/ml.

2.4.3. Fluorescence imaging studies

Live cell fluorescence imaging studies were performed at Washing-
ton University Center for Cellular Imaging (WUCCI). For imaging
studies, A549 cells or their mt-Keima transfected counterparts were
plated onto borosilicate 8-well chambered coverglass (Labtek) and
allowed to grow to approximately 70% confluence at 37 °C under 5%
CO, atmosphere in the culture media (200 pL) and treated with LPS (1
pg/mL) for 24 h. Following LPS treatments, all wells were rinsed with
fresh media. For evaluating impact of ROS on uptake profiles of the
metalloprobe, cells were first incubated with mitoSOX (0.5 pM) at 37 °C
for 15 min, then wells were rinsed with PBS (3 x 200 pL), and fresh
media (200 pL) was added, followed by incubation with either
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Galuminox (20 pM) or media alone at 37 °C for 1 h, while maintaining
continuous influx of 5% CO,. However, for tracking of intracellular
localization of the probe, following LPS treatments for 24 h, A549 cells
were incubated simultaneously with either Galuminox (20 pM) and
lysotracker Red (1 pM) or media alone at 37 °C for 1 h under continuous
influx of 5% COs. Similarly, following treatments with LPS, mt-Keima
transfected A549 cells were also incubated simultaneously with either
Galuminox (20 pM) or media alone at 37 °C for 1 h under continuous
influx of 5% COj. Cellular accumulation studies were performed by
using an inverted Nikon A1Rsi laser scanning confocal microscope using
either a 20x dry or 60x oil objective lens (Nikon Instruments Inc., NY,
USA). 405, 514 and 640 nm lasers were used for the detection of
Galuminox, MitoSOX and Lysotracker deep red, respectively.
Throughout the data acquisition process, cells were maintained at 37 °C
with 5% CO2, controlled by a Tokai Hit stage-top incubation system
(Shizuoka, Japan). Acquisition was performed using Nikon NIS-
Elements software (Nikon Instruments Inc., NY, USA.). Images were
processed and analyzed using the ImageJ software package (NIH).
Cellular uptake of Galuminox was then quantified (wherein corrected
total cellular fluorescence (CTCF) = integrated density—(area of selected
cell x mean fluorescence of background readings) [50,51] using pro-
tocols described elsewhere [52]. The quantitative analysis for colo-
calized fluorescence signal within the merged channel was performed
using EzColocalization, an open source plugin to ImageJ that enables
quantification of colocalized signals from 2 or more channels in micro-
scopy images [53]. For analysis, ROIs were drawn on cells of both
channels, scatter plots were obtained, and Pearson’s Correlation Co-
efficients (PCC) were determined as described previously [54].

For evaluation of therapeutic effects of drugs, such as Carvedilol
(CAR), Dexrazoxane (DEX), and mitoTempo (MT) on either serum/
glucose deprived media- or LPS-induced superoxide production, A549
cells were incubated with either LPS (1 pg/mL) or serum/glucose
deprived (starvation) media for 24 h, and thereafter incubated with
Carvedilol, Dexrazoxane, and mitoTempo 24 h at 37 °C. Next day, media
was removed from wells, cells were carefully rinsed with PBS (2 x 200
pL), fresh media (200 pL) was added, and cells were incubated with
Galuminox (20 pM) at 37 °C for 60 min. For controls, untreated cells
were incubated with Galuminox (20 pM) under identical conditions.
Thereafter, fluorescence images were acquired, and cellular uptake was
quantified as described above.

2.4.4. Quantification of ROS in mouse lung cells

Quantitation of ROS post-LPS treatment was performed by using
CellROX, a fluorogenic oxidative stress probe. CellROX is a cell-
permeant dye and is weakly fluorescent in a reduced state. However,
it exhibits bright green photostable fluorescence signal upon oxidation
by reactive oxygen species (ROS) and subsequent binding to DNA, with
absorption/emission maxima of 485/520 nm. Single cell lung suspen-
sions were generated by cutting lung tissue into approximately 2 mm
pieces and treatment with 0.5 mg/mL dispase (Sigma) and 5 units/mL of
DNAse (Sigma) for 30 min at 37 °C and washed twice. Cell suspensions
were filtered through a 70 micron filter and re-suspended at 200,000
cells per 500 pL of PBS and 5 uL of CellROX probe was added for 30 min
at 37 °C. Cells were then analyzed for CellROX uptake by a FACS-SCAN
flow cytometer (BD Biosciences, San Jose, CA).

2.5. Preclinical PET/CT imaging

All animal procedures were approved by the Washington University
Animal Studies Committee. Imaging and biodistribution studies were
performed in C57Bl6 mice (average weight, 24 g). Male mice (n = 4)
were treated either with LPS at a dose of 5 pg/g or vehicle (saline) 24 h
prior to imaging/biodistribution studies. For these studies, mice were
anesthetized with isoflurane (2.0%) via an induction chamber and
maintained with a nose cone. After anesthetization, the mice were
secured in a supine position and placed in an acrylic imaging tray.
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Following intravenous tail-vein administration of 68Ga-Galuminox (100
pL; 100 pCi; 2% ethanol in saline, 3.7 MBq), dynamic preclinical PET
scans were performed over 60 min, using Inveon PET/CT scanner
(Siemens Medical Solutions). PET data were stored in list mode, and
reconstruction was performed using a 3D-OSEM method with detector
efficiency, decay, dead time, attenuation, and scatter corrections
applied. For anatomical visualization, PET images were also co-
registered with CT images from an Inveon PET/CT scanner. ROIs were
drawn over the lung, and standard uptake values (SUV) were calculated
as the mean radioactivity per injected dose per animal weight.

2.6. Biodistribution studies (post preclinical imaging)

All animal procedures were approved by the Washington University
Animal Studies Committee. Following microPET/CT imaging, mice (n =
4) were euthanized by cervical dislocation. Blood samples were obtained
by cardiac puncture, organs then harvested rapidly, and all tissue sam-
ples analyzed for y-activity using Beckman Gamma 8000 counter. All
samples were decay-corrected to the time, the y-counter was started.
Standard samples were counted with the organs for each animal and
represent 1% of the injected dose. An additional dose was diluted into
milliQ water (100 mL) and aliquots (1 mL) were counted with each
mouse. Data were quantified as the percentage injected dose (%ID) per
gram of tissue (tissue kBq (injected kBq)’1 (g tissue) ! x 100) Table S.2.

2.7. Lung histology and pulmonary edema studies

For wet to dry ratio the left lung mass was assessed before (wet) and
after (dry) dehydration for 72 h at 65 °C. To measure airway protein
bronchoalveolar lavage (3 x 1.0 ml saline extractions) was assayed for
total protein content by absorbance at 595 nm (pQuant-Biotek) using a
Bradford kit Protein Assay (BioRad) and bovine serum albumin as a
standard (BSA), (Sigma). For histology, lung grafts were harvested,
inflation fixed in formaldehyde, embedded in paraffin, sectioned, and
stained with hematoxylin and eosin.

2.8. Statistical analysis

Statistical analysis were performed using unpaired Student’s t-test
using GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA)
or Excel 2016 (Microsoft, Redmond, WA). For all comparisons, p < 0.05
was considered statistically significant.

3. Results and discussion

Ga-LG-NOTA (which we now describe as Galuminox (4)), is a met-
alloprobe for the detection of total ROS. Galuminox was synthesized
through reaction between LG-NOTA, the precursor ligand and GaCls
dissolved in dimethylsulfoxide (Fig. 2), purified, and analytically char-
acterized. Proton NMR of Galuminox demonstrated a symmetrical co-
ordination of the central gallium to the coordination core (N303) of the
precursor ligand. Galuminox, when solubilized in PBS with 1.0%
ethanol, and is excited with a 405 nm laser, it exhibits a broad emission
peak between 450 and 540 nm with a maxima of 490 nm.

Integrated ROS comprise chemically reactive products of molecular
oxygen (O2) including the one-electron reduction product of molecular
oxygen: superoxide (O2). The superoxide can originate from numerous
sources in vivo, including the mitochondrial electron transport chain
and NADPH oxidase(s), which are activated under conditions of
inflammation, ischemia, and tissue injury. Superoxide has also been
shown to regulate distinct signaling cascades with specific molecular
targets. Therefore, the ability to detect elevated ROS in patients could
provide a better understanding of relationships between ROS, tissue
injury, and disease staging. Furthermore, the ability to selectively
identify specific ROS species may reveal critical information on
signaling cascade that promote inflammation. Collectively, ROS
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Fig. 2. Scheme for chemical synthesis of Galuminox.

processes involve formation of different reactive oxygen species. To
measure ROS production, large number of methods have been devel-
oped, and are based upon detection by colorimetry, chemiluminescence,
and fluorescence, depending on the probe used. While xanthine-
xanthine oxidase (X-XO) and SIN-1 have been used for production of
superoxide and nitric oxide (wherein the combination produces perox-
ynitrite) [55], respectively, the glucose-glucose oxidase (G-GO) system
has been deployed for production of hydrogen peroxide [56]. Employing
concentrations of Galuminox and X-XO, SIN-1, and G-GO in vitro con-
ditions (Table S.1), we evaluated ability of Galuminox to detect different
reactive oxygen species at 37 °C in PBS under physiological conditions
(pH 7.2) and compared fluorescence output to that of untreated metal-
loprobe as a control using a fluorescence plate reader assay. The results
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are shown in Fig. 3. Galuminox showed ability to detect superoxide
generated through either xanthine oxidase metabolism of xanthine or by
thermal decomposition of SIN-1 in the presence of 2,4-carboxyphenyl-4,
4-5,5-tetramethyl-imidazoline-1-oxyl-3-oxide (CPTIO), an inhibitor of
nitric oxide. Under both conditions, oxidation of the probe was
neutralized by the addition of superoxide dismutase (SOD) (Fig. 3).
Furthermore, the metalloprobe showed ability to detect hydrogen
peroxide produced during glucose oxidase catalyzed oxidation of
glucose to gluconate. Under these conditions, the oxidation of the probe
was mitigated in presence of catalase (CAT), which converts the
hydrogen peroxide into carbon dioxide and water, thus indicating
specificity of the probe to detect hydrogen peroxide (Fig. 3). Overall, the
combined data indicate that Galuminox detects both superoxide and its
downstream product, hydrogen peroxide.

Previously, we have shown that radiolabeled metalloprobes offer
sensitive tools for evaluating quantitative accumulation of chemical
entities within pooled cell populations. Although beneficial in trans-
lational nuclear imaging, this method precludes interrogation of phar-
macological effects at a single cell level, within the same segment of cell
population. Compared with radiotracer bioassays, fluorescence imaging
offers a cost-efficient ionizing-radiation free technique to assess accu-
mulation of metalloprobes at a single cell level, while beneficial in
determining their intracellular localization under live cell conditions.

Lipopolysaccharide (LPS), also commonly known as endotoxin, is the
major constituent of the outer cell wall of Gram-negative bacteria and is
potent driver of ALI in septic patients [57]. LPS is detected by toll-like
receptor 4 (TLR4), a broadly expressed pattern recognition receptor
found both on leukocytes and nonhematopoietic cells. TLR4 engage-
ment triggers the generation of mitochondrial superoxide from electron
transport complex I, which in turn promotes bacterial killing [58]. To
this end, we simultaneously assessed ROS production with the
mitochondrial-superoxide probe MitoSOX [59,60] and Galuminox in the
human lung alveolar epithelial carcinoma cell line A549 following LPS
stimulation (Fig. 4A). When compared to untreated A549 control cells,
LPS stimulation induced both higher fluorescence of MitoSOX and
Galuminox, while and exhibiting a distinct pattern of probe
co-localization, suggesting that Galuminox is taken up by
superoxide-producing mitochondria (Fig. 4A). TLR4 engagement also
induces the co-localization of ROS-generating mitochondria to low pH
intracellular compartments such as phagolysosomes [58]. TLR4
engagement also leads to stimulation of autophagy in airway epithelial
cells [61], which in turn can promote ROS production within lysosomes
[62]. These literature precedents prompted us to ask if we could observe
intracellular Galuminox activity within lysosomes. LPS stimulated A549
cells were co-stained with Galuminox and the pH sensitive fluorescent
probe lysotracker (Fig. 4B). Galuminox demonstrated marked
co-localization with lysotracker stained vesicles in LPS-treated A549
cells, indicating that Galuminox can detect ROS production also within
lysosomes. Interestingly, mitochondria can produce ROS either within

Control Fig. 3. Evaluation of Galuminox for detec-
tion of reactive oxygen species in vitro. Data
G-GOx are shown as mean fluorescence intensity
g + (arbitrary units) + SEM, where ***p < 0.001
G-GOx + CAT and *p < 0.4 are determined by an unpaired
X-XO student t-test.
Abbreviations: G: Glucose; GOx: Glucose
X-XO + SOD oxidase; X: Xanthine; XO: Xanthine oxidase;
x_xo + SOD + CAT SOD: Superoxide Dismutase; CAT: Catalase;
SIN-1: 3-Morpholinylsydnoneimine chloride
SIN-1 (SIN-1); and CPTIO: 2-(4-Carboxyphenyl)-
SIN-1 + CPTIO 4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide.
SIN-1 + SOD

SIN-1 + SOD + CAT
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Fig. 4. Cellular accumulation of Galuminox in LPS-treated A549 cells and correlation with mitoSOX (A) and Lysotracker (B): Images were acquired using a
20x objective (all panels represent same magnification) in live human adenocarcinoma alveolar basal epithelial (A549) cells following incubation either in absence
(control) or presence of LPS (1 pg/mL) for 24 h. Following treatment with LPS, A549 cells were incubated with Galuminox (20 pM) at 37 °C for 60 min either in the
presence of MitoSOX (25 nM) or Lysotracker (1 pM). Shown is an uptake of Galuminox in A549 cells in reference to mitoSOX (ROS probe) and lysotracker (lysosome
marker) under identical conditions. INSET (All Panels): Single Cell Image (Magnification: 60x).

Right: 4A and 4B. Scatter plots show relationships of spatial overlaps green (Galuminox) and red (mitoSox, 4A or Lysotracker 4B)) pixel intensities in A549 cells and
their quantitative correlations using Pearson correlation coefficients (PCC). . (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)

the cytoplasm or during autophagic removal and eventual sequestration
within lysosomes-a process commonly referred to as mitophagy.
Therefore, this aspect raises the possibility that Galuminox is measuring
mitochondria ROS in one or both compartments. To answer this ques-
tion explicitly, we utilized A549 cells that express mitochondrial tar-
geted Keima (mt-Keima), a coral-derived acid-stable fluorescent protein
that emits different-colored signals under acidic and neutral conditions.
Notably, mt-Keima excitation peak shifts from 440 nm (under conditions
of physiological pH in cytosol) to 586 nm (Lysosome pH: 4.0). Following
LPS treatment of A549 cells that express mt-Keima, Galuminox shows a
higher correlation with mt-Keima in the cytoplasm (440 nm, PCC: 0.86;
Figure S2) than lysosome (564 nm; PCC: 0.55; Figure S2) for detection of
ROS (Fig. 5). Given that we also observed that Galuminox co-localizes
with MitoSOX-stained mitochondria (Fig. 4A), these data collectively
suggest that Galuminox largely measures ROS production by

mitochondria in the cytoplasm.

We next tested if mitigating mitochondrial oxidative stress through
three different therapeutic strategies could be monitored by reductions
in Galuminox activity. Carvedilol (CAR) is reported to reduce oxidative
stress through inhibiting the mitochondrial exogenous nicotinamide
adenine dinucleotide phosphate oxidase (NOX) activity [63]. Addi-
tionally, when CAR is co-administered with doxorubicin, an anticancer
drug, reduces cell vacuolization in cardiomyocytes, preventing inhibi-
tion of mitochondrial respiration, thus mitigating doxorubicin induced
reduction of Ca®* loading [64]. Dexrazoxane (DEX) is an FDA approved
drug for advanced breast cancer and functions by chelating free iron
required for the catalytic function of mitochondrial NADH oxidase ac-
tivity [65]. Finally, Mito-Tempo (MT) is mitochondria-targeted antiox-
idant that functions as a superoxide dismutase mimetic [66], and has
been shown effective against experimental endotoxin-induced liver
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Fig. 5. Cellular accumulation of Galuminox in LPS-treated mt-Keima transfected A549 cells: Images were acquired using a 60x objective in live mt-Keima
transfected A549 cells following incubation either in absence (control) or presence of LPS (1 pug/mL) for 24 h. Following treatment with LPS, mt-Keima trans-
fected A549 cells were incubated with Galuminox (20 uM) at 37 °C for 60 min. Top Panel: Control; Lower Panel: LPS treated. Galuminox preferentially detects
mitochondrial ROS (see merged image of Galuminox with Keima 440 nm) in the cytoplasm (see also scatter plot with Pearson correlation coefficients; Figure S.2).

injury and induction of mitochondrial NADH oxidase complex I super-
oxide activity in response to nutrient-deprivation-induced autophagy.
For investigating the ability of Galuminox to measure therapeutic
mitigation of ROS activity, in the presence or absence of CAR, DEX or
Mito-Tempo, we treated A549 cells with LPS or nutrient-deprived A549
cells (by serum and glucose withdrawal) to induce ROS [67,68].
Twenty-four-hours (24 h)- post-LPS treatment or nutrient deprivation of
A549 cells, we analyzed Galuminox uptake by live cell fluorescence
imaging (Fig. 6). LPS-treated and nutrient deprived- A549 cells showed
high retention of Galuminox in untreated (control) cultures. In contrast,
however, probe uptake was significantly decreased in the presence of
CAR, DEX, and Mito-Tempo when compared to control A549 cells. Some
of these observations may also be explained by LPS-mediated mito-
chondrial depolarization or autophagic death, which can also lead to
superoxide generation through the induction of mitochondrial intrinsic

1.25.10¢] @@ Control Sedede
@ CAR
1.00x10°64 @8 DEX

7.50x10°% - T

*kk

CTCF

5.00x10°5

*kk *kk

2.50x10°%4 e ek

0-
LPS

Fig. 6. Cellular accumulation of Galuminox either in serum and glucose
deprived- or LPS-treated treated A549 cells either in presence or absence
of Carvedilol (CAR), Dexrazoxane (DEX), and MitoTEMPO (MTT): Images
were acquired using a 20x objective (all panels represent same magnification)
in live human adenocarcinoma alveolar basal epithelial A549 cells. While A549
control cells were plated under normal conditions, both serum-and glucose-
deprived (Starvation), and LPS treated cells were allowed to recover in presence
of Carvedilol (CAR), Dexrazoxane (DEX), and MitoTEMPO (MTT) for 48 h, and
treated with Galuminox (20 pM) for 60 min, cell uptake was evaluated via live-
cell imaging, and quantified as described earlier [50-52]. Corrected Total Cell
Fluorescence (CTCF) = Integrated Density—(Area of selected cell X Mean fluo-
rescence of background readings); (mean + SEM), where ***p < 0.001 and **p
< 0.01 are determined by an unpaired student t-test.

Starvation

Untreated

apoptosis [69], Taken together, these data show Galuminox potential to
image ROS mitigating therapy in A549 cells.

For interrogating potential of Galuminox to serve as a ROS imaging
probe in vivo, we utilized a well-established mouse model of LPS-
mediated ALI [70]. In order to accomplish this objective, we prepared
the PET mimetic, ®®Ga-Galuminox using a ligand exchange reaction.
Preclinical PET/CT images at 1 h (summation of frames over 45min-60
min) post-administration of ®®Ga-Galuminox are shown in Fig. 7A.
Pharmacokinetics were consistent with a dominant renal mode of probe
excretion. Of note, °®Ga-Galuminox demonstrated a 5-fold higher uptake
in lungs of LPS-treated (Standard Uptake Value; SUV: 12.9 + 1.85,n =
4) C57Bl6 mice compared with their saline (vehicle) only treated
counterparts (SUV: 2.62 + 0.48, n = 4) (Fig. 7B). Finally, SUV
time-activity curves (TACs) showed consistently higher and stable
retention of ®®Ga-Galuminox in lungs of LPS-treated mice (Fig. 7C)
indicating retention of %8Ga-Galuminox in the injured lung, thus
enabling PET imaging of endotoxin mediated insult in vivo. For further
correlating preclinical PET imaging data, post-imaging biodistribution
studies were also conducted and percentage of activity remained in
critical tissues at 1-h post injection of the radiotracer is shown in Fig. 8.
%8Ga-Galuminox demonstrated excretion profiles mediated by both
hepatobiliary- and renal-modes of excretion. Compared with the
saline-only treated mice (%ID/g: 39.7 + 19.3), the radiotracer was
retained 4-fold higher in lungs of LPS treated mice (%ID/g: 147.9 +
25.8). The radiotracer also showed 1.4-fold higher retention in the blood
of LPS treated mice (%ID/g: 3.96 + 1.83) compared with their
saline-treated counterparts ((%ID/g: 2.82 + 0.88) Table S.2. The latter
was consistent with expected LPS-induced activation of ROS within
neutrophils. For assessing specific retention of the radiotracer within the
lung tissue, the activity in the lung (4 folds) was normalized to that of
blood (1.4 fold) for LPS treated mice and indicated 3 (4/1.4 = 2.85) fold
higher specific retention in lungs of LPS treated mice (Table S.2).
Additionally, LPS-induced effects were also observed in the liver (%
ID/g: 10.5 + 1.68 (LPS); 6.14 + 0.66 (Saline); 1.7 fold) and bone (%
ID/g: 2.14 £+ 0.57 (LPS); 1.0 £ 0.34 (Saline); 2.1 fold) likely attributed to
ROS mediated hepatotoxicity [71] and ROS upregulation in bone
marrow macrophages [72], respectively, thus indicating systemic effect
following administration of endotoxin.

To confirm pulmonary ROS generation in LPS-treated mice whole
lung tissue was disrupted into single cell preparations and stained with
CellROX Green, a well-established fluorescent probe that quantitates
total ROS generation in live cells [73]. CellROX Green
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Fig. 7. Preclinical PET/CT Imaging. C57Bl6 mice (n = 4) were injected with
either LPS or saline intraperitoneally. Following treatments, ®®Ga-Galuminox
was injected via tail-vein into mice. (A) Dynamic PET images were acquired
from 0 min to 60 min post tail-vein injection. PET/CT images as shown are a
summation frames from 45 to 60 min. Left Panel: LPS (5 pg/g, 24 h post
treatment); Right Panel: Saline-treated mice. (B) SUV analysis of %8Ga-Galu-
minox uptake (mean + SEM, where ****p < 0.0001 is determined by an un-
paired student t-test) in lungs of Bl6 mice (n = 4) 24 h post either LPS- or saline
treatments. (C) SUV Time-Activity Curve (TACs) of %8Ga-Galuminox uptake in
lungs of BI6 mice 24 h post either LPS- or saline treatments indicating high and
stable retention in lungs of LPS treated mice compared with their saline-treated
counterparts.

(absorption/emission maxima of ~485/520 nm) is a cell-permeant
weakly fluorescent dye in a reduced state and exhibits a bright green
photostable fluorescence following oxidation by ROS and subsequent
trapping within intracellular compartments. Lung cells were quantified
for CellROX oxidation by measuring the mean fluorescence emission
intensity (MFI) of between 515 and 545 nm following excitation with a
488 nm laser using a flow cytometer. We observed approximately a
two-fold higher ROS activity in lung cells of LPS treated mice when
compared to their counterparts that received saline as a vehicle (Fig. 9).
ROS injures lung tissue by disrupting hemostatic barriers that lead to
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Fig. 8. Post-PET imaging biodistribution data (%ID/g) of Bl6 mice (24 h post-
LPS treatment) and saline-treated controls.
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Fig. 9. Lung cell ROS generation measurement with CellROX. C57BI16 mice
(n = 4/group) were injected with either LPS or saline intraperitoneally and
euthanized 24 post-treatment. A single cell lung suspension was stained with 5
M of CellROX green for 30 min at room temperature and assessed for mean
fluorescence intensity (MFI) by flow cytometric analysis (FACS). FACS histo-
gram plot (left) are representative measurements from saline (blue) and LPS
(red) treated mice where dotted lines show background MFI (unstained) and
solid lines show CellROX probed mice. Scatter plot on the right show MFI
measurements for individual mice along with a group mean MFI +SEM where
***p < 0.001 as determined by an unpaired student t-test. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

pulmonary edema through breaking down endothelial cell tight junc-
tions and triggering epithelial cell necrosis [74,75]. Therefore, we asked
if Galuminox uptake was associated with histological and physiological
evidence of acute injury. Hemotoxylin and Eosin staining of lungs of
LPS-treated mice revealed polynuclear infiltration and thickening of the
alveolar epithelial membranes (Fig. 10A). Analysis of lung tissue wet to
dry ratio and bronchioalveolar lavage protein content, both measures of
pulmonary edema, were both significantly elevated in LPS-treated mice
(Fig. 10B & C). Taken collectively, these data indicate that Galuminox
uptake is a measure of ROS generation following ALL

4. Conclusions

Given that overproduction of ROS or insufficient elimination thereof
has been associated with numerous diseases, such as diabetes, heart
failure, cancer, and ARDS, including lung transplant failures, molecular
imaging agents capable of detecting superoxide production and other
downstream ROS in vivo would offer versatile tools to study role of ROS
in normal physiology and pathophysiology of chronic diseases. To this
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Fig. 10. LPS mediated acute lung injury. C57Bl6 mice (n = 4/group) were
injected with either LPS or saline intraperitoneally and euthanized 24 post-
treatment. (A) H&E lung histology (100X and 400X inset) from a representa-
tive mouse from each group. (B) Lung wet to dry ratio and (C) BAL fluid protein
content shown for individual mice and as a mean + SEM where **p < 0.01 and
*p < 0.05 as determined by an unpaired student t-test.

end, the current study shows that 68Ga-Galuminox, a PET radiotracer
(incorporated with Ga-68, a generator-produced radionuclide for
widespread availability of the technology) can be synthesized in high
yield and high radiochemical purity in approx. 30 min for preclinical
imaging. Our data also show that Galuminox is a molecular imaging
probe of superoxide and downstream ROS products both in vitro. Over-
all, the PET probe demonstrates high sensitivity to visualize LPS-induced
inflammation within lungs thus offering a template scaffold for further
validations in ROS models of chronic diseases in vivo. Collectively, both
preclinical imaging and ex vivo data reinforce our observations that
68Ga-Galuminox PET imaging could provide a noninvasive diagnosis for
ROS mediated acute lung injury and investigating role of ROS in path-
ophysiology of other chronic conditions in vivo.
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