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Abstract

Over production of reactive oxygen species (ROS) caused by altered redox regulation of 

signaling pathways is common in many types of cancers. While PET imaging is recognized 

as the standard tool for cancer imaging, there are no clinically-approved PET radiotracers for 

ROS-imaging in cancer diagnosis and treatment. An ascorbate-based radio ligand promises to 

meet this urgent need. Our laboratory recently synthesized [18F] KS1, a fluoroethoxy furanose 

ring-containing ascorbate derivative, to track ROS in prostate tumor-bearing mice. Here we 

report cell uptake assays of [18F]KS1 with different ROS-regulating agents, PET imaging in 
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head and neck squamous cell carcinoma (HNSCC) mice, and doxorubicin-induced rats; PET 

imaging in healthy and irradiated hepatic tumor-bearing rhesus to demonstrate its translational 

potential. Our preliminary evaluations demonstrated that KS1 do not generate ROS in tumor 

cells at tracer-level concentrations and tumor-killing properties at pharmacologic doses. [18F]KS1 

uptake was low in HNSCC pretreated with ROS blockers, and high with ROS inducers. Tumors 

in high ROS-expressing SCC-61 took up significantly more [18F]KS1 than rSCC-61 (low-ROS 

expressing HNSCC); high uptake in doxorubicin-treated rats compared to saline-treated controls. 

Rodent biodistribution and PET imaging of [18F]KS1 in healthy rhesus monkeys demonstrated 

its favorable safety, pharmacokinetic properties with excellent washout profile, within 3.0 h of 

radiotracer administration. High uptake of [18F]KS1 in liver tumor tissues of the irradiated hepatic 

tumor-bearing monkey showed target selectivity. Our strong data in vitro, in vivo, and ex vivo here 

supports the high translational utility of [18F]KS1 to image ROS.
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1. Introduction

Ascorbate (vitamin C or ascorbic acid) is a furanose-ring containing water-soluble 

antioxidant [1]. By reducing semistable chromanoxyl radicals, it protects hydrophobic 

regions of cells, thus generating metabolically active forms of lipid antioxidants [2-4]. 

Ascorbate is believed to play a dual role in cancer; at lower concentrations [5], it quenches 

radical species and at higher concentrations [6], it generates reactive oxygen species (ROS). 

Based on its latter function, it has been used as an adjunct chemotherapeutic agent to 

ameliorate chemotherapy-induced side effects [6,7] in preclinical and clinical studies of 

non-small-cell lung cancer (NSCLC), glioblastoma (GBM), head and neck cancer (HNC), 

colorectal cancer, pancreatic cancer, prostate cancer (PCa) and breast cancer [8]. A lot of 

research is being carried out on clinical trials to test the efficacy and use of ascorbate in 

cancer patients [9] as a pro-oxidant at pharmacological doses [10-13]. We propose that 

a complete understanding of its ROS-based mechanisms at lower doses will significantly 

advance the tumor-imaging field.

Positron emission tomography (PET) is a noninvasive, fully quantifiable, and highly 

sensitive imaging modality that can detect biomarkers in vivo [14-16]. Researchers are 

working to develop PET-based radio-tracers to track several forms of short-lived ROS, 

including superoxide peroxide, hydrogen peroxide, and free radical species [17-25]. 

Excessive production of ROS can be consequence of many diseases, including cancer, 

cardiovascular, and neurodegenerative diseases. Quantification of ROS levels in the body 

by PET imaging could serve as an early cancer diagnosis/screening tool, and add value 

to prognosis assessment [26,27]. A recent in vivo study used [11C]ascorbic acid to define 

the sodium ion (Na+)-dependent transport mechanisms of ascorbic acid [28,29] and its 

redox partner dehydroascorbic acid (DHA) in mouse brains and confirmed its oxidative 

sensitivity [30]. This study highlights ascorbate’s in vivo intracellular and extracellular 
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transport system, but the short-lived [11C] PET isotope (T1/2 =20 min) might limit its clinical 

utility.

We designed, synthesized, and screened multiple ascorbate derivatives as a first step towards 

developing an ascorbate-based, ROS-imaging PET agent for diagnostic applications. We 

identified KS1, a high-affinity fluoroethoxy derivative of ascorbate as our lead candidate, 

radiolabeled with [18F], and reported [31] the design, synthesis, radiochemistry, and initial 

in vitro and in vivo PET imaging properties of [18F]KS1 in mice with prostate cancer 

(PCa) [31]. In the project reported here, we used head and neck squamous cell carcinoma 

(HNSCC) cell lines, SCC-61 and rSCC-61, a genetically matched model of radiation 

resistance with reported differences in intracellular ROS (SCC-61ROS > rSCC-61ROS) [32]. 

Since, ascorbate interactions depend heavily on concentrations; we evaluated the ROS 

potency of KS1 at both tracer and pharmacologic concentrations [5] in two different, 

human-grade tumor cell lines, including SCC-61 and PC3 (human-grade PCa cell line). 

We report [18F]KS1’s (a) cell uptake assays in vitro with different ROS-regulating agents, 

microPET/CT imaging in vivo (b) in HNSCC cell lines, and (c) in doxorubicin (ROS 

inducer)-treated rats. To support the translational potential, we used [18F]KS1 in test-retest 

PET scans in two healthy rhesus with to demonstrate its safety, reproducibility, and washout 

properties. Additionally, PET scan was performed in a irradiated hepatic tumor-bearing 

monkey to study the target selectivity.

2. Materials and methods

2.1. Chemicals: DC

DCFDA assay kit (ab113851) and Lipid Peroxidation (MDA) assay Kit (ab118970) 

were purchased from abcam, USA. OxyIHC Oxidative Stress Detection Kit (S7450), 

Ascorbate, tert-butyl hydrogen peroxide, N-acetyl cysteine, catalase, SOD, and doxorubicin 

hydrochloride were procured from Sigma Aldrich, St. Louis, USA. All the other media 

samples including pierce bicinchoninic acid protein kit, DMEM/F-12, F-12 K, leibovitz’s 

L-15 media, FBS, and trypsin-EDTA (0.25%) were procured from Thermofisher, USA.

2.2. KS1 and [18F]KS1 production

KS1 was produced from L-ascorbic acid following our published protection and 

deprotection steps [31]. [18F]KS1 was produced following our published protocols [31] from 

the corresponding tosylate in 18( ± 1)% decay-corrected radiochemical yield, with a molar 

activity of ~129.3 ± 5 GBq/μmol, and ~95( ± 2)% radiochemical yield, decay corrected to 

end of synthesis (n = 55 runs).

2.3. DCFDA ROS measurements

SCC61 and rSCC61 cells (HNSCC) were provided by the Furdui lab (Wake Forest School 

of Medicine [WFSM]) and grown in DMEM/F-12 (1:1) with 10% FBS. PC3 cells (human 

prostate cancer cell line) were provided by the Deep lab (WFSM) and grown in F-12 K 

media with 10% FBS. Cells were cultured at 37 °C containing 5% CO2. Cellular ROS was 

measured using a DCFDA assay following the manufacturer’s instructions [33]. SCC-61 

cells were seeded into 96 black well plates (~25, 000/well) and maintained to attach at 37 
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°C in 5% CO2. After overnight incubation, the cells were treated with KS1 (10 μM, 100 

μM, and 2 mM). The kit uses tert-butyl hydrogen peroxide (TBHP, 110 μM), a common 

ROS inducer, as a positive control, and N-acetyl cysteine (NAC, 0.5 mM), a common ROS 

suppressor, as a negative control. Cells without any ligand served as the control. All the cells 

were incubated with KS1 and ascorbate (10 μM/100 μM/2 mM) for 7 h. They were then 

labeled with DCFDA solution at 25 μM in DMF for 45 min. Fluorescence intensity was 

measured in a fluorescence spectrophotometer, at the excitation and emission wavelengths of 

485 and 530 nm, respectively.

2.4. In vitro cell uptake assays

[18F]KS1 in vitro reactivity, binding affinity, and specificity were determined in SCC-61, 

following previously reported methods [34-36]. After ~1 × 105 cells were seeded into each 

well of a 6-well culture, the cells were incubated overnight at 37 °C with 5% CO2 in an 

incubator. On the day of the assay, fresh solutions of individual ROS blockers (catalase or 

ascorbate) or inducers (doxorubicin or ferritin) were made at a concentration of 5 μM. An 

hour later, radiotracer (n = 6 per ROS blocker/inducer, 0.0185 MBq/well) was added, and 

SCC-61 cells were incubated for 1 h at 37 °C. Uptake assays were initiated by rinsing the 

cells with 2 × 2 mL of phosphate buffer at room temperature and terminated after 1 h by 

rinsing with 1 mL of the ice-cold buffer solution. Residual fluid was removed by pipette, 

and 200 μL of 0.1% aqueous sodium dodecylsulfate lysis buffer solution was added to 

each well. The plate was then agitated at room temperature, and 1 mL of the lysate was 

taken from each well for γ counting [36-38] using a Wallac 1480 Wizard gamma counter 

(Perkin Elmer, Waltham, MA). In addition, three 20 μL aliquots were taken from each well 

to determine their protein concentration using a Pierce bicinchoninic acid protein assay 

kit (Thermo-Fisher, Rockford, IL). Uptake data for each sample from each well and the 

standard counts for each condition were expressed as counts-per-minute (cpm) of activity 

and decay-corrected for elapsed time. Cpm values were then normalized to the amount 

of radioactivity added to each well and its protein concentration and expressed as percent 

uptake relative to control, %ID/mg of protein in each well (*p ≤ 0.05).

2.5. In vivo microPET imaging studies

All animal experiments were carried out with the approval of the Wake Forest School 

of Medicine Institutional Animal Care and Use Committee. SCC-61 and rSCC-61 cell 

lines were cultured in DMEM base media and after its removal and washing with DPBS 

(Lonza), harvested using trypsin-EDTA (Gibco). Cell numbers were calculated using a 

hemocytometer and the requisite number (1 × 106) suspended in DMEM media, then 

mixed with growth factor-reduced matrigel (Corning) at a 1:1 ratio and placed on ice. 

Athymic nude female mice were placed on a heating pad, anesthetized using isoflurane 

and subcutaneously injected with 1 × 106 cells (in matrigel) subcutaneously near the left 

shoulder using 28 G insulin syringe. Those bearing subcutaneous SCC-61 and rSCC-61 

tumors [39,40] were separated into two groups (n = 5/group, 20 ± 3 g), earmarked for 

identification, and returned to their cages.

To examine ROS uptake of [18F]KS1, male Wistar rats (n = 4) were injected with 

doxorubicin (100 mM) intraperitoneally for 7 days, and control rats (n = 4) were injected 
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with saline. All Mice and rats underwent microPET/CT imaging following the standard 

2–3% isoflurane-oxygen anesthesia protocols [36,41-44]. All the rodents were injected iv 
with ~3.7 MBq ± 0.3 (mice) or 10.5 MBq ± 0.2 (rats) of [18F] KS1, and 1 h later, scanned 

(TriFoil microPET/CT scanner) for 20 min [31]. The images were reconstructed using 

TriFoil attenuation correction and fourier imaging dicom parameters. Regions of Interests 

(ROIs) were plotted for tumor and muscle for tumor-bearing mice; heart, liver, kidney, and 

muscle for the dox-treated and control rats from the fused PET/CT images, and Standard 

Uptake Values (SUVs) were obtained using PMOD software.

To measure the relative ROS content in the dox- and saline-treated rats, lipid peroxidation 

assay was performed using MDA peroxidation kit following the established protocols. 

Briefly, ~10 mg of liver, heart, kidney, and muscle tissues were collected from the rats 

(post-microPET scans) and homogenized on ice in MDA lysis buffer and centrifuged at 

13000xg for 10 min at 4 °C. The protein supernatant (0.2 mL) was mixed with TBA solution 

(~0.6 mL), followed by incubation at 95 °C for 60 min, and then cooled on ice for further 

10 min. After cooling, 0.2 mL of the mixed solution was added to a 96-well microplate and 

MDA level was measured on microplate reader at 532 nm. Oxidation associated with tissue 

was calculated with a standard curve following manufacturer’s protocol.

2.6. Standard biodistribution studies

Standard biodistribution studies were first performed in normal/healthy ICR mice (n = 8; 

4 male, 4 female). Mice were anesthetized with 1% isoflurane-oxygen and administered 

~ 3.7–4.6 MBq of [18F]KS1 via tail vein injection. They were sacrificed at 5, 30, 90, 

or 120 min after radiotracer injection, and the organs of interest, including blood, brain, 

heart, lung, liver, pancreas, spleen, muscle, bone and tail were removed and weighed 

and radioactivity was counted in a standard dilution of the injectate with a PerkinElmer 

γ-counter. The same procedure was performed with SCC-61 and rSCC-61 tumor bearing 

mice after their microPET imaging. All major organs (as stated above plus tumor tissue) 

were collected and γ-counted. The percentage dose per gram of each dissected tissue 

(%ID/g) was decay-corrected and calculated. Radioactivity concentration was expressed as 

%ID/g of radioactivity (*p ≤ 0.05). Tumor-to-muscle ratio was calculated.

2.7. Monkey PET/CT imaging

All non-human primates (NHPs) here were provided by the Cline lab. Rhesus monkeys were 

placed in the GE PET/CT discovery scanner, and a catheter was inserted into an external 

saphenous vein for tracer injection and fluid maintenance. Body temperature was maintained 

at 40 °C with a warm-air circulating blanket, and vital signs (heart rate, blood pressure, 

respiration rate, and temperature) were monitored throughout the scanning procedure [45]. 

Anesthetized adult male healthy rhesus monkeys (n = 2, 8 years of age, 10 ± 1 kg) received 

an intravenous dose of [18F]KS1 ~0.33 ( ± 0.01) GBq. Whole-body scanning (20 min 

duration) was performed every 30 min after radiotracer injection for 3 h. The same cohort 

was rescanned with the same radiotracer and imaging parameters 4 weeks after their first 

scan. The reproducibility of [18F]KS1 was evaluated using the relative difference % between 

‘test’ and ‘retest’ scans. TRV% (test-retest variability) between both the scan measurements 

and intra subject standard deviation was evaluated with the coefficient of variance (CV) 

Damuka et al. Page 5

Biomed Pharmacother. Author manuscript; available in PMC 2024 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



% for ‘test’ and ‘retest’ measurements. ROIs were drawn manually on the fused PET/CT 

images across the kidneys, liver, lungs, brain, heart, and muscle using the PMOD software 

(with NHP atlas) and SUVs were calculated.

In order to test the high ROS target (tumor) selectivity of our radiotracer, we performed 

PET/CT imaging in an irradiated hepatic tumor-bearing monkey. Following the established 

protocols of irradiation methods from the Cline lab, a male rhesus monkey (7.1 kg, 12 

years of age) received ~8 Gy total body radiation under Institutional Animal Care and Use 

Committee oversight. [18F]KS1 (0.3 GBq) was intravenously injected and scanned for 20 

min after 90 min distribution., following the same protocol as healthy monkeys. ROIs were 

manually drawn for liver, kidney, and bladder using the PMOD software and SUVs were 

calculated.

3. Results

3.1. KS1 ROS interactions

We synthesized, and characterized an ascorbate derivative (E)– 5-(2-chloroethylidene)– 

3-((4-(2-fluoroethoxy)benzyl)oxy)– 4-hydroxyfuran-2(5 H)-one [KS1] (Fig. 1) by starting 

from L-ascorbic acid [46] following our published methods. KS1 yield was at ~23% and 

was characterized using 1H NMR. To determine whether it changes intracellular ROS 

concentration, we used a dichlorofluorescin diacetate (DCFDA) intracellular ROS detection 

assay following the manufacture’s protocol [33]. We used two patient-derived tumor cell 

lines: SCC-61 (HNSCC) and PC3 (PCa) were used. To determine whether at tracer level 

KS1 generates ROS, we tested it at two concentrations, 10 and 100 μM, for 7 h. Uptake 

was expressed as mean fluorescent values ± standard deviation (SD) for 6 replicates for each 

condition (Fig. 2).

Fluorescence at 10 and 100 μM KS1 in SCC-61 was 2718.3 ± 551 and 3139.3 ± 202, 

respectively while in PC3 it was 3476 ± 892 and 4189 ± 337, respectively. No significant 

change in the fluorescence was observed between KS1 (10 μM and 100 μM) and controls 

in both the tumor cell lines. Similarly, ascorbate did not change ROS uptake at either 

concentrations or in either cell line. Fluorescence was measured hourly for 7.0 h, and no 

significant changes were observed in fluorescence. We performed the same DCFDA assay 

with KS1 and ascorbate at pharmacological doses of 2 mM for 7 h in both SCC-61 and 

PC3 cell lines (Fig. 2). At 2 mM (10,717 ± 492 in SCC-61 and 13,771 ± 300 in PC3), 

fluorescence intensity increased significantly over that at 100 μM.; it was close to that 

of positive control, TBHP (tert-butyl hydroperoxide). Signal intensity also increased with 

straight ascorbate but was slightly higher with KS1.

3.2. [18F]KS1 in vitro cell uptake assay in HNSCC cell line

Following our published protocols [31,47-49], we performed in vitro cell uptake of 

[18F]KS1 in the SCC-61 and rSCC-61 cell lines. Several ROS-blocking and -inducing agents 

[31] were added to the seeded tumor cells 1.0 h prior to adding radiotracer (n = 6 per 

agent). For each well, gamma (γ) counts-per-minute (cpm) were normalized to the amount 

of radioactivity added, and the resultant protein concentration was expressed as percent 
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uptake relative to the injected dose (ID) i.e., % ID/mg. Intracellular [18F]KS1 radioactive 

uptake in SCC-61 cells at baseline conditions uptake was 63.2( ± 3)%, ~35.2( ± 2)% less 

when ROS-blockers, including catalase and ascorbate, respectively were applied. Treatment 

with the ROS-inducers, doxorubicin (Dox) and ferritin increased radioactive uptake by ~ 

44.7( ± 3)% and ~70( ± 2)% compared to the baseline values (Fig. 3).

3.3. In vivo microPET/CT imaging

To measure the differential ROS uptake of [18F]KS1, microPET/CT imaging experiments 

were performed in SCC-61 or SCC-61 tumorbearing female mice (n = 5/group, 25 ± 2.5 g). 

The mice were scanned for 20 min, 1.0 h-post intravenous injection of [18F]KS1 (3.7 MBq 

± 0.3). Basic region-of-interest (ROI) analysis of the PET scans (Fig. 4), showed ~35.08 ± 

1% greater uptake in the high ROS-expressing SCC-61 tumors than in the rSCC-61 tumors, 

demonstrating target (tumor) tissue selectivity.

MicroPET imaging was also performed in the dox- and saline-treated rats (n = 4/group). 

All rats underwent whole-body PET imaging for 20 min, 1.0 h after radiotracer injection 

(10.5 MBq ± 0.2). The dox-treated rats showed ~53%, ~44%, and ~48% greater uptake of 

[18F] KS1 in the heart, liver, and kidney, respectively, than did the saline controls (Fig. 5). 

Lipid peroxidation-based MDA assay (Fig. S1) complemented the high ROS expressions 

in kidneys and liver, correlating the in vitro and in vivo measures of radioactive uptake of 

[18F]KS1.

3.4. Ex vivo biodistribution studies

[18F]KS1 organ biodistribution was determined first in healthy/ normal ICR mice (n = 8; 4 

male, 4 female mice, 22 ± 5 g) 5, 30, 90, and 120 min after radiotracer (3.8 MBq ± 0.1) 

injection (Table 1). [18F]KS1 was cleared from most major peripheral organs from 5 min to 

120 min post-injection: specifically blood at 5 min (ID/g = 1.361 ± 0.71) and at 120 min 

(ID/g = 0.711 ± 0.071); liver at 5 min (ID/g = 9.72 ± 2.55) and at 120 min (ID/g = 2.124 ± 

1.12); and kidney at 5 min (ID/g = 14.793 ± 1.33) and at 120 min (ID/g = 4.23 ± 0.77). No 

significant uptake was seen in the bone, indicating no defluorination of the radiotracer.

We then examined post-PET biodistribution in SCC-61 and rSCC-61 tumor-bearing mice 

injected with [18F]KS1 (Fig. 6). SCC-61 tumor mice showed 2.5-fold higher target (tumor) 

to non-target (muscle) ratio (10.93) compared to the rSCC-61 ratio (4.11). Liver and kidneys 

showed high radioactivity—potential metabolism and excretory sites, seen with some small 

molecule-based PET radiotracers [27,50,51]. The radioactive profile in other (non-tumor) 

organs resembled the distribution kinetics in the healthy/normal mice.

3.5. PET/CT imaging in monkeys

Whole-body PET/CT images in two healthy male rhesus and their repeat scans after 4 

week), demonstrated high uptake in kidney, bladder, intestine, and liver (Fig. 7). High 

uptake of these organs are commonly observed with [18F]-based ROS agents and ascorbate-

based compounds. There was no significant bone uptake, indicating no deflorination of the 

radiotracer.
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Test and retest scans did not show significant difference in [18F] KS1’s molar activity (110.3 

±3.7 GBq/μmol), radiochemical purity (>98%), and injected dose (0.33 ± 0.01 GBq). ROIs 

were drawn, and SUVs were calculated for heart, lungs, liver, kidneys, brain, and muscle 

using PMOD software built with NHP atlas. Both test and retest scans demonstrated a high 

correlation between SUVs (r = 0.78) in all the organs of interest (Fig. S2). Reproducibility 

was calculated using the relative difference and absolute variability between the test and 

retest scans. The relative difference of SUV in organs of interest varied from – 0.4 to – 10%, 

and the absolute variability between the scans of the same ROIs was ~0.6%. Whole-body 

PET/CT images taken from 30 to 180 min after radiotracer injection demonstrated excellent 

washout kinetics from all critical organs, including ~94% in kidneys (from 84.3 to 4.5 

KBq/cc), ~80% in liver (from 37.7 to 8.7 KBq/cc), ~89% in heart (from 11.3 to 1.3 KBq/cc), 

and ~87% in lungs (from 16.8 to 2.1 KBq/cc) (Fig. 7C). Both test and retest scans showed 

very little brain uptake, suggesting the radiotracer may not be ideal for brain imaging. 

More importantly, the tumor-bearing monkey demonstrated ~8-fold higher tumor to muscle 

ratio (72.23 Vs. 9.21 KBq/cc) (Fig. 7B). The generation of ROS in radiated tumor monkey 

showed in the Fig. S3. All vital signs, including heartbeat, temperature, and pulse, remained 

stable throughout the scan time and 48 h after radiotracer injection, indicating a preliminary 

[18F]KS1 safety profile.

4. Discussion

We previously demonstrated [18F]KS1’s selectivity and specificity for ROS by measuring 

in vitro PC3 cell uptake and performing microPET imaging with it in PC3-bearing mice. 

Before conducting the in-depth series of ROS-specific assays, including the ESR, EPR, and 

PEGylation and other auto-oxidation tests are required to establish the complete mechanistic 

pathways of KS1/ROS interactions (intra- and extracellularly), we had to demonstrate 

that KS1 does not act as a pro-oxidant to validate [18F]KS1 as potential PET ROS 

imaging agent at tracer concentrations (≤ 0.1 mM). Many believe that at pharmacologic 

concentrations, ascorbate may act as pro-oxidant [52] in tumor cells [8]. The maximum-

allowed concentration for a typical clinical PET radiotracer is < 100 μM [53]. Therefore, 

we chose 10–100 μM as our concentration range for tracer-level assays. The lowest reported 

pharmacologic dose for ascorbate is 2.0 mM [54], so we selected 2.0 mM as our high-

concentration dose. We performed a DCDFA assay to evaluate KS1 ROS interactions in 

tumor cells in vitro. Ligand incubation times were based on the maximum tracer uptake 

time (~2 h) for a typical [18F]-based PET radiotracer injection [55]. Fluorescence with 

KS1 at concentrations of 10 μM and 100 μM did not increase intracellular ROS in either 

SCC-61 or PC3 cell lines. We performed the same DCFDA assay with KS1 and ascorbate 

at pharmacological doses (2 mM) for 7 h in both SCC-61 and PC3 cell lines and found 

that high ROS generation increased fluorescence signal. These results demonstrate that our 

ligand at ≤ 100 μM concentration does not increase intracellular ROS in an intact tissue.

Next, we performed in vitro cell uptake studies in HNSCC’s SCC-61 and rSCC-61 cell 

lines using ROS-blocking agents, including catalase and ascorbate, or ROS-inducing agents, 

including doxorubicin and ferritin at 100 μM. SCC-61 have greater ROS content and protein 

oxidation than rSCC-61 [56-58], and in our previous publication we reported that [18F]KS1 

cell uptake has ~51% greater uptake in SCC-61 than in rSCC-61. ROS blockers (catalase 
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and ascorbate) reduced the baseline uptake validating [18F]KS1 specificity for ROS in 
vitro. Ferritin, a protein that contributes to iron-storage, stimulates ascorbate production 

by forming ROS [59,60] and increased radiotracer uptake ~70%. Dox is a highly effective 

anticancer drug frequently used to treat hematological and solid tumors; it primarily acts by 

forming superoxide peroxide [18, 32, 61-66]. Treatment with dox increased [18F]KS1 uptake 

by ~44%. These low increases may be attributed to the in vitro nature of ferritin and dox-

based assays and the timing/dosages of our incubations [31]. Cellular uptake studies suggest 

some degree of nonspecific binding commonly associated with radiotracer evaluations of 

cancer [17-25]. These in vitro cell uptake studies with different blockers and inducers 

serve as a “gain-of-function/proof-of-principle” [36,67] analysis of KS1. They demonstrate 

superior [18F]KS1 selectivity and specificity in tumor cells with high ROS levels.

After evaluating ROS uptake of [18F]KS1 in an HNSCC cell line in vitro, we performed 

in vivo microPET/CT scans in the same tumorbearing mice. From microPET/CT PMOD 

analyses, uptake in high ROS-expressing SCC-61 tumors was ~35% higher than that in 

rSCC-61 tumors, demonstrating target (tumor) tissue selectivity.

To further validate the imaging potency of [18F]KS1, we performed PET imaging in a 

dox-induced ROS rat model. Dox induces cell cytotoxicity in organs such as heart, liver, 

and kidneys primarily through superoxide anion formations. Muscle was selected as the 

background tissue and showed minimal or no uptake. PET imaging with [18F]KS1 in 

dox-treated rats showed ~44–53% increase in heart, liver, and kidney uptake over that 

in saline-treated controls. To correlate [18F]KS1 in vivo uptake, we used standard lipid 

peroxidation method with the commercially available MDA-kit ex vivo to evaluate the ROS 

levels of the associated tissues. The kit detected slightly higher ROS in the dox-treated 

kidneys and liver than in saline-treated controls, corroborating our in vivo PET measures.

To determine the accumulation and clearance patterns of [18F]KS1, we first evaluated its 

biodistribution in healthy/normal mice at multiple time-points including, 5, 30, 90, and 

120 min after radiotracer injection. High kidney and liver uptake were common at 60 min 

post-injection. [18F]KS1 biodistribution showed favorable pharmacokinetics, including rapid 

washout of activity from peripheral organs, renal and/or hepatic clearance, and insignificant 

bone uptake (no significant defluorination). Its poor brain uptake indicated that [18F]KS1 

may not be used to track ROS in brain. Additionally, [18F]KS1’s higher tumor uptake in 

SCC-61 tumor-bearing mice ex vivo establishes that it can clearly distinguish high from low 

ROS tumors. These biodistribution results corroborate the in vitro cell uptake and in vivo 
microPET/CT imaging results.

To further evaluate [18F]KS1’s translational potential, we performed whole-body scanning 

(20 min) every 30 min post-radiotracer injection for 3 h in two healthy adult male 

rhesus monkeys and rescanned them after 4 weeks to confirm reproducibility. The PET 

biodistribution profile based on SUVs demonstrated excellent washout kinetics from most 

of the critical organs from 30 to 180 min post-radiotracer injection. Bladder was slightly 

radioactive, which might be from the nature of metabolism of an ascorbate-based compound.

Damuka et al. Page 9

Biomed Pharmacother. Author manuscript; available in PMC 2024 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Rhesus monkeys exposed to radiation experience precipitous drops in their peripheral 

blood lymphocyte counts, increased target tissue ROS and persistent systemic inflammation 

for years after exposure, and differential regulation of ascorbic acid regulated pathways. 

Therefore, forms an ideal animal model to validate our ascorbate-based PET radioligand 

strategy to image ROS in vivo. These models have previously demonstrated high oxidative 

stress, inflammation, and other pathologic markers [68-70]. Our PET imaging study with the 

irradiated hepatic tumor monkey demonstrated ~8-fold high radiotracer uptake in the liver 

tumor tissues compared to the non-tumor muscle tissue (background). While we understand 

the limitation of an imaging study in one (tumor-bearing) monkey here, our primary 

purpose was to evaluate [18F]KS1’s preliminary imaging potential including feasibility, 

safety, kinetics, and selectivity.

Taken together, our in vitro cell uptake, in vivo PET imaging, and ex vivo biodistribution 

findings demonstrated that [18F]KS1 uptake was strong, with high specificity and selectivity, 

in tumor-bearing mice and monkeys. Its pharmacokinetics, with excellent washout from 

peripheral organs was favorable. PET imaging data in monkeys support its translational 

promise of [18F]KS1 for ROS imaging.

5. Conclusions

The DCDFA assays demonstrate that at tracer concentrations, KS1 does not raise ROS levels 

in tumor cells. In vitro cell uptake studies showed greater [18F]KS1 uptake in SCC-61 cells, 

which express more ROS than rSCC-61 cells, and differential uptake with ROS blockers/

inducers demonstrated its selectivity for ROS. MicroPET/CT imaging and biodistribution 

data in tumor-bearing mice demonstrate high uptake in the target (tumor) tissue with 

favorable pharmacokinetics. Moreover, initial PET evaluations of [18F]KS1 in non-human 

primates exhibited a favorable safety profile, high reproducibility, and pharmacokinetics. 

Preliminary PET imaging of [18F]KS1 in a hepatic tumor-bearing monkey demonstrated 

high target selectivity. These strong preliminary data supports the translational promise of 

[18F]KS1 in tracking ROS in vivo. We are conducting blood metabolite, dosimetry studies, 

and extensive imaging studies in NHP tumor model of radiation to evaluate complete PET 

imaging properties of [18F]KS1.
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Abbreviations:

PET Positron Emission Tomography

ROS Reactive Oxygen Species

NSCLC non-small-cell lung cancer

HNC head and neck cancer

GBM glioblastoma

PCa prostate cancer

EOS end of synthesis

cpm counts per minute

ROI regions of interest

SUV standard uptake value

THBHP tertiary butyl hydrogen peroxide
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Fig. 1. 
Synthetic scheme of [18F]KS1 production.
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Fig. 2. 
DCFDA assay of KS1 and ascorbate at 10, 100 μM and 2 mM concentrations in SCC-61 and 

PC3 cell lines (* p = 0.05).
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Fig. 3. 
Cell uptake of [18F]KS1 at baseline, ROS-blockade, and inducer conditions (n = 6/agent) 

in SCC-61 cells. The data were expressed as % injected dose (ID)/mg of protein present in 

each well, with *p = 0.04, **p = 0.005.
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Fig. 4. 
Representative A. sagittal and B. axial mPET/CT images of [18F]KS1 in (A) SCC61 (B) 

rSCC-61 tumor-bearing mice and (C) their average tumor ROI-based uptake from the PET 

images, **p < 0.01. The arrow indicates the tumor (T).
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Fig. 5. 
Representative A. coronal, B. axial, and C. sagittal microPET imaging of [18F]KS1 in I. 

saline- and II. doxorubicin-treated rats.
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Fig. 6. 
Standard biodistribution of [18F]KS1 in SCC-61 and rSCC-61 tumor-bearing mice (n = 4). 

Insert tumor: muscle; * p ≤ 0.05.
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Fig. 7. 
Representative coronal PET/CT images 90 min post-injection of [18F]KS1 (~0.3 GBq) in 

a A. healthy and B. irradiated hepatic-tumor bearing rhesus monkey with their C. washout 

profile from 30 to 180 min from healthy rhesus monkeys (n = 4 scans). Arrows indicate L: 

liver, H: heart, K: kidneys, B: bladder, and LT: liver tumor.
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Table 1

Biodistribution of [18F]KS1 in healthy/normal mice (n = 8: 4 male and 4 female mice per time point), **p ≤ 

0.001.

Organ 5 min 30 min 90 min 120 min

blood 1.361 ± 0.72 1.911 ± 0.38 1.321 ± 0.21 0.711 ± 0.071

brain 0.144 ± 0.03 0.166 ± 0.04 0.09 ± 0.01 0.11 ± 0.03

heart 1.26 ± 0.86 2.07 ± 0.96 1.74 ± 0.78 0.91 ± 0.12

lungs 1.54 ± 0.13 1.78 ± 0.63 1.02 ± 0.41 0.78 ± 0.11

liver 9.72 ± 2.55 8.24 ± 1.13 4.21 ± 0.77 2.12 ± 1.12

kidneys 14.79 ± 1.33 16.75 ± 1.86 10.21 ± 2.21 4.23 ± 0.77

pancreas 1.17 ± 0.57 1.13 ± 0.14 1.18 ± 0.51 0.78 ± 0.12

muscle 0.57 ± 0.13 0.41 ± 0.12 0.28 ± 0.11 0.18 ± 0.07

bone 0.74 ± 0.31 0.54 ± 0.30 0.22 ± 0.10 0.15 ± 0.06
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