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Single Sentence Summary: The study introduces a new PET radiotracer for profiling tumor protein 

oxidation as a prognostic indicator of resistance to radiation therapy.  
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Abstract 

Redox metabolism plays essential functions in the pathology of cancer. As tumor redox profiles 

uniquely reflect cancer stage and in select cases, therapeutic sensitivity, the capability to image redox 

molecular features is essential to improve diagnosis, treatment, and overall quality-of-life (QOL) of 

cancer patients. While a number of radiotracers for imaging redox metabolism have been developed, 

there are no reports of radiotracers for in vivo imaging of protein oxidation. Here we take the first step 

towards this goal and describe the synthesis and kinetic properties of a new positron emission 

tomography (PET) [18F]DCP radiotracer for in vivo imaging of protein sulfenylation. Time course 

biodistribution and PET/CT studies using xenograft animal models of Head and Neck Squamous Cell 

Cancer (HNSCC) demonstrate feasibility of diagnosing radiation resistant tumors, which display lower 

[18F]DCP signal. These findings are consistent with our previous reports of decreased protein 

sulfenylation in clinical specimens of radiation resistant HNSCC. We anticipate further development 

and implementation of this concept in clinical practice to improve the diagnosis of patients with 

radiation resistant tumors and the accuracy of prognosis for patients undergoing radiation treatment.  
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Introduction 

Approximately 3.5 million cancer patients worldwide are treated with radiation therapy every 

year. These include Head and Neck Squamous Cell Cancer (HNSCC) patients, where radiation alone or 

combined with systemic chemotherapy is applied either as definitive or as adjuvant post-surgical 

therapy. Toxicity associated with these harsh treatments has significant consequences on breathing, 

swallowing, and speech functions affecting long-term quality of life. Even when treatment is successful, 

HNSCC patients often suffer sustained life-long sequelae such as xerostomia, dysphagia, dependence on 

a gastric tube for nutrition, neck muscle spasms and contractions with significant neck pain, 

tracheostomy tube, dysphonia, and others. As a result, the suicide rates in HNSCC patients are among 

the highest (50.5/100,000 person-years) in cancer patients, second only to lung cancer patients 

(81.4/100,000 person-years) (average rate in US population is 12/100,000 person-years) (1). 

Thus, there is an immediate need for strategies to reduce acute and long-term toxic effects of 

radiation therapy on healthy tissue, and to identify patients with radiation resistant tumors early on so 

they can be spared from unproductive radiation therapy. These patients could undergo treatment with 

other potentially life-saving therapies before valuable time is irreversibly lost. As one of the mechanisms 

by which radiation exerts its effects is through the generation of reactive oxygen species (ROS) (2), 

redox metabolism has become central to the quest for the discovery of new solutions to these challenges. 

Indeed, redox-active compounds such as Fe- and Mn-porphyrins (3-5), small molecule thiol precursors 

(e.g., Ethyol (amifostine)) (6), and alternative anti-inflammatory therapies (7) have been shown to 

protect healthy tissue from radiation-induced damage and are utilized to alleviate oral mucositis and 

xerostomia in HNSCC patients.  Identification of patients with radiation resistant tumors has been, 

however, more challenging. While differential [18F]FDG positron emission tomography (PET) scans 

collected before and after radiation treatment could predict the risk of tumor recurrence (8, 9), this 

approach still requires patients to undergo first treatment with ionizing radiation. 

Redox metabolism has been known for many decades as a key mediator of the response to 

radiation treatment with radiation resistant cells and tumors being characterized, in general, by a pattern 

of low basal ROS and upregulated antioxidant systems, consistent with our findings in HNSCC (10, 11). 

One of the well-established mechanisms of ROS signaling is through oxidation of a select class of 

protein cysteine thiols resulting in stable or transient sulfenylation of proteins (-SOH) (12). Intra- or 

intermolecular protein disulfides (-SS-), persulfides (-SnH), sulfenamides (-SN), sulfinic and sulfonic 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 30, 2020. ; https://doi.org/10.1101/2020.04.28.063537doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.28.063537


 4 

acids (-SO2H and -SO3H, respectively) and other species are formed upon the reaction of sulfenylated 

species with other cysteines, H2S, or excess ROS (13). Due to their reversibility, these oxidative 

modifications are ideal protein molecular switches implicated as central mechanisms in the cellular 

sensing of redox microenvironment, and as regulators of a multitude of processes vital to cellular 

survival and proliferation.  

To facilitate the investigation of these redox processes, we reported on synthesis and applications 

of a series of chemical probes for selective labeling of sulfenylated proteins under both in vitro and in 

vivo conditions over the past years (14-18). These compounds include BP1, a biotin-tagged derivative of 

(2,4-dioxocyclohexyl)propyl (DCP) (17), which was crucial to our discovery of suppressed protein 

sulfenylation in clinical specimens of radiation resistant HNSCC (10, 11). This finding formed the basis 

of the strategy presented here, where we envisioned that selective profiling of protein sulfenylation 

could be applied to identify patients most likely to benefit from radiation therapy and to identify cases 

where redox-altering adjuvants could be combined with radiation therapy to improve clinical outcomes. 

Towards this goal, we report the synthesis of the first positron emission tomography (PET) 

radiotracer [18F]DCP for detection of sulfenylated proteins and its successful application to differentiate 

radiation resistant from radiation sensitive tumors in xenograft animal models of HNSCC. The proof-of-

concept studies were performed using a matched model of radiation response for HNSCC, radiation 

sensitive SCC-61, and radiation resistant rSCC-61 mimicking radiation response profiles in recurrent 

tumors. In vivo biodistribution and PET imaging measurements were then extended to include HNSCC 

tumors generated from radiation sensitive JHU022 and radiation resistant SQ20B cell lines. The overall 

findings validate the capability of [18F]DCP to phenotype radiation sensitivity of HNSCC tumors.   

 

Results  

Synthesis and kinetic characterization of [18F]DCP and non-radioactive [19F]DCP  

Given the short half-life of 18F (t1/2 109.7 min) and the projected application of [18F]DCP in 

clinical imaging, the synthesis of this derivative needed to meet a number of requirements: follow a 

simple and quick synthesis scheme, proceed with high yield, and be compatible with procedures, 

reagents and equipment commonly available at hospital PET centers. Following these needs, we 

synthesized both the radioactive [18F] and non-radioactive [19F] versions of DCP in 2-3 reaction steps 
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(Figure 1, A and B). Detailed synthetic procedures and characterization of chemical species can be 

found in the Materials and Methods and Supplementary Material, and are briefly summarized next. First, 

the copper-catalyzed click reaction of the previously described DCP-alkyne (19) with tosylated azide, 

prepared in two steps from 2-bromoethanol (20) (Supplemental Figure S1, A and B), produced the 

protected tosylated triazole (1, Figure 1A; Supplemental, Figure S2, and B) in 74% yield. Ceric 

ammonium nitrate oxidation of 1 further generated the requisite precursor 2 for [18F] incorporation in 

73% yield (Supplementary Material, Figure S3A and B). From here, the automation of [18F]DCP 

synthesis was carried out on a TRASIS AIO radiochemistry module (n=10) at the Wake Forest PET 

Research Facility yielding a final compound of high radiochemical purity (>98%), high specific activity 

~2,610-2,820 mCi/µmol, and a radiochemical yield of 18% (decay corrected to end of synthesis). 

Radiochemical purity of the tracer was verified by co-injection of the non-radioactive standard [19F]DCP 

and HPLC analysis (Supplemental Figure S4). Radiochemical synthesis, including [18F]- reaction, 

HPLC purification, and radiotracer formulation was completed within 40-45 min. The cold [19F]DCP 

was similarly prepared starting with DCP-alkyne and copper-catalyzed click reaction with the previously 

described fluorinated azide (21) to generate first a protected fluorinated triazole (3, Figure 1B; 

Supplemental Figure S5, A and B) in 71% yield.  This was followed by ceric ammonium nitrate 

deprotection to generate [19F]DCP in 70% yield (Figure 1B; Supplemental Figure S6, A and C).  

Next, we investigated the selectivity and kinetics of the new [19F]DCP derivative towards 

sulfenylated proteins, using a model recombinant protein, C165A AhpC, and procedures employed 

previously for development of other protein sulfenylation probes (2, 14-18). C165A AhpC is a mutant of 

Salmonella typhimurium peroxiredoxin AhpC, which stabilizes mixed reduced (-SH) and oxidized 

sulfenic (-SOH), sulfenylamide (-SN) and sulfinic (-SO2H) species at the reactive cysteine C46 enabling 

evaluation of [19F]DCP reactivity with oxidized proteins. The results in Figure 1C show [19F]DCP 

retains selectivity for sulfenylated C165A AhpC, and displays ~2-fold lower kinetics relative to 

dimedone, the closest structural analog of the DCP core in [19F]DCP (dimedone: k 0.23 M-1s-1; 

[19F]DCP: k 0.093 M-1s-1; Figure 1D).   
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[18F]DCP serum stability and in vitro cellular uptake 

Serum stability is a key qualifier for any diagnostic or therapeutic agent. The serum stability of 

[18F]DCP was assessed by incubation with human serum and HPLC analysis of aliquots extracted at 

different time points. The data indicate minimum degradation over a 4 h time course with ~95% of 

[18F]DCP remaining intact at the 4h time point (Figure 2A). Having demonstrated the compatibility 

with in vivo applications from the perspective of serum stability, the next studies focused on the cellular 

binding efficiency and selectivity of [18F]DCP using the matched SCC-61 and rSCC-61 HNSCC cells, 

which have been thoroughly characterized and reported in previous publications (10, 11, 22, 23). 

Compared with the radiation sensitive SCC-61, the radiation resistant rSCC-61 cells display increased 

 

 
 
Figure 1. Synthesis and kinetic characterization of 1st generation protein oxidation tracer [18F]DCP. 

(A) Synthesis scheme for [18F]DCP. (B) Synthesis scheme for cold [19F]DCP. (C) Deconvoluted mass 

spectra of oxidized C165A AhpC (black), and its 30 min reaction with 5 mM dimedone (red) or 

[19F]DCP (green). (D) Kinetic profiles and reaction rates of oxidized C165A AhpC reaction with 5 

mM dimedone (black circle) or [19F]DCP (open circle). The data were fit in GraphPad Prism 7.0 

using single exponential kinetics and the second order rate constants were calculated by dividing the 

rate with the respective concentration of probes (5 mM). 
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resistance to ionizing radiation (SCC-61: SF2 0.35, rSCC-61 SF2 0.66; SF2 - survival factor at 2 Gy), 

decreased ROS including cytosolic, mitochondrial and nuclear H2O2, upregulation of antioxidant 

proteins (e.g., Prx 1-3, GST-pi, NQO1) (10), increased mitochondrial MTHFD2 contributing to higher 

NADPH levels (23), and increased glucose uptake with glucose metabolism being funneled into the 

Pentose Phosphate Pathway and leading overall to increased NADPH/NADP+ ratio in these cells (SCC-

61: 11.1; rSCC-61: 17.5) (11). The rSCC-61 cells were also characterized by decreased mitochondrial 

respiration measured by the oxygen consumption rates (SCC-61: 169 pmoles/min; rSCC-61: 96 

pmoles/min) and ATP synthesis (SCC-61: 155 pmoles/min; rSCC-61: 83 pmoles/min) (11).  

Given the richness of information available for this system matching general molecular features 

that distinguish radiation resistant cells and tumors across HNSCC, the SCC-61 and rSCC-61 cells were 

utilized in the initial studies to evaluate the capability of [18F]DCP to preferentially label radiation 

sensitive cells and tumors.  The first studies measured the uptake of [18F]DCP in SCC-61 and rSCC-61 

cells using the non-radioactive [19F]DCP as a blocking agent. The [18F]DCP signal at 5, 30 and 60 min 

incubation times was 5-, 2.5-, and 2-fold higher, respectively, in SCC-61 compared to the rSCC-61 cells 

(Figure 2B), consistent with the higher ROS and protein sulfenylation in SCC-61 cells (10). Pre-

treatment of SCC-61 cells for 15 min with non-radioactive [19F]DCP, decreased the radioactive signal 

by ~60%, while no significant blocking of [18F]DCP was observed in the rSCC-61 cells (Figure 2C), 

presumably due to the already low [18F]DCP signal in these cells.  

 

In vivo evaluation of [18F]DCP using SCC-61 and rSCC-61 derived tumor xenografts 

Time-course biodistribution studies using SCC-61 and rSCC-61 xenograft animal models were 

performed to validate in vivo the findings from the cell culture studies. Mice were sacrificed at 5, 30, 60, 

90 and 120 min (n = 4 for each time point) after the injection of [18F]DCP. Multiple organs (brain, heart, 

lung, liver, spleen, pancreas, and kidney), tissues (muscle, tumor), bone and blood were removed, 

weighed, and residual radioactivity was counted using an automatic gamma-counter. The radiotracer 

uptake was calculated as percentage of injected dose per gram of biological specimen (tumor, organ, 

tissue, bone and blood; %ID/g) (Figure 2, D-F). The radioactivity peaked at 30 min in the tumor and 

gradually washed out from the blood by 120 min. Kidney being the primary excretory organ had the 

highest residual uptake at 120 min. Importantly, there was no significant bone uptake, suggesting lack of 

defluorination. Focusing on the tumor, the data showed >60% higher [18F]DCP in the radiation sensitive 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 30, 2020. ; https://doi.org/10.1101/2020.04.28.063537doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.28.063537


 8 

SCC-61 relative to the radiation resistant rSCC-61 tumors (Figure 2G). The results also showed good 

tumor-to-muscle ratio with >80% enrichment in the tumor (Figure 2H) encouraging further 

investigations. 
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Figure 2. Primary characterization of [18F]DCP compatibility with in vivo applications. (A) Ex vivo serum 

stability assay for [18F]DCP performed by incubating the radiotracer with human serum and quantifying by HPLC 

analysis over a 4h time course. (B) In vitro cell uptake of [18F]DCP in SCC-61 and rSCC-61 cells after 5 min, 30 

min and 60 min of radiotracer exposure. (C) In vitro assessment of binding specificity using blocking with non-

radioactive [19F]DCP analog in SCC-61 and rSCC-61 cells. Blocking of sulfenylated proteins was demonstrated 

by exposing the cells to 50x excess non-radioactive [19F]DCP, 15 min prior to adding the radiotracer. (D) - (H) 

Biodistribution of [18F]DCP in matched xenograft animal models of radiation response: radiation sensitive SCC-

61 (D), radiation resistant rSCC-61 (E), and control non-tumor carrying animals (F). (G) Analysis of 

biodistribution data shows accumulation of [18F]DCP in SCC-61 tumors 2-3 fold more than in rSCC-61 tumors, a 

ratio stable up to 90 min post injection. (H) Tumor to muscle ratios extracted from the biodistribution data show 

[18F]DCP accumulation in SCC-61 tumors compared to rSCC-61 tumors. The data in (B) - (G) were expressed as 

% injected dose (ID)/mg of protein present in each well with p values ≤ 0.05 considered statistically significant 

(n=3). Statistical analysis (t-test) was performed using Microsoft Excel and all results are displayed as mean ± 

standard deviation. Asterisks indicate statistically significant changes [α = 0.05, p values of 0.01–0.05 (*), 0.001–

0.01 (**), or <0.001 (***)]. 

 

Metabolic and vascular characteristics of the SCC-61 and rSCC-61 xenograft tumors  

Additional studies were performed to verify that the in vitro redox profiles of SCC-61 and rSCC-

61 cells were maintained in vivo and to ensure that the differential labeling of the radiation resistant and 

sensitive tumors by [18F]DCP was not due to differences in tumor perfusion. As noted above, the rSCC-

61 cells display higher glucose uptake and lower mitochondrial activity compared with SCC-61 cells 

(11).  Both glucose uptake and mitochondria membrane polarization in SCC-61 and rSCC-61 tumors 

were characterized using quantitative optical spectroscopy (24, 25). Glucose uptake was monitored with 

2-NBDG (2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose, a fluorescent analog of 

glucose) and mitochondria membrane polarization with TMRE (tetramethylrhodamine ethyl ester, a 

cationic fluorescent dye binding to active mitochondria). Importantly, to avoid artifacts associated with 

analysis of tumors of different volumes, SCC-61 and rSCC-61 tumors with a similar diameter of ~6 mm 

were selected for analysis. The results in Figures 3 show that there was indeed higher 2-NBDG uptake 

and lower TMRE staining in the rSCC-61 than in the SCC-61 tumors consistent with the previous in 

vitro findings of increased glucose uptake and decreased mitochondrial respiration in rSCC-61 cells 

(11). Furthermore, the analysis of baseline oxygen saturation and hemoglobin [Hb] levels show these to 

be comparable between the two tumors. Cumulatively, these results demonstrate that noted differences 
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in [18F]DCP incorporation are not due to lower perfusion or hypoxia of rSCC-61 tumors but to 

differences in protein sulfenylation. 

 

MicroPET/CT imaging and biodistribution in a panel of HNSCC tumors 

To further demonstrate in vivo the ability of [18F]DCP to discriminate between radiation resistant 

and sensitive tumors, the biodistribution studies were extended to include two additional HNSCC cell 

lines, the radiation sensitive JHU022 (SF2 0.2) and radiation resistant SQ20B (SF2 0.77).  Thus, while 

the matched SCC-61 and rSCC-61 cell lines mimic recurrence of radiation resistant tumors in the same 

patient, and SQ20B and JHU022 represent radiation resistant and sensitive cells, respectively, from 

genetically unique patients. For these studies, we focused specifically on Human papillomavirus (HPV) 

 
 

Figure 3. Quantitative optical spectroscopy tumor measurements. (A) Key elements of experimental 

setup. (B) Glucose uptake: Quantification of 2-NBDG fluorescence signal showing higher uptake in 

rSCC-61 compared with SCC-61 tumors. (C) Mitochondria membrane polarization: Quantification of 

TMRE fluorescence signal shows lower labeling of rSCC-61 compared with SCC-61 tumors. (D) 

Quantification of baseline oxygen saturation and [Hb] shows comparable levels between the rSCC-61 

and SCC-61 tumors.  
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negative HNSCC to match the clinical need given the increased prevalence of vaping worldwide (26, 

27) and the known increased sensitivity to radiation therapy of HPV positive HNSCC (28, 29).  

 Subcutaneous tumors were generated in mice by injecting the cells between the shoulder blades 

to avoid potential interference from the bladder during microPET imaging and using procedures 

described in Materials and Methods. While orthotopic oral implantation of cells for these studies would 

have been preferable, this was ultimately not feasible due to concerns regarding the animals’ welfare and 

experimental limitations (e.g., the tumors can only grow a few millimeters before the animals cannot eat, 

ease of access for rapid tumor dissection for the time course biodistribution studies, and other 

considerations). After the presence of the tumor was confirmed through bioluminescence (Figure 4A, 

top images), [18F]DCP was injected through the tail vein and the tumors were imaged using microPET at 

50 min post-injection (100 ± 20 µCi of [18F]DCP, 20 min scan time, n = 6). Representative axial and 

sagittal microPET/CT images are shown in Figure 4A middle and bottom panels, respectively. Data 

analysis showed a trend where the radiation sensitive tumor had increased average ROIs relative to the 

radiation resistant tumors: SCC-61 > JHU022 > SQ20B > rSCC-61.  

Two SCC-61 tumor-bearing mice from the same cohort were used for blocking experiments with 

cold [19F]DCP (Figure 4B). These two mice received [19F]DCP, 10 mg/kg, 20 min prior to the injection 

of [18F]DCP. The axial and sagittal microPET/CT images shown in Figure 4B demonstrate significant 

blocking of the radiotracer signal by pre-treatment with cold [19F]DCP, evidencing in vivo the high 

selectivity of the radioligand. Notably, there was no toxicity noted with the injection of cold [19F]DCP at 

10 mg/kg, a dose 36,000-fold higher than the dose of [18F]DCP corresponding to 0.27 µg/kg in these 

blocking studies. 

To more precisely quantify the level of radioactivity in the tumors and across the mouse 

anatomy, we conducted biodistribution studies similar to those shown in Figure 2, with the difference 

that the analysis was performed at a single time point, 60 min post-injection of [18F]DCP (Figure 4C). 

Overall, the biodistribution analysis showed a statistically significant 2.5 fold increased [18F]DCP in the 

radiation sensitive SCC-61 and JHU022 tumors compared with the radiation resistant SQ20B and rSCC-

61 (p 2.3 x 10-6). In general, the larger radioactive signal in the kidney is expected with 60 min post-

injection radiotracer analysis.  
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Figure 4. In vivo microPET/CT and biodistribution studies with [18F]DCP. (A) Representative IVIS 

and coronal fused microPET/CT images of [18F]DCP in HNSCC tumor bearing mice at 50 min post 

injection. The corresponding IVIS luciferase imaging is shown at the top. MicroPET ROI analysis 

shows higher signal intensity in the radiation sensitive SCC-61 and JHU022 tumors compared with 

the radiation resistant rSCC-61 and SQ20B tumors. SUV: standardized uptake value. (B) Blocking of 

radiotracer signal is demonstrated using SCC-61 tumors by injecting the cold ligand 20 min prior to 

the injection of the radiotracer. (C) Biodistribution analysis shows [18F]DCP accumulates in the 

radiation sensitive SCC-61 and JHU022 tumors 2.5 fold more than in rSCC-61 and SQ20B tumors at 

60 min post injection.  Statistical analysis (t-test) was performed using Microsoft Excel and all results 

are displayed as mean ± standard deviation.  

 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 30, 2020. ; https://doi.org/10.1101/2020.04.28.063537doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.28.063537


 13 

Discussion  

Initially regarded as harmful by-products of cellular aerobic metabolism, ROS have been 

increasingly appreciated as pivotal signaling molecules that regulate a spectrum of physiological and 

pathological processes. It is important that cells carefully balance the production and the elimination of 

ROS to maintain a physiologically healthy redox environment (30). Elevated ROS have been observed 

in nearly all cancers and are thought to promote tumor initiation and progression by mediating genome 

instability, cell survival and proliferation, angiogenesis, and metastasis (31-34). This shift to a more 

oxidative state may render cancer cells vulnerable to ROS manipulation and many cancer therapies 

exploit this vulnerability by either increasing ROS generation or decreasing ROS scavenging (33-35).  

Effective treatment of cancer with ionizing radiation also relies on accumulation of ROS and 

other species leading to DNA damage and cell death (36, 37), in most cases with the exception of tumors 

harboring enhanced antioxidant capacity, which are resistant to treatment (38-42). The new PET 

imaging approach presented here takes advantage of these unique redox metabolic features of radiation 

sensitive and resistant tumors to stratify patients based on their likelihood of response before the start of 

treatment. While several PET imaging probes were developed over the years that either react with ROS 

directly (e.g., ascorbic acid (43, 44), and our recent work (45)) or are activated by redox chemistry (e.g., 

hypoxia imaging agents ATSM, FMISO and FAZA (46)), these have limited value as predictors of 

radiation response in vivo as the relationship between oxygen saturation and ROS is quite complex and 

low oxygen saturation does not necessarily mean low ROS or protein oxidation as also exemplified by 

the spectroscopy imaging data presented here.   

Our published studies using a matched model of radiation response for HNSCC found 

significantly decreased levels of ROS and increased levels of antioxidant proteins in the radiation 

resistant rSCC-61 cells compared with the radiation sensitive SCC-61 (10, 11). The enzymatic activity 

of antioxidant proteins was supported in rSCC-61 cells by increased production of NADPH, which is 

critical to sustain the cycling of cellular peroxiredoxins, major antioxidant enzymes upregulated in 

radiation resistant cells and involved in degradation of H2O2 and lipid peroxides (23). Overall, 

differences in redox metabolism are reflected in the DNA damage and protein oxidation profiles, with 

the radiation resistant rSCC-61 cells displaying lower level of single and double-strand DNA breaks and 

lower protein sulfenylation, a finding validated using ex vivo analysis of human HNSCC tumor 

specimens (10).  
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Analysis of protein sulfenylation in these studies was enabled by development of (2,4-

dioxocyclohexyl)propyl (DCP) family of sulfenic acid-selective chemical probes (47), which now 

include a variety of derivatives and tags such as: fluorophores (DCP-FL1, DCP-FL2) (16), biotin (DCP-

Bio1, DCP-Bio2, DCP-Bio3 (16); BP1, containing the reactive 1,3-dicarbonyl DCP component (17)), 

click-ready tags (DAz/DYn series of azido-/alkyne- analogs of DCP (19, 48-50); linear alkyne beta-

ketoesters (18)), and more recently mitochondrial-targeting components (DCP-NEt2C and DCP-Rho1) 

(14, 16).  

The goal of the work presented here was to build on the established selectivity of DCP-based 

reagents towards sulfenylated proteins (14, 16-18, 47), and on the clinical evidence of increased protein 

sulfenylation in radiation sensitive HNSCC tumors (10) to develop a first-generation PET radiotracer for 

imaging protein sulfenylation in vivo.  

Thus, [18F]DCP and its cold analog [19F]DCP were synthesized and evaluated using recombinant 

model proteins (Figure 1), in vitro cell culture (Figure 2, A-C) and in vivo (Figure 2, D-H, 3 and 4). 

As described in the Results, the [18F]DCP shows very good serum stability (Figure 2A) and ability to 

distinguish between radiation sensitive and resistant cells both in cell culture (Figure 2, A-C) and in 

xenograft mouse models of HNSCC (Figure 2, D-H). Measurement of vascular parameters using 

quantitative optical spectroscopy exclude lower perfusion or hypoxia as determinants of decreased 

[18F]DCP incorporation signal in rSCC-61 tumors (Figure 3). The time course biodistribution analysis 

of [18F]DCP in SCC-61 and rSCC-61 xenograft mice (Figure 2, D-H) and the single time point analysis 

in an extended panel of radiation sensitive and resistant HNSCC tumors (Figure 4) show consistent 

tumor-to-muscle ratio and consistent 2-4 fold difference in radiotracer accumulation between the 

radiation sensitive and resistant tumors. The observed accumulation of [18F]DCP in organs such as the 

kidney and liver is expected given the metabolism and function of these organs. Selective tumor 

targeting can be achieved as a future goal with other means including the use of aptamers (51), 

liposomes (52), and others (53). EGF-liposomes could be particularly useful considering the 80-90% 

frequency of EGFR overexpression in HNSCC (54). 

In conclusion, we have developed a novel PET radiotracer [18F]DCP for in vivo detection of 

protein sulfenylation capable of sensing differences in this oxidative modification between the radiation 

sensitive and resistant HNSCC cells in vitro and in animal models. We anticipate that such an ability to 

profile protein oxidation will contribute to accurate clinical assessment of tumor redox state aiding 
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prognosis of response to radiation therapy before radiation treatment is attempted. This imaging agent 

could also be applied to identify patients in need of adjuvant redox altering therapy to improve clinical 

outcomes with radiation treatment. 
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Materials and Methods 

Kinetic analysis of [19F]DCP reaction with C165A AhpC-SOH 

Recombinant C165A mutant of Salmonella typhimurium AhpC was purified and oxidized as 

described in previous work (2, 14-18). The C165A AhpC-SOH (50 μM, also containing -SN and -

SO2/3H species) was incubated with 5 mM dimedone or 5 mM [19F]DCP at room temperature in 

ammonium bicarbonate buffer pH 8.0 and analyzed at different time points (15 min, 30 min, 60 min, 

120 min and 180 min) by ESI-TOF MS (Electrospray Ionization Time-of-Flight Mass Spectrometry) on 

an Agilent 6120 MSD-TOF system. The analysis was performed in positive ion mode with the following 

settings: capillary voltage: 3.5 kV, nebulizer gas pressure: 30 psig, drying gas flow: 5 L/min, fragmentor 

voltage: 200 V, skimmer voltage: 65 V, and gas temperature: 325 °C. Processing of data to generate the 

deconvoluted MS spectra was performed with Agilent MassHunter Workstation software v B.02.00. 

Kinetics analysis was performed by fitting the relative abundance of dimedone and [19F]DCP AhpC 

covalent adducts to an exponential equation in GraphPad Prism 7.0. 

Serum stability of [18F]DCP 

The ex vivo serum stability of the radiotracer [18F]DCP was performed following previously 

published methods (55-57) and human serum (Sigma Aldrich). [18F]DCP (~1-2 mCi) was added to the 

serum to a final volume of 1 mL, and incubated at 37 °C. [18F]DCP and the radioactive serum mixture 

(~50 µL) were injected into a Quality Control High-Performance Liquid Chromatography (QC-HPLC) 

system at 5 min, 30 min, 1 h, 1.5 h, 2 h, 2.5 h, 3 h and 4 h post-radiotracer synthesis and serum 

incubation, respectively. There were no additional radiochemical species detected (e.g., resulting from 

defluorination of [18F] radiotracers (58-61)).  

In vitro cellular uptake assay 

Human HNSCC SCC-61 and rSCC-61 cells extensively characterized in previous publications 

(10, 11, 22, 23) were utilized for the majority of the studies here. The SCC-61 cells were obtained from 

Dr. Ralph Weichselbaum, University of Chicago), and the rSCC-61 cells were generated in vitro by 

repeated irradiation and selection of a radiation resistant clone (10). Both SCC-61 and rSCC-61 cells 

were cultured in DMEM/F12 medium (Gibco) supplemented with 10% FBS (Gibco) and 1% Pen/Strep 

(Gibco) at 37°C and 5% CO2. Following PBS washing, cells were spun down, resuspended in growth 

media, and counted using a hemocytometer.  
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The in vitro [18F]DCP cellular uptake assays were performed following published protocols (55, 

62, 63). Cells (1 x 105) were seeded into each well of a 6-well culture and incubated overnight. On the 

day of the assay, fresh solution of non-radioactive compound (10 µM) in the respective cell medium was 

used as the blocker solution. The blocker solution was added 15 min prior to addition of radiotracer. 

Cells were then incubated with [18F]DCP (1 µCi/well) for 5 min, 30 min, 60 min (n=3) at 37 °C. Cellular 

uptake was allowed to proceed for selected time periods and then terminated by rinsing the cells with 1 

mL of the ice-cold PBS. Residual fluid was removed by pipette, and 200 µL of 0.1% aqueous sodium 

dodecylsulfate (SDS) lysis 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 gamma counting. The radioactivity was 

counted using the Wallac 1480 Wizard gamma counter (Perkin Elmer). Additional 20 µL aliquots were 

taken in triplicate from each well for protein concentration determination using the Pierce bicinchoninic 

acid protein assay kit. The radioactivity data in each sample from each well were expressed as counts 

per minute (cpm) and were decay corrected for elapsed time. The cpm values of each well were 

normalized to the amount of radioactivity added to each well and the protein concentration in the well 

and expressed as percent uptake relative to the control condition. The data were expressed as percentage 

injection dose (%ID) per mg of protein present in each well with p values ≤ 0.05 considered statistically 

significant. 

Animal tumor implantation  

Female athymic nude mice (Jackson Laboratory; average weight 18-20 grams, 6-7 weeks old) 

were housed in a pathogen-free facility of the Animal Research Program at Wake Forest University 

School of Medicine under a 12:12 h light/dark cycle and fed ad libitum. All animal experiments were 

conducted under IACUC approved protocols in compliance with the guidelines for the care and use of 

research animals established by Wake Forest University Medical School Animal Studies Committee 

(IACUC# A17-069). 1 - 2 x 106 SCC-61, rSCC-61, JHU022 and SQ20B cells transfected with luciferase 

were suspended in 50 µL PBS and then mixed with 50 µL of Matrigel (BD Biosciences). The whole 

mixture was then injected subcutaneously in mice either in the right flank or between the shoulder 

blades. The presence of viable tumors was confirmed using bioluminescence imaging by injecting 150 

mg luciferin/kg body weight (10 µL of 15 mg/mL luciferin/g of body weight) intra-peritoneally 15 min 

before imaging with IVIS Lumina LT Series III. 
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Optical measurements and data analysis  

These in vivo experiments were performed according to a protocol approved by the Animal 

Research Program at Wake Forest University School of Medicine (IACUC# A16-164). 1 x 106 SCC-61 

or rSCC-61 cells were suspended in 50 µL PBS and then mixed with 50 µL of Matrigel (BD 

Biosciences). The whole mixture was then injected in the right flank of the mice subcutaneously. The 

size of viable tumors was estimated using a caliper and the formula V = (W2 x L)/2 where V is tumor 

volume, W is tumor width, and L is tumor length. Metabolic imaging was performed 1-2 weeks after 

tumor implantation. The mice were fasted for 6 hours prior to each set of optical experiments to 

maintain minimal variance in metabolic demand among animals (24). All measured mice received a tail-

vein injection of TMRE (100 µL of 75 µM) first and then a tail-vein injection 2-NBDG (100 µL of 6 

mM 2-NBDG) with 20 minute delay as reported previously (25, 64). The 2-NBDG uptake at 60 minutes 

post 2-NBDG injection and TMRE uptake at 80 minutes post TMRE injection were used to report final 

2-NBDG and TMRE uptake. 

A quantitative optical spectroscopy system introduced previously (24, 25) was used to perform 

diffuse reflectance and fluorescence measurements in a darkroom. Optical measurements on animals 

were performed by placing the fiber probe gently on the tumors and fixing the measurement on the 

center of the tumor mass (25). The measured spot size was 2.0-mm in diameter which was determined 

by the probe size as reported previously (25, 64). Baseline diffuse reflectance and fluorescence spectra 

were measured from the tumor sites prior to any probe injection. Diffuse reflectance spectra were 

acquired from 450 nm to 650 nm with an integration time of 3.8 ms. The 2-NDBG fluorescence spectra 

between 520 nm to 600 nm were measured with an excitation light of 488 nm and an integration time of 

2 seconds. The TMRE fluorescence spectra between 565 nm to 650 nm were obtained with an excitation 

light of 555 nm and an integration time of 5 seconds. Optical measurements on each animal were 

acquired continuously for a period of 80 minutes.  All diffuse reflectance spectra were calibrated using a 

reflectance puck, while all fluorescence spectra were calibrated with fluorescence standard puck (24, 

25).  All optical spectral data were processed using the previously developed inverse Monte Carlo (MC) 

model  (24) to extract tissue absorption spectra, tissue background distortion free fluorescence of 2-

NBDG, and TMRE (25). The extracted absorption spectra were processed to estimate oxygen saturation 

and total hemoglobin concentration [Hb] (65).  The optical measurements at the last time point were 

used to calculate final 2-NBDG or TMRE uptake.  
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MicroPET/CT imaging 

MicroPET/CT imaging experiments were performed in SCC-61, JHU022, SQ20B, and rSCC-61 

tumor bearing mice (n = 4, 25 ± 2.5 g) using Trifoil PET/CT scanner (1.2 mm resolution and 14 cm 

axial field of view). Mice were placed in an induction chamber containing ∼2% isoflurane/oxygen then 

secured to a custom double bed for placement of tail vein catheters; anesthesia was maintained via nose-

cone at ∼1% isoflurane/oxygen throughout the scanning. [18F]DCP was intravenously injected and 

scanned 50 min post-injection. A 3 min CT scan was obtained prior to the PET scan. Four SCC-61 

tumor bearing mice from the same cohort were used for blocking experiments. These mice received 10 

mg/kg 100 µL of the non-radioactive [19F]DCP, 30 min prior to the injection of radiotracer. The images 

were reconstructed using TriFoil attenuation correction and Fourier rebinning parameters (56, 66). The 

reconstructed CT and PET images were co-registered and analyzed using the TriFoil filtered back-

projection 3D-OSEM algorithm.  

Biodistribution analysis 

Biodistribution experiments were performed first in SCC-61 and rSCC-61 tumor bearing mice (n 

= 4, 25 ± 2.5 g). Mice were placed in an induction chamber containing ∼2% isoflurane/oxygen and then 

secured to a custom bed for placement of tail vein catheters. [18F]DCP (60-80 µCi in ∼65-80 µL saline 

containing 10% ethanol, with a specific activity of 2610-2820 mCi/µmol) was administered through tail 

vein injection. Mice were sacrificed by decapitation via cervical dislocation under anesthesia at 5, 30, 

60, 90 and 120 min (n = 4 for each time point). For all other tumor mice biodistribution studies (e.g., 

Figure 4: SCC-61, JHU022, SQ20B, and rSCC-61), mice were sacrificed at 60 min post radiotracer 

injection. The specimens of interest including blood, brain, tumor, heart, lungs, liver, spleen, kidneys, 

pancreas, muscle and bone were removed, weighed, and counted in an automatic gamma counter 

(Wallac 2480 Wizard). Radiotracer uptake was calculated as percentages of injected dose per gram of 

tissue (%ID/g tissue). 

Statistical analysis 

Statistical analysis (t-test) was performed using Microsoft Excel and all results are displayed as 

mean ± standard deviation. Asterisks indicate statistically significant changes [α = 0.05, P values of 

0.01–0.05 (*), 0.001–0.01 (**), or <0.001 (***)]. 
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