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This paper describes functional fluorinated bioactivatable molecules to study cancer metabolism using Cerenkov imaging. Resazurin (RA), or Alamar Blue, is a commonly used viability dye and redox sensor. Under reductive conditions or by the action of NADH dehydrogenases, RA is reduced into resorufin (RAred), a highly fluorescent molecule. Cold- and radiolabeled monofluorinated resazurin (MFRA) and difluorinated resazurin (DFRA) were synthesized using electrophilic fluorination. The fluorescence of the reduced probes allowed for the detection of Cerenkov Radiation Energy Transfer (CRET). Cerenkov imaging of MFRAred showed a 4-fold increase in signal at 640 nm relative to MFRA, demonstrating the ability to differentiate between oxidized and reduced species via optical imaging. CRET allows the measurement of signal at longer wavelengths closer to the near infrared (NIR) window, ideal for in vivo imaging. MFRA reduction showed different rates in two breast cancer cell lines: MDA-MB-231, a triple-negative breast cancer, and 4175-Luc+, an aggressive MDA-MB-231 variant, isolated from murine lung metastases. 4175-Luc + cells showed a more rapid reduction of RA and MFRAox than MDA-MB-231 cells. Intratumoral injections of 18F-FDG/MFRA showed a faster reduction of the probe in 4175-Luc + tumors than in MDA-MB-231, suggesting that the metabolic feature observed in the cells is maintained in the tumors. MFRA is a promising probe to determine tumor energy imbalance, reductive environments and assess metastatic potential of tumors. Furthermore, the use of 18F-labeled probes allows for dual modality PET/Cerenkov imaging for probe localization and biodistribution while assessing probe reduction simultaneously.
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INTRODUCTION
Cerenkov radiation is a photon emission arising from a beta particle emitted with kinetic energy greater than the phase velocity of the speed of light in its surrounding solution [1]. The positrons or electrons expulsed from the radioactive isotope travel faster than the speed of light in a dielectric medium, releasing energy as visible wavelength photons. As positrons collide with electrons, gamma rays arising from this annihilation can be detected by positron emission tomography (PET), but gamma rays are not affected by the structure of the molecule containing the radioisotope. As with optical imaging techniques, the Cerenkov photons emitted can be differentially absorbed by bioactive contrast agents that act as molecular switches depending on the effect of the tissue environment on its molecular structure. The development of agents capable of PET and Cerenkov imaging can become the bridge between optical and nuclear imaging; working toward a dual imaging technique that can assess a metabolic profile with Cerenkov complimenting the quantitative information provided by PET.
Despite being discovered almost a century ago, the potential for biomedical Cerenkov imaging was not recognized until 2009 when the first studies were performed in vivo in mice [2]. Investigations into the physical and chemical properties of this new technique demonstrated that the number of Cerenkov photons produced by beta-emitting radionuclides and thus, the brightness of the isotopes, was directly correlated to the kinetic energy of the beta emission of each isotope [3, 4]. While fluorine-18 is a widely used radioisotope for Cerenkov imaging, other isotopes such as iodine-124 and gallium-68 produce more photons due to their higher energy, with yttrium-90 being the highest producer of Cerenkov photons.
The first human Cerenkov imaging study was performed in 2013, to measure and detect the uptake of iodine-131 into the thyroid of a patient with hyperthyroidism [5]. Cerenkov radiation from 18F-FDG has also been used to detect human sentinel nodes [6] in patients undergoing routine PET/CT for various malignancies. The use of gallium-68 labeled probes targeting prostate-specific membrane antigen (PSMA) have been studied for intraoperative positive margin assessment of primary prostate cancer tumor resection [7]. The feasibility of tumor margin assessment has also been explored in breast tumor resections by using 18F-FDG [8]. Cerenkov radiation could be used to measure the doses of 90Y-labeled medications in vivo [9] and, aided by its higher Cerenkov emission, yttrium-90 Cerenkov endoscopic imaging showed improved results compared to an 18F-labeled radiotracer [10]. With its capabilities as a dual isotope for PET and Cerenkov, gallium-68 has been used for the study of glioblastoma in murine xenograft and orthotopic tumors by targeting the integrin αvβ3 using an 3PRGD2 selective tracer [11]. Cerenkov emission is also being used in the clinic to image radiation dosage in patients undergoing radiation therapy treatment [12]. In cancer immunotherapy, Cerenkov imaging has been employed for tracking and measuring T-cells radiolabeled with phosphorus-32 ATP in vivo [13]. Cerenkov radiation has also been suggested as a photon source for photoimmunotherapy, though its lower efficiency compared to NIR can be attributed to the lower tissue penetration of shortwave radiation which accounts for most of its emission [14]. Yttrium-90 has been used to induce activation of photodynamic therapy in vitro [15] and its potential for preclinical imaging has been explored [16]. The blue-weighted Cerenkov emission has been used to activate an azide moiety in fluorophores and drugs in an effort to improve fluorescence-guided surgery and therapy in mice [17].
Cerenkov radiation is continuous and multispectral across the visible spectrum. As a result, Cerenkov emission can be modulated by probes (chromophores and fluorophores) with absorption or emission in the visible wavelengths [18]. Our group has been studying the interaction between Cerenkov photons and pH-sensitive chromophores including bromothymol blue [19], monofluorocresol purple [20], and their respective fluorinated derivatives. We have demonstrated that a pH-dependent attenuation near the absorption maximum can be measured in vitro with discrete filters via a process called Selective Bandwidth Quenching (SBQ). This effect is quantifiable and dependent on concentration of the modulator probe, which makes it ideal for the detection of pH-sensitive probes whose optical properties change depending on the pH of the solution in which they are dissolved. The 18F-labeled monofluorocresol purple probe (18F-MFCP) was further used in vivo to detect pH changes in the urinary bladders of mice arising from the pharmacological inhibition of carbonic anhydrase [20]. A similar interaction can be observed with fluorophores in a process called Cerenkov Radiation Energy Transfer (CRET) or Second Cerenkov emission fluorescence imaging (SCIFI); both refer to the red-shifted radiation caused by the fluorescence of molecules or nanoparticles excited by their absorption of Cerenkov radiation [21, 22].
Resazurin (RA), also known as Alamar Blue, is a compound that is widely used to measure cell viability and cytotoxicity in vitro [23]. It is commonly used in the laboratory setting to monitor cellular health, cell death, and microbial susceptibility. Previously, our lab synthesized and characterized fluorinated derivatives of both resazurin and resorufin (reduced resazurin) [24]. In this paper, we utilize the two main fluorinated derivatives of RA, exploring the potential of these probes for in vitro and in vivo measurement of reductive status. The development of a probe to identify differences in metabolism and correlate it with the metastatic potential of a tumor will give insight on its aggressiveness, stage and, potentially on the progress of the therapeutic regimen. This optical characterization gives us insight to the translation into mouse models and future potential applications.
METHODS
Probe Synthesis
RA was fluorinated following a previously reported synthesis [24]. Fluorination was performed by bubbling [18F]F2 gas (0.1% [18F]F2 in Ne with a total activity of 5,550–7,400 MBq for 5 min through a freshly prepared solution of the sodium salt of resazurin (3–5 mg) in 2 ml of glacial acetic acid at a concentration of 2 mg/ml. The reaction mixture was evaporated in vacuo at 120°C, redissolved in 2 ml of water, and injected onto a semi-preparative HPLC column (Phenomenex, Synergi 4 μm Hydro-RP 80 Å 10 × 250 mm). The HPLC elution solvent was 26% ethanol-water for resazurin at a rate of 3 ml/min. The HPLC method used the detection of radioactivity and UV absorption at 575 nm. Under these conditions, elution times for monofluorinated (MFRAox) and difluorinated (DFRAox) compounds were in the range of 25–40 min providing sufficient peak separation without significant decay of the radioactive label. The reactions produce more than one isoform of each of the monofluorinated and difluorinated products, the most abundant being: 4-MFRA (2%) and 2-MFRA (0.5%) for MFRA, and 4,5-DFRA (1%) and 2,4-DFRA (0.5%) for DFRA. As an example, a synthetic run of MFRA results in 63 ± 4 MBq (n = 3). The isoforms co-elute on HPLC and no further purification was performed.
In vitro Cerenkov Imaging
For intramolecular studies, 2.5 MBq of 18F-MFRA in 100 µl saline solution were placed into black-wall clear bottom 96-well plates. For intermolecular studies, 18F-FDG and cold resazurin (∼2.6 MBq in 100 µl) were added to the wells. For both experiments, the probes were reduced by addition of 10 µl of 1 mg/ml sodium dithionite. Cerenkov images were acquired using the PerkinElmer IVIS Spectrum in the Small Animal Imaging Facility (SAIF) Optical Core. Images were collected using an open filter or using the 20-nm bandwidth emission filters available in the imaging system, which span from 500 to 840 nm. The parameters of the acquisition were: Binning: 8 (medium), FOV: 12 cm, f2, 60 s exposure for filters and 30 s for the open filter. Images were processed and quantitated in LivingImage 4.4. ROIs were defined by overlaying a grid over the well plate image. These studies were performed in triplicate wells.
Cell Studies
4175-Luc+ and MDA-MB-231 cells were seeded at 1.5–3.5 x 104 cells in 96-well black-wall, clear-bottom plates around 24 h prior to the experiment. At the time of the experiment, media was aspirated and replaced with 100 μl of fresh phenol red-free media, followed by addition of 10 μl of probe. Fluorescence was monitored as a function of time on a SpectraMax M5 fluorescent plate reader at 37°C, bottom read, ex/em 575/585 nm (for RA), and 588/594 nm (for MFRA).
Liposomal Formulation
Egg phosphatidylcholine (12 µl) and chloroform (988 µl) were mixed together in a 25 ml round bottom flask. The mixture was placed under a slow stream of nitrogen gas to evaporate the solvent, resulting in an even lipid “cake” forming in the bottom of the flask. This lipid cake was resuspended in 1 ml of an aqueous solution of DFRA, then sonicated in a 4°C water bath for 10–15 min. The resulting slightly cloudy mixture was used immediately.
Mouse Experiments
All animal experiments were approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania. Mice were anesthetized using 3–4% isoflurane in oxygen. For imaging experiments, mice were kept under anesthesia with 1.5–2% isoflurane.
Tumor Xenograft Inoculation
Cells were grown in T-150 tissue culture flasks up to 80% confluency. Cells were trypsinized, centrifuged, counted and suspended in PBS to obtain a final concentration of 2 × 107 cells/ml. The resulting suspension was diluted 1:1 with Matrigel® (Corning), achieving a final concentration of 1 × 107 cells/ml. This solution was placed in a 12-well plate inside an ice bucket. The cell:Matrigel mixture was drawn up into a 1 ml syringe. Any air bubbles were removed through gentle tapping and/or flicking and a 26-gauge needle was placed at the tip. The area of injection was cleaned with an alcohol wipe (70% isopropanol). 100 µl of the cell:Matrigel solution was injected subcutaneously in the right superior shoulder flank or the right hind leg flank. 4175-Luc+ tumors are palpable one week after inoculation and are suitable for probe injection and optical experiments between 2.5–3 weeks post-injection. MDA-MB-231 tumors take between 4–5 weeks to reach a suitable size for imaging.
Tumor Painting
Tumors grown in athymic nude mice were harvested, sliced into approximately 1 mm sections and placed in a 12-well plate with warm phenol red-free media. Following a 2-h incubation at 37°C and 5% CO2, 100 µl of DFRA were added to the media focusing the pipette over the tumor slice. The plate was placed in the IVIS Spectrum imaging system and fluorescence was acquired at 570/620 nm (ex/em) as a function of time. Fluorescence emission was quantified using LivingImage software by laying a 3 x 4 ROI grid over the timed images obtained from the IVIS.
Probe Injection
For intratumoral injections, the probe (1.1–1.5 MBq in 20–25 μl) was drawn up into a 300 µl insulin syringe (Covidien) with a 29-gauge needle. The area was sterilized with an alcohol wipe (70% isopropanol). Injection was done into the center of the tumor. If the tumor was ovoid in shape, the insertion of the needle was done along the longest axis, allowing for maximum travel of the needle to prevent probe leakage. The syringe plunger was pressed very gently to account for back pressure from the tumor and to prevent tumor structural damage.
For intravenous injections, the probe (∼11.1–14.8 MBq in 200 μl) was drawn up into a 300 µl insulin syringe (Covidien) with a 29-gauge needle. Air bubbles were removed through gentle tapping and/or flicking. The tail vein was warmed by the use of a warm water compress and sterilized with an alcohol wipe (70% isopropanol). The needle was injected into the tail vein and the plunger gently pushed to prevent vessel rupture.
In vivo Cerenkov Imaging
Mice were placed on a warmed stage of the IVIS Spectrum quickly after injection of the probe. Before the mice were placed, acquisition parameters were set in the computer: Binning: 8 (medium), FOV: 22.5 cm, f2, 5 min exposure for filters 580, 640, and 840 nm. These filters were chosen because of their relevance for MFRA imaging: at 580 nm the Cerenkov emission signal is the same between the reduced (MFRAred) and oxidized (MFRAox) probes, 640 nm represented a wavelength with a significantly higher emission of the reduced form. At 840 nm, Cerenkov emission is negligibly affected by either probe, and this wavelength was chosen for ratiometric measurements to correct for probe decay and concentration effects. Regions of Interest (ROI) were drawn around white light images of tumora using the Freedraw feature of LivingImage software, followed by overlay of fluorescence or Cerenkov data. For DFRA experiments of flank tumors, a piece of black construction paper was gently rolled into a cylinder to cover the mouse. A hole in the shape of the tumor was cut allowing for the tumor to be uncloaked.
PET Imaging
Positron emission tomography (PET) was performed at the SAIF Nuclear Imaging Core. PET imaging studies of 2-h dynamic scans were performed after IV injection of 14.8–18.5 MBq of the radioactive probe into the mouse in saline or liposomal formulation. Mice were anesthetized as mentioned above and images acquired in the aPET scanner for 2 h. Reconstruction of the data obtained was performed using Amide software with 10-min time points.
RESULTS
Figure 1 shows the effect of oxidized and reduced MFRA and DFRA on the Cerenkov radiation spectrum. Figure 1A shows the intermolecular effects of the probe (when non-radioactive MFRA was mixed with 18F-FDG), and Figure 1B shows this effect intramolecularly (using 18F-MFRA). The graphs below show the quantification of the images in quadruplicate relative to the emission measured using the 840 nm filter. Each experiment has an 18F-FDG control, which shows the expected 1/λ2-dependent decrease in Cerenkov emission with increasing wavelength. The row of wells below shows the intermolecular effects of 19F-MFRA mixed with 18F-FDG (A) and intramolecular 18F-MFRA (B); a significant attenuation of the Cerenkov signal was observed in the 560–660 nm filters, due to SBQ, the absorption of Cerenkov light by MFRA at these wavelengths. In the third row of wells, the probes were reduced chemically using sodium dithionite to form MFRAred. Attenuation of the Cerenkov signal by SBQ is still detected in the 560–580 nm filters, both inter- and intramolecularly. However, an increase in signal is detected in the 600–660 nm filters, when compared to the wells above containing MFRA (highlighted in the yellow boxes). This increase in signal is caused by CRET, the absorption of Cerenkov radiation by MFRAred followed by fluorescence emission at a longer wavelength. The ratio of the signal of MFRAred:MFRA peaks at 620 nm, exhibiting a ratio of around 4:1.
[image: Figure 1]FIGURE 1 | Intermolecular (A) and intramolecular (B) effects of MFRAox and MFRAred and intermolecular (C) effect of DFRA and DFRAred on Cerenkov radiation: Cerenkov images are shown on top, the graphs below show the quantification of the signal relative to the emission at 840 nm (n = 4). At each wavelength, an 18F-FDG control shows the expected emission of Cerenkov radiation as a visual point of reference. In the 19F-MFRA mixed with 18F-FDG (A) and 18F-MFRA (B), an attenuation of the Cerenkov signal is observed in the 560–660 nm filters. After reduction with sodium dithionite, attenuation of the Cerenkov signal is still detected in the 560–580 nm filters, both inter- and intramolecularly. In filters 600–660 nm, an increase in signal is detected when compared to the oxidized probe due to CRET, fluorescence emission of absorbed Cerenkov light. The CRET emission peaks at 620 nm with a 4:1 ratio of reduced to oxidized signal. DFRA (Error bars = standard deviation) (C) attenuates Cerenkov signal between the 600–660 nm filters. CRET from DFRAred increases the detected signal in the 620–660 nm filters (n = 1). The ratio of DFRAred:DFRA peaks at 1.4:1 in both the 620 and 640 nm filters.
When the intermolecular experiment was replicated using the difluorinated derivative DFRA, similar results were observed, although the overall effect was reduced (Figure 1C). SBQ in the Cerenkov spectrum was detected in the presence of DFRA between 600–660 nm. When DFRA was reduced, the attenuation is only detected in the 600 nm filter, but a CRET increase in signal is detected from 620–660 nm. The ratio between reduced and oxidized was calculated to be 1.4 to 1 at 620 and 640 nm.
The reduction in SBQ and CRET in DFRA relative to MFRA led us to synthesize and further investigate the fluorescence optical properties of the fluorinated products, MFRAred and DFRAred. Consistent with previous studies [19, 20, 24, 25], the introduction of successive fluorines into the dye molecule caused a progressive bathochromic shift of both excitation/emission wavelengths: from 568/585 nm for RAred to 576/594 nm for MFRAred, and 588/601 nm for DFRAred (Supplementary Figure 1). In addition, the relative brightness of the fluorescent products decreased with addition of fluorine. MFRAred showed a 37% decrease in the ratio of fluorescence to absorbance when compared to RAred. DFRAred showed a ratio of 0.05, an even steeper decrease of 93% when compared to RAred.
RA is commonly used in cells as a viability sensor where it is reduced by NADH dehydrogenases, like Complex I in the mitochondrial electron transport chain [23]. We tested the ability of MDA-MB-231 and 4175-Luc+ breast cancer cells to reduce RA and the fluorinated derivatives (Figure 2). Both cell lines were able to reduce RA and MFRA, but the extent of reduction was reduced in the monofluorinated compound. Reduction was further reduced in the difluorinated derivative (data not shown). In addition, MDA-MB-231 cells showed a slower reduction rate of RA (Figure 2A) and MFRA (Figure 2B) than 4175-Luc+ cells. Rotenone, a Complex I inhibitor used in Parkinson’s Disease research [26], was able to decrease the rate of reduction of RA (Supplementary Figure 2).
[image: Figure 2]FIGURE 2 | Activation of RA (A), and MFRA (B) in 4175-Luc+ (circles) and MDA-MB-231 (triangles). The graphs show the activation of the probes as measured by the time dependent increase in fluorescence of the reduced product at their respective maxima (RAred = 585 nm, MFRAred = 594 nm). The reduction of RA and MFRA is greater and faster in the metastatic variant 4175-Luc+ cells (Error bars = standard deviation).
To determine the potential for reduction of the probe in tumors, an ex vivo fluorescence experiment was performed by painting DFRA onto tumor slices. Figure 3 demonstrates significant ex vivo activation of DFRA in either saline or liposomal formulation that could be observed as early as 15 min after application. The controls in this experiment show that DFRA was not spontaneously activated by cell culture media for the first 90 min, nor was there significant signal arising from the tumor tissue in the absence of DFRA.
[image: Figure 3]FIGURE 3 | Ex vivo activation of DFRA in aqueous (A) and liposome formulation (B) by 4175-Luc+ tumor slices: The image shows the fluorescence activation of DFRA painted on tumor slices over a 2.5-h time course measured using the IVIS Spectrum, with excitation and emission at 570 and 620 nm, respectively. No increase in fluorescence was observed when the tumors were incubated in media alone. There was some non-specific increase in fluorescence after 90 min when the probe was incubated in media in the absence of tumor that was eliminated when the DFRA was packaged in liposomes. The graph shows the quantification of the fluorescence signal from the wells in the image (Error bars = standard deviation).
In vivo PET imaging was used to determine the optimal delivery time of 18F-DFRA to the tumor and its biodistribution in mice bearing 4175-Luc+ tumor xenografts (Supplementary Figure 3). Both the saline and liposomal formulations of DFRA were tested. PET showed distribution of the probe predominantly to the liver and kidneys. Maximum tumor accumulation occurred at about 1 h, with 0.27% of injected dose in the tumor for saline formulation and 0.9% for the liposomal formulation.
To measure the in vivo reduction of the probe using Cerenkov imaging, a mouse bearing a 4175-Luc+ flank tumor was injected via tail vain with 22.2 MBq of 18F-DFRA and monitored for 2 h. Figure 4 shows the image time course using the open filter setting in the IVIS Spectrum. The kidneys were detected as two prominent hot spots at the first time point (around 10 min past injection) and were not detectable after 1 h. After the 1-h time point, the mouse was cloaked allowing just the tumor to be imaged (magnified insert in Figure 4). The open filter image confirms signal arising from the tumor, demonstrating the accumulation of the probe in accordance with the PET data. Signal attenuation is observed in the 580 nm filter, some signal is detected in the 620 nm filter (focused in the distal periphery of the tumor) and mostly background was detected in the 840 nm filter. The increased signal in the 620 nm filter imaging implies the presence of CRET, and thus reduction of the probe in vivo. Cloaking was necessary in this experiment due to the high degree of background signal from kidney, and the relatively lower signal obtainable from DFRA. Cerenkov emissions measured through the cloak may contain contributions from the adjacent bright kidney and/or bladder. Thus, for subsequent experiments, tumors were implanted in the mouse shoulder, using intratumoral injections of MFRA.
[image: Figure 4]FIGURE 4 | Cerenkov imaging time course of 18F-DFRA in tumor-bearing athymic nude mice (n = 1): A mouse with a 4175-Luc+ breast tumor xenograft in the right flank was injected with 22.2 MBq of 18F-DFRA via tail vein and imaged for 2 h. (A) The top figure shows the biodistribution of the probe in the mouse at three time points using the open filter setting in the IVIS Spectrum. The kidney signal is quite prominent at t = 0 h, suggesting rapid renal elimination. (B) At the 1 h time point, the mouse was covered leaving only the tumor visible for imaging (inset). The open filter image shows that the probe was in higher concentration in the periphery in the lower part of the tumor (smaller lobe). Imaging with the 580 nm filter showed little signal emitting from this lobe; the signal was higher in the 620 nm filter, indicating probe reduction.
A comparison between 4175-Luc+ and MDA-MB-231 xenografts was performed using intramolecular Cerenkov imaging to test if the activation rate difference observed in cultured cells is retained in tumors (Figure 5). 0.7 MBq 18F-MFRA in 20 µl was injected intratumorally and the activation was monitored over the course of one hour. The 4175-Luc+ tumors showed high initial signal that decreased over time. The MDA-MB-231 tumor showed a lower initial signal with a tendency toward increasing with time. Each time point measurement was corrected to the emission observed in the 840 nm filter. This observation reflects what was seen in cells: the probe is reduced more rapidly in 4175-Luc + tumors than in MDA-MB-231 tumors. A preliminary study using MFRA co-injected with 18F-FDG had shown a similar trend (Supplementary Figures 4A–C). In this experiment, the tumors were excised and sliced in half to reveal an area close to the site of the injection. Excised tumor halves confirm that the tumors retain the metabolic differences observed in the cells (Supplementary Figures 4D–E).
[image: Figure 5]FIGURE 5 | In vivo activation of 18F-MFRA in 4175-Luc+ and MDA-MB-231 tumors. 0.7 MBq in 20 µl of 18F-MFRA were intratumorally injected into tumor-bearing mice to compare the activation rate of the probe in two tumors types: 4175-Luc+ (left, n = 4) and MDA-MB-231 (right, n = 1). Cerenkov images show the emission detected in the 640 nm filter (Top), where we expect to see CRET, and in the 840 nm filter (Bottom), which were used for normalization to account for radioactive decay and probe concentration. The graph on the right shows the quantification of the probe as a function of time. As observed previously, 18F-MFRA seems to be immediately reduced in the 4175-Luc + tumors as evidenced by the CRET detected in the 640 nm filter at the earliest time point (t = 5 min). The signal decreases with time, which suggests the washout of the probe. The MDA-MB-231 tumor shows a slower rate of reduction, almost reaching the same signal by the endpoint of the experiment. In this tumor, we expect two mechanisms are acting in concert: the activation of 18F-MFRA and the washout of the probe from the tumor.
To compare the performance of the interaction of the probe with Cerenkov radiation in vivo, an intermolecular tumor study was performed to provide the comparison (Supplementary Figure 5). Similar to the in vitro experiment, the signals arising from both methods are comparable.
DISCUSSION
RA belongs to a group of tricyclic organic molecules that can be electrophilically fluorinated by dilute fluorine gas ([19F]-F2 or [18F]-F2) (Supplementary Figure 1). The yields of the fluorinated products of this reaction are low (1–2.5%) compared to fluorination of triarylmethane pH indicators (5–10%) performed by our group [19, 25, 27–29]. However, the yield of MFRA and DFRA is sufficient to produce the 18F-labeled compounds for in vivo and in vitro experiments.
The application of the RA probe resides in its potential for biological reduction into RAred, or resorufin, a highly fluorescent compound. RA is used frequently in the laboratory as a measure of viability in cultured cells. In vitro, the reduction of RA by mitochondrial NADH dehydrogenases is associated with a functioning electron transport chain, and thus overall cellular health. The emission frequency of RAred at 585 nm is not in the NIR window and is not ideal for in vivo imaging. However, introduction of fluorine atoms into RA causes a bathochromic shift in the absorption and emission maxima of the fluorinated compounds. In turn, the resulting fluorinated derivatives of the reduced probes, MFRAred and DFRAred, analyzed by fluorinating RAred, also show a bathochromic shift in their absorbance and fluorescence. We observed a red shift in the maximum CRET emission of these fluorophores, out to 620 nm, closer to the NIR imaging window, thus diminishing the influence of hemoglobin, water, and other porphyrin-based molecules on our ability to detect the probe. These factors would ideally make DFRA the most promising probe for in vivo observations of cell viability; not only for the longer emission wavelengths but also for the increased Cerenkov signal expected from higher radiolabeling. However, when dealing with fluorophores, wavelength is not the only factor affecting in vivo imaging applications. At the excitation maximum wavelength for each molecule, MFRAred and DFRAred showed a progressive decrease in fluorescence intensity relative to RAred. Quantification of the intensity of fluorescence and comparison with the absorbance of each molecule confirmed the decrease between the parent fluorophore and the two fluorinated derivates (Supplementary Figure 2). This means that the use of the fluorinated derivatives needs to be balanced between radioactive signal and fluorescent CRET signal arising from excitation by Cerenkov radiation.
The optical difference between the oxidized and reduced form of the fluorinated RA derivatives provides the contrast for this imaging probe (Figure 1). SBQ and CRET were observed both intermolecularly (between MFRA and 18F-FDG) and intramolecularly (using 18F-MFRA) when the probe was chemically reduced using sodium dithionite. A high emission ratio of 4:1 between reduced and oxidized at 640 nm and a relative quantum yield of 0.46 indicates that 18F-MFRA should be the best candidate for in vivo imaging. The effect of DFRA and DFRAred on the Cerenkov radiation spectrum was similar, but as a result of the smaller fluorescence-to-absorbance ratio, the ratio between the reduced and oxidized form was only 1.4 to 1 at its highest point at 640 nm).
The reduction of RA occurs inside the cell, predominantly catalyzed by enzymes such as mitochondrial NADH dehydrogenases in the electron transport chain. The decrease in the rate of activation of RA is decreased by treatment with rotenone, a Complex I inhibitor (Supplementary Figure 2). However, the reduction is not completely inhibited suggesting that other enzymes, such as cytoplasmic and mitochondrial NAD(P)H dehydrogenases may also be involved independent of the electron transport chain function. RA and MFRA showed different rates of activation in two breast cancer cell lines, MDA-MB-231 and 4175-Luc+, suggesting that the probe could potentially differentiate between different cell types based on their metabolic activity and their metastatic potential (Figure 2).
The elimination of the probe occurred mostly through the renal route, as evidenced by two imaging techniques (PET and Cerenkov). For this type of probe, renal excretion would be expected due to its high polarity, high water solubility and small molecular weight. 18F-DFRA, when injected via tail vein localizes to the tumor in small amounts, from 0.27–0.9% of injected dose, depending on formulation (Supplementary Figure 3). In part, delivery relies on the enhanced permeability and retention (EPR) effect observed in tumors: leaky vasculature allowing the probe to escape the bloodstream, and a slow lymphatic system to prevent the probe from being removed. If the probe gets delivered to the tumor, it will be reduced, as confirmed by the ex vivo tumor slice fluorescence activation experiment shown in Figure 3.
When analyzing the Cerenkov data from a tail vein injection, the time course confirms what we detected in the PET imaging study. The kidneys start to filter the probe also as soon as it is injected. The difference in emission between the 580 and 620 nm filter image at the 1-h time point shown in Figure 4 shows signal arising from the lower part of the tumor. From this we can draw a couple of conclusions: DFRAred is present in the tumor, DFRAox has been biologically reduced in vivo, and CRET at 620 nm is the main source for this signal. Something to consider is that the signal arising from the 620 nm filter maybe subjected to slightly lower tissue attenuation and scattering than the 580 nm. Assuming that these filters are just 40 nm apart, we could expect this attenuation to be relatively similar. At this point, however, we decided to move ahead with MFRA to enhance the signal in vivo; it was brighter than DFRA and with a bigger signal difference between oxidized and reduced.
The comparative application of these probes in vivo relies on the different rate of reduction between cell types and the potential to identify cell viability or drug efficacy and/or action by a change in reduction rate. The potential to identify tumors of different metastatic potential and aggressiveness could be useful for staging or for predicting clinical outcome. In Figure 2, these two cell types showed different reduction rates of MFRA. The intratumoral injection of the 18F-MFRA into 4175-Luc + tumor xenografts showed probe reduction almost immediately, while the MDA-MB-231 tumor takes slightly longer for the probe to be fully reduced (Figure 5). This shows that the difference in reduction rate seems to be preserved from cells in tumor xenografts and confirms what was observed in the preliminary study with the 18F-FDG + MFRA shown in Supplementary Figure 4. A comparison between two experiments similar to those in Figure 5; Supplementary Figure 4 shows us that the signal obtained from intra- and intermolecular Cerenkov radiation in vivo behaves relatively the same across time; showing the potential for co-injection of a bioactive probe and a radiolabeled tracer.
CONCLUSION
The 18F-labeled and non-radioactive fluorinated derivatives of RA and of its reduced product RAred were presented. The fluorinated RA probes retain the cellular activity of the parent compound while shifting the fluorescent properties of the reduced products toward the NIR window. These probes show promise to determine the difference between cancer cell lines with different metabolism or metastatic potential. This aspect opens the door for assessing the effects of disruptors of cell metabolism, such as anti-cancer drugs in vivo and eventually in the clinic. The successful application of 18F-MFRA probe, the best candidate, will require higher specific activity, which could be achieved through higher specific labeling of the probe or by improvement of the synthetic pathway of the probe. While electrophilic fluorination can produce sufficient amounts of probes (at all levels of fluorination), and MFRA seems to be the optimal probe for Cerenkov applications, increasing the 18F labeling of the probe will allow smaller volumes of 18F-MFRA to be injected resulting in increased brightness of the Cerenkov signal. This would increase the signal-to-noise ratio allowing for a more robust methodology. Though adequate radiolabeled probe was synthesized for in vitro and systemic in vivo experiments, the major challenge for intratumoral application arises during the long purification, collection and evaporation steps of probe preparation for in vivo imaging. This optimization of the synthesis and the collective results presented in this paper show that the fluorinated RA probes could be used in the staging and overall determination of tumor health status during treatment using Cerenkov imaging.
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