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Cerenkov Emission (CE) multispectral analysis with silicon photomultiplier (SiPM)-based optical probes is a promising tool for online tumor microenvironment interrogation and targeting during radiotherapy delivery. With the extreme sensitivity of SiPMs, deep tissue multispectral CE measurements can be realized in a clinical setting. In this work, we utilize our Cerenkov Emission Multi-spectral Imaging (CMSI) prototype probe to interrogate the spectral components of the CE signal generated during external beam radiotherapy. Our results demonstrated that CMSI enables effective probing of in vitro quantitative changes in the pH of cell media to monitor cancer cell proliferation after various treatment pathways and differentiate between varying treatment resistance cell lines. In addition, the feasibility of using the CMSI probe in vivo was also successfully demonstrated by measuring tumor pH during a pilot mouse study.
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INTRODUCTION

Cancer is one of the leading causes of the death in the world, and in 2018, it was the second leading cause of death in the United States [1, 2]. Cancerous tumors are comprised of heterogeneous structures consisting of cancer cells and stroma, which are the non-malignant cells that are also present in the tumor microenvironment (e.g., fibroblasts and endothelial cells) [3]. Most normal tissues, under well-perfused conditions, maintain a stable extracellular pH of around 7.4 [4]. On the other hand, malignant (cancerous) tumors, have an extracellular pH that is lower (more acidic) than the surrounding normal tissue. This is caused by aerobic glycolysis (also known as the Warburg Effect) that typically takes place in tumors, where fermentation (i.e., the anaerobic breakdown of glucose into lactate) is preferred over respiration, even in the presence of oxygen [3, 5, 6]. The combination of such fermentation in conjunction with poor tumor vasculature reduces the tumor extracellular pH. For instance, previous publications in the literature have reported an extracellular pH of 6.7 [7, 8] in several tumors. Typically, an acidic tumor microenvironment is indicative of metabolically aggressive cancer cells, which develop early within the tumor and eventually make their way into the tumor surface invading neighboring normal tissue using acidosis. For example, an acidic microenvironment may inhibit antitumor immune response, potentially leading to metastasis [4, 9, 10]. By determining acidic regions within a heterogeneous tumor, personalized tumor targeting using radiation dose painting [11] with radiotherapy, for instance, may lead to improved treatment outcomes.

For cancer treatment, one of the main tools available to clinicians is radiotherapy (RT), where ionizing radiation is used to treat cancer in a spatially conformal fashion. Linear Accelerators (linacs) are the most common source of radiation used in RT, which produce accelerated high energy electrons or x-ray photons. Linac delivered radiation typically has energies high enough, in the Megavoltage (MV) range, to induce Cerenkov Emission (CE), which is an optical light (peaked in the blue) generated from charged particles (the primary electrons or x-ray generated secondary electrons) going faster than the phase velocity of light in a given medium [12], which in this case is the biological tissue. Since CE is generated in any region that is receiving radiation dose, it has become an emerging modality for imaging radiation during RT and is also used as a quality assurance tool for its safe delivery. The intensity of CE is proportional to radiation dose [13–15] and has been used to measure superficial skin dose as well as to visualize radiation beam coverage, for example, in breast treatments and total skin electron therapy [16–20]. Additionally, CE has also become a useful tool for RT quality assurance by, for example, verifying radiation dose distribution in a water tank for treatment planning [21–23].

The optical spectrum of CE peaks is in the blue range of the visible light spectrum but also extends into the near infrared. Previous work has shown that CE can be used as a spectroscopy light source, for example, to determine oxygen saturation by measuring the spectral changes in CE from hemoglobin [24–26]. More recently, since CE peaks in the blue, it can be used as an optical excitation source for fluorescence with recent work showing how CE can be used to excite various fluorophores to measure tissue oxygenation in rodents [27–29]. Additionally, there has also been work using CE specific contrast agents for in vivo pH detection based on fluorinated (18F) pH indicator dyes (phenol red, cresol purple, and phenolphthalein), where the CE generated from the 18F component is optically quenched by the absorption from the functional dyes [30]. Other work has even shown the feasibility of using CE to image apoptosis to evaluate chemotherapy response of drug-resistant gastric cancers [31] as well as the use of CE to stimulate nanoparticles, such as europium oxide, to generate optical signals that can be used for image guidance during surgery [32].

Current work around measuring CE is done using sensitive cameras, such as those based on intensified charge-coupled device (iCCD) or intensified Complementary Metal Oxide Semiconductor (iCMOS) sensor technologies. Though the spatial resolution is excellent with these methods, one of the limitations of using a camera imaging at a distance away is that it is limited to superficial measurements of CE for dosimetry and is even more limited for deep tissue spectroscopy, where only a small region of the overall CE spectrum can be measured at any given time. An alternative approach involving on-skin, hypersensitive optical probes, based on solid-state silicon photomultipliers (SiPMs), has been shown to have the ability to measure CE that can result from deep seated regions in tissue with improved signal-to-noise ratio (SNR) [33]. This higher sensitivity is much needed for spectroscopy applications where the molecular signal is much weaker than that for typical irradiation dose measurements.

The work reported here extends the previous work using SiPM based optical probes [33] and introduces a novel Cerenkov Emission Multispectral Imaging (CMSI) optical probe application, based on SiPMs, that can take multiple spectral measurements of CE during external beam radiotherapy (EBRT). Here, we demonstrate that such CMSI probes can measure pH changes in vitro to delineate the treatment response in heterogeneous radiation sensitivity cell lines and has also shown promise in a pilot mouse study for in vivo pH measurements.



MATERIALS AND METHODS


Contrast Agent—Phenol Red Ratiometric Measurement Approach

In order to demonstrate the feasibility of measuring pH spectroscopically, phenolsulfonphthalein, also known as phenol red (PR), is used as a pH contrast agent. PR is typically found in cell media (to monitor whether the cell media become too acidic or not) and clinically has been administered intravenously in the past to assess renal function [34]. It is worth noting here that other spectroscopic biomarkers are being investigated for this purpose, including ones that are already present in the tumor microenvironment.

The color of PR changes with changing pH, which is caused by pH dependent changes of the absorbance spectral lines at around 560 and 445 nm. Figure 1 shows the CE spectra of phosphate buffered solutions at different known pH values (verified using a benchtop pH meter (Fisherbrand, Accumet AE150) and referenced to the CE spectrum of deionized water to highlight the absorbance lines of PR) irradiated by 6 MV x-rays from a Varian Clinac. We took a ratio of the intensity values at 445 and 560 nm as the parameter used to quantify the PR spectra. The reason for using this ratio is to reduce the any measurement variations (i.e., changes in CE intensity) since the signal is essentially referenced to itself.


[image: Figure 1]
FIGURE 1. The CE spectra (referenced to deionized water) of a set of aqueous pH buffers ranging from a pH of 5.8–7.2 showing unique absorbance spectral lines at around 560 and 450 nm.




CMSI Optical Probe

The CMSI optical probe (supplied by Endectra), shown in Figure 2A, consists of four 1 × 1 mm2 SiPM channels (MicroFC-10035-SMT, ON Semiconductor) mounted on a flexible substrate with integrated transimpedance amplifiers (2200 V/A), as described in greater detail in an earlier publication [33]. The multispectral configuration used for this work is shown schematically in Figure 2B, with two spectral channels, which have integrated optical bandpass filters (chosen based on the spectral features of interest), one channel with no optical filtration (in order to collect the integrated optical intensity), and one channel that is referred to as “Light-Blocked” (LB), which is opaque to incident optical light (measuring only the signal generated from either scattered radiation or CE generated within the filter/SiPM encapsulation material). Optical filters with the desired frequency band are cut to shape using a diamond saw with the desired frequency band and attached to each SiPM using an optical-grade adhesive (Norland, NOA 61).


[image: Figure 2]
FIGURE 2. (A) The CMSI probe prototype, (B) The CMSI pixel layout, including the two integrated bandpass filters matched to the spectral features associated with phenol red.


In this work, the integrated optical bandpass filters for the two spectral channels are chosen to correspond with the pH dependent absorption lines of PR, which are around 450 and 560 nm. The two bandpass filters integrated into the CMSI probe used in this work have a central wavelength of 445 nm and 560 nm with a FWHM bandpass of 20 and 14 nm, respectively (Semrock, FF01-560/14 and FF01-445/20), as shown in S1. The channel with no optical filtration is used to trigger CE measurements of the other channels. The signal from the LB channel is subsequently subtracted from the two spectral channels to remove undesirable background signals (such as CE generated in the filter materials itself) to delineate the multispectral CE signal for each triggered event, which corresponds to individual linac pulses. Figure 3 shows the overall schematic of the CMSI setup where the CMSI probe is connected to the integrated pre-amplifier which is subsequently connected a 4-channel oscilloscope (PicoScope 2000 Series, Pico Technology) with data being recorded on a PC with a total of 256 traces (an example waveform is shown in the insert of Figure 3) acquired and averaged. The SiPM signal amplitude is defined as the difference between the average voltage prior to the triggered event (beam OFF) and the average voltage during the triggered event (beam ON). The root mean square (RMS) of the CMSI probe output in the absence of an optical signal (the system noise during beam OFF) was 6.63 mV. In these experiments the data acquisition was done online but the data analysis was done offline, post-irradiation, using Matlab (Mathworks, Inc.).


[image: Figure 3]
FIGURE 3. A schematic of the overall CMSI set up, including the CMSI probe, the CMSI amplifier, the Picoscope oscilloscope, as well as the data acquisition computer. The zoomed in view of the data acquisition computer screen shows an example of an averaged waveform in the time domain from the CMSI probe from 256 single linac pulses; the red and green lines correspond to the signals from the channels with the optical bandpass filters (445 and 560 nm, respectively) and the black line is the signal from the LB channel. Time of zero corresponds to the time the acquisition trigger threshold is met (i.e., the beginning of the linac pulse) and the negative values represent the time prior to the trigger.


In order to obtain quantitative information from the CMSI probe, it was first calibrated using a series of prepared phosphate pH buffers containing phenol red (100 mL of each buffer was placed in a 250 mL round Pyrex bottle) with the pH verified using the benchtop pH meter. The pH values used for calibration were: 6.4, 6.6, 6.8, 7.2, 7.4 (physiologically neutral), 7.6, and 7.8. These pH buffers were subsequently placed in a 3 × 3 cm2 6 MV photon field (Varian Truebeam) with the center of the CMSI probe placed at the gantry isocenter. Figure 4 shows a plot of the buffer pH values vs. the ratio of the SiPM signal amplitudes of the 445 and 560 nm CMSI channels, which we define as the CMSI ratio. A linear regression (R2 = 0.9599) is used to generate a calibration curve where the CMSI ratio can be used to read out a pH value.


[image: Figure 4]
FIGURE 4. CMSI probe calibration plot, relating pH buffer values with the ratio of the SiPM signals at 445 and 560 nm of PR (known as the CMSI ratio) under linac irradiation with the corresponding linear regression equation and r2-value for the calibration data (the error bars correspond to about 2% error in the CMSI ratio measurement, which is estimated from the standard deviation of the ratio during measurement).




In vitro CMSI Measurements of pH

For in vitro CMSI measurements, we choose to compare two head and neck squamous cell carcinoma (HNSCC) cell lines that have different treatment sensitivity responses: UMSCC47 and UMSCC38. One cell line, UMSCC47, is human papilloma virus (HPV) positive while the other cell line is negative for HPV. The HPV positive cell line is known to be more responsive to treatment [35], while the HPV negative cell line is known to be resistive, giving us the differential effect that can be tested using CMSI. The cells were plated on T25 flasks in triplicates using 10 ml of DMEM cell media (containing PR and 10% fetal bovine serum). The cells are incubated at 37°C and 5% CO2. The cells were allowed to settle into the T25 flasks for 24 h prior to treatment.

A triplicate set of cells were treated with four different concentrations of the chemotherapy agent, cisplatin, which was added to the cell media (0, 0.2, 1.0, and 3.0 μM) for 1 h before swapping it out for fresh media. Another triplicate set of cells were treated with the same concentrations of cisplatin but also treated with 2 Gy of radiation using 320 kVp x-rays (Kimtron IC-320) during the cisplatin exposure. After the cell media were changed out after treatment, the cells were allowed to grow until the flasks of the control group (which is defined as the flasks not receiving any cisplatin or radiation) are about 90% confluent (which took roughly 6 days). Figure 5 shows an example of how the T25 flasks appear several days post-treatment showing color gradients from the increased acidity of the control flasks (the cells of the control were allowed to overgrow to better highlight the color change in the photograph). The acidity arises from the increasing population of proliferated cells in the control.


[image: Figure 5]
FIGURE 5. An example of the cell culture, showing how the spectrum of phenol red (PR) changes with acidity (the control, in this case, was allowed to become very acidic (yellowish) to better highlight spectral changes), with cisplatin concentrations (from left to right): 0 (control), 0.2, 1.0, and 3.0 μM.


After the control sets reach 90% confluency, all of the cells in the flasks are subsequently measured using the CMSI probe. The cell proliferation affects the pH of the cell media, the larger the population of cells, the more acidic (hence lower pH) with CMSI measuring the pH of the cell media itself. The T25 flask is placed upright, allowing the cell media to pool at the bottom, and the CMSI probe is placed at the center of cell media. The flask is irradiated with 3 × 3 cm2 6 MV x-ray field (Varian Truebeam) with the center of the probe aligned with the linac gantry isocenter [100 cm source-axis-distance (SAD)], as shown in Figure 6. The pH value is derived from the pH calibration curve in Figure 4. The cell populations were counted (using a Bio-Rad TC10 cell counter) immediately after the CMSI measurements.


[image: Figure 6]
FIGURE 6. A schematic showing the CMSI probe placement on the T25 flask with respect to the 6 MV x-ray field.




In vivo CMSI Pilot Study With Mice

As a proof-of-principle to demonstrate the applicability of CMSI for in vivo studies, a pilot mouse study consisting of two mice (male, nu/nu, Charles Rivers Laboratories) was conducted. One mouse was implanted, subcutaneously, on the flank, with the UMSCC47 cell line and the other mouse had an artificial “benign” tumor which consisted of an injection of Matrigel (also contains PR), which is buffered at the physiologically neutral pH value of 7.4 and solidifies temporarily at the mouse body temperature. Prior to irradiation, the anesthesia was induced (in an induction chamber) and maintained (using a nose cone) using isoflurane gas with oxygen (with a dose of 5% and 1–2%, respectively) and the mice were kept warm using a microwavable heating pad. Under anesthesia, the tumor bearing mouse was injected with an aqueous solution of phenol red (1 mg/mL) directly into the tumor site. The CMSI probe is placed directly on top of the tumor (as shown in Figure 7A) and the 9 MV field was administered from the side using a Linatron M9 (Varex Imaging) research accelerator with custom lead collimators, giving a 1 × 1 cm2 field at the surface of the mouse. Figure 7B shows the beam path via a CE image from a 30 s exposure using a CCD camera (640 ws, Quantum Scientific Instruments) with the probe position highlighted by the green dashed line.


[image: Figure 7]
FIGURE 7. (A) Photograph of an anesthetized mouse showing the CMSI probe placed over the UMSCC47 tumor site. (B) CCD image of CE of the mouse implanted with the artificial benign tumor, the location of the CMSI probe placement is outlined using the green dashed line.


In order to estimate the tumor pH from the CMSI ratio, the original pH calibration curve (Figure 4) was modified to take into account the wavelength dependent attenuation changes due to the skin of the mouse. This was done by using the benign tumor (buffered at a pH of 7.4) as a reference. To recall, the CMSI ratio is the ratio of the SiPM signal value of the 445 and 560 nm absorption lines. Since the pH of the benign tumor is known (7.4), a multiplicative factor between the CMSI ratio from the mouse and the CMSI calibration point (at pH of 7.4) is found and is applied to recalibrate the remaining CMSI calibration points. A linear regression (R2 = 0.9599) is found for this new calibration set and is used to estimate the UMSCC47 tumor pH (as shown in Figure 8).


[image: Figure 8]
FIGURE 8. Recalibrated pH data using the multiplicative factor determined from the benign artificial tumor in the mouse with the corresponding linear regression equation and r2-value for the adjusted calibration data (the error bars correspond to about 2% error in the CMSI ratio measurement, which is estimated from the standard deviation of the ratio during measurement).





RESULTS


In vitro CMSI Measurements

Figure 9 shows the CMSI measured change in pH overlayed (red line) with the relative cell population, denoted here as “cell survival” (blue line). Both the change in pH and the cell survival are normalized to the values of the completely untreated control set. Solid lines (for both pH and cell survival) are the sets not treated with radiation while the sets shown with the dashed lines received 2 Gy of radiation in addition to cisplatin. The error bars are the standard deviation of the measurements.


[image: Figure 9]
FIGURE 9. (A) pH changes with corresponding cell survival for each treatment case for (A) UMSCC47 and (B) UMSCC38 (the graph data are available in Supplementary Tables 1, 2, in Supplementary Material).


Figure 9A presents the results for the UMSCC47 cell lines, which are the HPV positive tumors. With increasing cisplatin concentration, there is a drop off in population (shown by the solid blue lines) which is even more pronounced for the cisplatin treated set that also received radiation (dashed blue lines). The relative pH increases (denoted by the red lines) as the population decreases, which corresponds to a decrease in acidity. Figure 9B shows the analogous measurements with the UMSCC38 cell lines, which are HPV negative. For all the treatments, the HPV negative cell line (UMSCC38) had a higher relative cell survival when compared to the HPV positive (UMSCC47) cells. For example, when the treatment consisted of 1 μM of cisplatin and 2 Gy of radiation, the HPV negative cells had a relative cell population fraction of 0.27 (±0.05) vs. the smaller relative population fraction of 0.0032 (±0.005) of the HPV positive cells. This difference in treatment response is also reflected with the change in pH (ΔpH, with respect to the control) as ΔpH = 0.018 (±0.02) and ΔpH = 0.060 (±0.007) for the HPV negative and positive cell lines, respectively. Note that the larger ΔpH means the cell media are less acidic when compared with the control flasks. Detailed graph data are provided as tables in the Supplementary Material.



Pilot Mouse Study

Figure 10 shows photos of the two mice with the corresponding CMSI waveforms collected below. The CMSI ratio for the UMSCC47 tumor (circled with the red dashed line) is 1.15. Using the estimated pH calibration from Figure 7, this corresponds to a pH value of 6.4, which is more acidic than physiological neutral (7.4). The CMSI ratio for the Matrigel artificial “benign” tumor (circled with the black line) is 1.66, with the pH value already known (Matrigel is buffered at a pH 7.4).


[image: Figure 10]
FIGURE 10. Photographs of the implanted nude mice with the corresponding CMSI multispectral waveforms below: (A) UMSCC47 tumor (circled using a red dashed line) with the CMSI ratio of 1.15 and an estimated pH of 6.4 (B) Matrigel-based artificial tumor (circled using a black dashed line) with a CMSI ratio of 1.66 and a known pH of 7.4.





DISCUSSION

The focus of this work is to demonstrate the use of a CMSI optical probe for novel multispectral CE measurements of pH changes. By using the calibration curve in Figure 4, we were able to quantitatively measure the pH changes of the cell media during in vitro measurements. The changes in pH track the inverse of the cell population. This is to be expected as the larger the cell population, the greater the metabolic activity, causing the cell media to become more acidic, eventually breaking the buffer (exceeding the buffer capacity) of the cell media and changing its color. The control would have the lowest pH (most acidic) due to the largest relative population with the next smaller populations having larger pH values (the upper limit is the buffered pH value of the cell media, which is 7.4). When comparing the UMSCC47 (HPV+) and UMSCC38 (HPV-), the cell population of the HPV- cell lines does not drop off as sharply as the HPV+ cell lines; this indicates that the HPV- cell lines are more resistant to treatment, in agreement with previous clonogenic survival studies [35]. This difference in response is found to track quantitatively with the CMSI-measured pH values, demonstrating that the CMSI probe can be used to interrogate treatment response. It is worth noting that even though the pH calibration was done using borosilicate glass bottles while the T25 flasks used in the cell cultures are made of polystyrene, we have not observed any changes in the calibration curve since both borosilicate and polystyrene are transparent in the spectral range of interest in this work, thus any spectral features originating from the irradiated volume (i.e., the pH buffers and cell media) are preserved. Additionally, the glass and polystyrene have a similar index of refraction (1.47 vs. 1.55), thus their CE spectra will be similar. Furthermore, the volume that is being directly irradiated is larger than the irradiated volume of the container material itself, thus mitigating any spectral contributions from the CE of the container.

The pilot mouse study shows the feasibility of using the CMSI probe to measure the pH in vivo if an adjustment to the pH calibration is made, to take into account the changes in the CE spectra as the light goes through the mouse skin. Since optical attenuation is not constant across the visible spectrum (the attenuation is not the same between the 445 and 560 nm as the light propagates through tissue), the ratiometric relationship with the simple pH calibration (Figure 4) must be modified to take that into account. For this pilot study, we used the pH value from the “benign” Matrigel tumor (which is fixed with a pH of 7.4) to recalibrate the pH calibration (Figure 8), taking optical attenuation into account. The assumptions here are that the skin thickness and attenuation characteristics (both absorption and scattering) are constant between the two mice. When measuring pH in deep seated tissues, this ratiometric approach must take such optical property depth dependence into account. A limitation of this pilot mouse study is that there was no secondary method with which to compare the CMSI measured pH value in vivo. Future work will include a much larger mouse population and will use a secondary method to verify the pH measurement using fluorescence techniques. Additionally, more precise temperature control for the mice will be used to ensure the best uniformity of measurement conditions between each of the mice (e.g., the tumor metabolic activity in mice can reduce when the mice are colder). Furthermore, future work would also investigate how spectral features are affected when comparing hairless nude mice to hirsute mice that have undergone hair removal (i.e., shaving and depilatory use). It is also worth noting that even though all of the analysis in this work was done after data acquisition (offline), both acquisition and analysis in future work will be done online (in real time during EBRT).

The advantage of using the CMSI probe is demonstrated with the enhanced sensitivity compared to existing methods. Cerenkov emission through a turbid and absorbing medium, such as biological tissue, can become very faint, especially as it traverses through heterogenous tissue. When taking multispectral measurements, there will be a small portion of an already weak signal (in the order of a handful of CE optical photons left) that needs to be measured quantitatively. The use of the CMSI probe gives a path to allow multispectral CE measurements that may originate in deep tissues compared to other methods, allowing for routine biologically oriented measurements during radiotherapy, which can provide much needed insight into the tumor microenvironment at each fraction of RT delivery.



CONCLUSION

This work introduces a novel and highly sensitive SiPM-based optical probe, named CMSI, for multispectral measurements of CE during radiotherapy to routinely interrogate the tumor microenvironment. CMSI successfully measured cell proliferation, in vitro, by measuring spectral changes in CE in cell media that arise from pH changes. The feasibility for using CMSI in vivo was also successfully demonstrated by measuring tumor pH during a pilot mouse study.
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