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Abstract

We report the design, testing and in vivo application of pH sensitive contrast agents designed
specifically for Cerenkov imaging. Radioisotopes used for positron emission tomography (PET)
emit photons via Cerenkov radiation. The multispectral emission of Cerenkov radiation allows for
selective bandwidth quenching, where a band of photons are quenched by absorption by a
functional dye. Under acidic conditions, 18F-labeled derivatives emit the full spectrum of
Cerenkov light. Under basic conditions, the dyes change color and a wavelength-dependent
quenching of Cerenkov emission is observed.

METHODS—Mono and di-18F-labeled derivatives of phenolsulfonphthalein (phenol red) and
meta-cresolsulfonphthalein (cresol purple) were synthesized by electrophilic fluorination.
Cerenkov emission was measured at different wavelengths as a function of pH in vitro.
Intramolecular response was measured in fluorinated probes; intermolecular quenching by mixing
phenolphthalein with 18F FDG. Monofluorocresol purple (MFCP) was tested in mice treated with
acetazolamide to cause urinary alkalinization and Cerenkov images compared to PET images.

RESULTS—Fluorinated pH indicators were produced with radiochemical yields of 4-11% at
>90% purity. Selective Cerenkov quenching was observed intramolecularly with difluorophenol
red or MFCP, and intermolecularly in phenolphthalein 18F-FDG mixtures. The probes were
selectively quenched in the bandwidth closest to the indicator’s absorption maximum (Amay) at
pHs above the indicator pKa. Addition of acid or base to the probes resulted in reversible
switching from unquenched to quenched emission. In vivo, the bladders of acetazolamide-treated
mice exhibited a wavelength-dependent quenching in Cerenkov emission, with the greatest
reduction occurring near the A,y Ratiometric imaging at two wavelengths showed significant
decreases in Cerenkov emission at basic pH and allowed the estimation of absolute pH in vivo.

CONCLUSIONS—We have created contrast agents that selectively quench photons emitted
during Cerenkov radiation within a given bandwidth. In the presence of a functional dye, such as a
pH indicator, this selective quenching allows for a functional determination of pH in vitro and in
vivo. This method can be used to obtain functional information from radiolabeled proves using
multimodal imaging. It allows for the imaging of non-fluorescent chromophores and is
generalizable to any functional dye that absorbs at suitable wavelengths.
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INTRODUCTION

Cerenkov imaging (CI) is a recently described imaging modality that detects photons
emitted by radioactive particles during beta decay. Cerenkov radiation (CR) arises when
charged particles exceed the speed of light when traveling through a dielectric medium and
is the source of the blue light emitted by nuclear reactors. CR was described by Pavel
Cerenkov, for which he won the 1958 Nobel Prize with Frank and Tamm (1, 2). However,
the potential for Cl was not recognized until 2009 when the first small animal study was
published (3).

Cl can be accomplished using standard optical imaging equipment, detecting the photons
using a cooled, charge-couple device (CCD) camera. This allows for high throughput (3-5
animals per scan in optical scanners) with scan times that are often less than 5 minutes (4,
5). In addition, any B-emitter, positron or electron, can be imaged, allowing for CI of nuclei
such as 32P (6).

Most Cerenkov photons are in the visible range, and as a result are subject to tissue
absorption and scattering, limiting the depth of detection. While more suited for small
animal applications, Cl also has the potential for human imaging. Cerenkov studies of 1311 in
human thyroid (7) and 18F-fluorodeoxyglucose (18F-FDG) in positive lymph nodes from
cancer patients (8) have recently been published. Future human use will most likely be
restricted to surface tumors or tumors accessible endoscopically (9, 10). Many breast tumors
present close to the surface and the breast is both compressible and has good optical
properties, making this a potential target (11-14). Intraoperative use is also possible, and
other groups are pursuing this approach (15-17).

Importantly, B*-decay leads to the generation of 2 types of photons, the high-energy 511
keV gamma rays released after positron annihilation and detectable by PET, and the visible
photons released as CR. These properties allow for the development of multimodal PET-CI
tracers (18-21). Current radiotracer methods detect primarily location of the radioisotope, it
is difficult to assess probe metabolism directly. However, Cl is an optical technique and the
photons can be selectively quenched or transferred to higher wavelengths (22-24). This
allows for the creation of contrast agents where function can be measured optically while
binding, kinetics and location can be followed with PET.

This paper describes Cerenkov contrast agents (25-28) based on the concept of selective
bandwidth quenching (28). Cerenkov light is emitted continuously across the visible
spectrum with intensity proportional to the inverse square of the wavelength, 1/A2. A change
in absorption by a functional chromophore, such as a fluorinated pH indicator becoming
basic, reduces Cerenkov emission across a selective bandwidth, resulting in an attenuated
signal.
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We previously reported the synthesis of fluoroderivatives of the pH indicators
phenolsulfonphthalein (Phenol Red, PR) (26), meta-cresolsulfonphthalein (Cresol Purple,
CP) (27) and phenolphthalein (PP) (25). Here we show that the 18F-isotopomers can serve as
noninvasive pH probes for Cl. We report 18F-radiolabeling of CP and PR derivatives (Figure
1), in vitro testing and in vivo measurement of pH in a mouse model of urinary
alkalinization. The principle of selective bandwidth quenching is demonstrated
intermolecularly using PP mixed with 18F-FDG and intramolecularly using fluorinated PR
and CP. The quenching is shown to be reversible and pH dependent. Finally 18F-labeled CP
is used to estimate pH in the bladders of mice treated with acetazolamide, a carbonic
anhydrase inhibitor. Ratiometric imaging is employed at different wavelengths to determine
absolute pH values in vivo. These results provide methods for multispectral optical imaging
of nonfluorescent molecules with the potential for dual measurement of function and
location using radiolabeled probes.

MATERIALS AND METHODS

18F labeling

All reagents were purchased from Sigma-Aldrich unless otherwise stated. 18F-FDG and 18F-
NaF were obtained from the Cyclotron Facility at the University of Pennsylvania.

Labeling was performed using a custom-made electrophilic fluorination unit as previously
described (25-27). 18F-F, gas was prepared by the 29Ne(d,2)18F reaction using an IBA 18/9
Cyclone accelerator. 18F-F5 gas (0.1% in Ne, Matheson Tri-Gas Inc) with a total activity of
100-200 mCi in 35 pmoles of 19F, carrier, was bubbled for 5 minutes through a freshly
prepared solution of the equivalent amount of the monosodium salt of the indicator in glacial
acetic acid (2 mg/mL). The mixture was evaporated under vacuum at 120 °C, redissolved in
2 mL of water, injected onto a semi-preparative HPLC column (Phenomenex, Synergi 4 pm
Hydro-RP 80 A 10x250 mm) and eluted with 25% ethanol-water buffer at 2 mL/min with
detection of radioactivity and absorption at 430 nm. Fractions corresponding to fluorinated
products were collected, evaporated to dryness, and redissolved in saline for further
application. An average (n=5) radiochemical yield was 4+1% for monofluorinated (MFPR),
7+1% difluorinated (DFPR), and 1+0.5% trifluorinated (TFPR) derivatives. For CP (n=9)
the radiochemical yields were 9.6+1% for monofluorinated (MFCP), 11+0.7% for
difluorinated (DFCP), and 4.2+0.7% for trifluorinated (TFCP). In both cases we were able to
detect small amounts of tetrafluorinated derivatives. The specific activity at the time of
experiment was 1-2 Ci/mmol for monofluorinated and 2-4 Ci/mmol difluorinated derivatives
respectively. The purity of the probes was >90% by analytical HPLC. Analytical HPLC for
DFPR and NMR data for MFCP have been published [26,27].

In vitro Cerenkov imaging

Optical imaging was performed on a PerkinElmer IVVIS Lumina II. For open filter
measurements, an exposure time of 30 seconds was used with large binning and f/stop=1.
For selective emission filter measurements, the exposure time was 60 seconds. The Lumina
has 4 emission filters with wavelengths 515-575, 575-650, 695-770 and 810-875 nm. The
heater plate was set to room temperature to minimize evaporation. Black walled 96-well
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plates (BD Biosciences) were filled with 200 uL of probe at the indicated activities and
concentrations. For pH imaging, the pH of the solution was adjusted using 0.1 M acetate
(pH 4-5.5), MES (pH 5.5-6.5), phosphate (pH 6.5-8), Trizma (pH 8-9), borate (pH 9-10) or
carbonate (pH 10-11) buffers. For switching experiments, the pH was adjusted using 1M
HCI or NaOH. For phantom experiments, a 1-cm?3 acrylic phantom (Data Spectrum
Corporation) was filled with 18F-FDG and imaged under the same conditions. Image
quantification was performed using Living Image software (PerkinElmer) by drawing
regions of interest (ROIs) around each well and determining the radiance. A radioactive
decay constant was applied to all data except for pH switching experiments to account for
the time between plating and imaging.

In vitro APET imaging

Following optical imaging, plates were centered in the FOV of the MOSAIC HP small
animal APET scanner (29) (Philips Medical Systems) and imaged statically for 15 minutes.
Images were reconstructed with a 3D Row Action Maximum Likelihood Algorithm (3D-
RAMLA) (30). Corrections for decay, scatter, and attenuation were applied using a 137Cs
source. Absolute quantification of activity from the dose calibrator was achieved with cross-
calibration of phantom measurements to provide nCi/mL.

In vivo Cerenkov imaging

All experiments were approved by our Institutional Animal Care and Use Committee.

For 18F-FDG, 4-6 week old nude mice (NCI) received ~435 uCi of 18F-FDG i.v. via tail
vein. For pH experiments, mice received 160 mg/kg acetazolamide (X-Gen
Pharmaceuticals) in saline or saline i.p. for 5 days. On day 5, urine was collected and pH
determined using an Accumet pH meter. Four hours later, mice were injected i.v. with ~400
HCi 18F-MFCP. Thirty minutes later, mice were imaged using the 1VIS Lumina Il under
1.5% isoflurane/oxygen anesthesia using the following parameters: Open filter — Exposure
time: 1 minute, Binning: Large, f/stop: 1; Selective Emission filters — Exposure time: 5
minutes. Image quantification was performed by drawing ROIs and determining the
radiance. Optical data were corrected for radioactive decay to account for loss in activity and
then normalized to the APET images by dividing the radiance by the PET counts in the same
ROI to account for injection efficiency.

In vivo APET imaging

RESULTS

Subsequent to 18F-MFCP injection, each mouse was imaged statically in the MOSAIC HP
small animal PET scanner for 15 minutes. The images were reconstructed as described
above using a voxel size of 0.5 x 0.5 x 0.5 mm3. Decay, scatter, and attenuation correction
was applied. All activity is assumed to be inside the mouse for purposes of calculation of
activity concentration since we monitored the excreted activity from the mouse.

Initial experiments were performed to characterize Cerenkov emission in vitro and in vivo
using different emission filters (Supplemental Information). A strong linear correlation was
observed between optical and APET signals (Figure S1). Selective emission filters showed
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that the bulk of the photons were emitted at lower wavelengths (515-575 and 575-650 nm,
Figure S2 and S3B) and the emission spectrum followed the expected 1/2 dependence
(Figure S3B). Importantly, the emission spectrum exhibited different characteristics when
CR was examined in vivo. Mice imaged following administration of 18F-FDG showed a
marked decrease in Cerenkov intensity using the lowest wavelength (515-575 nm) filter, due
to attenuation and scattering by tissue at these wavelengths (Figure S4).

To design Cerenkov specific contrast agents, intermolecular quenching of CR was first
measured using PP, which is colorless when acidic (Acigic=276 nm) and fuchsia when basic
(PK3=9.8, Apasic=553 nm, Figure 1). Mixing 100 uCi of 18F-FDG with 25 mM PP led to a
pH-dependent quenching of CR when the open, 515-575 and 575-650 nm filters were used
(Figure 2A). Quenching was less pronounced in the remaining filters and the signal was
much lower in the 810-875 nm range reflecting the reduced photon emission at these
wavelengths.

To demonstrate intramolecular quenching, 18F-labeled derivatives of a series of pH
indicators were synthesized (25-27). The properties of 10 of these indicators are presented in
Table 1. For further investigation we first selected difluorinated phenol red (DFPR, Figure
1), which exhibits a yellow (acidic) to red (basic) transition. 28F-DFPR (pK,=6.4,
Nacidic=428 nm, Apasic=570 nm) was examined in the pH range 4-7. Figure 2B shows
selective CR quenching occurred at basic pH when the open, 515-575 and 575-650 nm
filters were employed, with the greatest quenching observed near Apgsic.

18F_DFPR exhibited less of a pH dependent effect than PP and the quenching plateaued at
pH > 6, leading to little overall change in the Cerenkov emission. Thus, we examined 18F-
labeled monofluorinated cresol purple (18F-MFCP, pK,=7.5, Aacidic=440 NM, Apasic=582 nm,
Figure 1), which is yellow when acidic and purple under basic conditions. As shown in
Figure 2C, 18F-MFCP quenches Cerenkov emission in the open, 515-575 and 575-650 nm
filters as pH increases. Quantification of the images is shown in Figure 2D-F. Only the open
and 515-575 nm (PP+18F, 18F-DFPR) or 575-650 nm (18F-MFCP) filters are shown as they
exhibited the greatest change in CR over the pH range. 18F-MFCP shows the greatest pH
dependent changes in Cerenkov emission (2.7 as compared to 1.9 fold for 18F-DFPR and 2.5
fold for intermolecular PP) with a pK, relevant for in vivo studies. Quantification of the
remaining filter sets is shown in Figure S5.

Intermolecular quenching of CR was shown to be switchable by adding acid or base to wells
containing 25 mM PP and 100 uCi 18F-FDG (Figure 3A). Intramolecular switching was also
observable with either of the fluorinated indicators, 18F-MFCP and 18F-DFPR (Figure 3B-
C). Quantification of these images (Figure 3D-F) demonstrates that for PP, the greatest
change was seen using the open filter or filters at wavelengths closest to the Apax (515-575
and 575-650 nm; Figure 3D). Both 18F-DFPR and 18F-MFCP exhibited similar
characteristics (Figure 3E-F), with maximum switching observed near the Ay, Of the
chromophores.

To test 28F-MFCP in vivo, nude mice were treated with acetazolamide (160 mg/kg, i.p.) or
PBS for 5 days. On day 6, mouse urine was collected and pH measured. The urine of PBS-
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treated mice had a pH of 6.2+0.1 (n=3), while acetazolamide-treated mice had a urine pH of
8.5+0.2 (n=3). Mice were administered 18F-MFCP and imaged optically 30 minutes later
followed by APET imaging. The APET images show probe accumulation in gall bladder,
liver, intestine and bladder (Figure 4A). When normalized to dose injected per animal, a
difference of less than 5% was observed in the average SUVs from bladders of PBS- and
acetazolamide-treated mice (1.443+0.405 vs 1.444+0.471 respectively). Optical images
taken using the open filter show a brighter signal in the PBS-treated mouse bladder
compared to the acetazolamide-treated animal (Figure 4B). When the remaining filters were
employed, the greatest difference between PBS- and acetazolamide-treated animals occurred
using the 575-650 nm filter (Figure 4C) consistent with the Apasic=582 nm for 18F-MFCP.
The images were quantified by correcting the average radiance for decay to the injection
time of the tracer and normalizing to mean PET counts. Open filter images showed a
decrease in acetazolamide-treated mice just outside the level of significance (Figure 5A,
p=0.07). Quantification of the selective filter sets (Figure 5B) showed non-significant
decreases with the greatest difference observed again using the 575-650 nm filter. Emissions
at wavelengths outside the absorbance range of MFCP were not affected by acetazolamide
treatment.

Ratiometric calculations were performed by taking emission for each filter relative to
810-875 nm, which was invariant to pH changes and where the greatest light penetration is
expected. This resulted in a significant difference between acetazolamide and PBS-treated
mice for the 575-650 (p=0.01, Students t-test) and 695-770 (p=0.02), but not for 515-575 nm
filters (p=0.47, Figure 5C). A ratiometric pH response curve was created from in vitro 18F-
MFCP data using Cerenkov emission at 575-650 nm, where the greatest pH response was
observed, relative to 810-875 nm (Figure 5D). A fit to a sigmoidal curve gave a pK;=6.25,
R2=0.956. The in vivo ratios from control and acetazolamide treated mice were plotted
against ex vivo urine pH. The in vivo ratios predicted absolute pH with reasonable accuracy,
although the values tended to lie above the curve (Figure 5D).

DISCUSSION

In this paper we describe the synthesis, in vitro characterization and in vivo testing of 18F-
labeled pH indicators designed to exploit the characteristics of CR. The multispectral nature
of Cerenkov emission allows for selective quenching of a band of photons by a functional
chromophore that is used to report on pH.

The biological manifestations of pH modulation are numerous and significant. From reduced
pH in lysosomes (31) to reduced pH in the extracellular space of tumors (32, 33),
multimodal in vivo pH sensors could have considerable impact on the field of molecular
imaging. Our approach differs from other methods of measuring pH (34) in that we are
directly monitoring the absorption of colorimetric pH indicators, which is a standard method
of pH determination. While optical imaging agents that emit in the near infrared range are
preferred for in vivo imaging (35), the bulk of the Cerenkov signal is located near the blue
end of the visible spectrum (3, 36). To create a balance between available signal and
adequate penetration of light through tissue, pH-responsive CI probes were developed to
exhibit selective bandwidth quenching in the 575-650 nm range. Our initial mouse studies
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showed that although we could detect 18F-FDG in nude mice using all of the emission
filters, the Cerenkov emission using the 515-575 nm filter was markedly lower than the
575-650 nm filter, due to photon absorption and scattering at shorter wavelengths.

The common pH indicator, PP (Amax=553 nm) was used to demonstrate intermolecular CR
quenching. Wavelength-dependent quenching of CR was observed to be the most effective
at 515-575 nm in the pH range 4-11 with relatively little quenching seen outside the
absorption range of PP. However, PP could not quench CR in our target bandwidth of
575-650 nm and the pH necessary for quenching (>9) was not biologically relevant.

Intermolecular quenching of CR has also been shown in vivo using nanoparticles (37).
However, intramolecular quenching would ultimately be more useful as it would require a
single contrast injection. As a result 18F-DFPR, a derivative of the pH indicator commonly
used in cell culture, was synthesized. Quenching could be now observed in both the 515-575
nm and the target bandwidth of 575-650 nm. Although 18F-DFPR could effectively quench
CR, a relatively small difference in emission was observed between acidic and basic forms.
Thus we synthesized 18F-MFCP and found that it outperformed 18F-DFPR and PP in the
magnitude of quenching in the target bandwidth.

In addition selectively quenching a targeted bandwidth, it was critical that the sensors be
switchable in order to accurately reflect the surrounding environment. The sequential
addition of base and acid to 18F-MFCP led to stepwise quenching and restoration of ClI,
respectively. While 18F-MFCP exhibited the highest potential as an in vivo probe, we also
investigated PP+18F-FDG and 18F-DFPR and found that they were both capable of
switching. These results indicate that it is possible to rapidly monitor pH changes
dynamically in the extracellular tumor space of the tumor microenvironment.

In vivo experiments were carried out using 18F-MFCP in a mouse model of urinary
alkalization. Acetazolamide is a carbonic anhydrase inhibitor that is used to treat metabolic
and respiratory alkalosis. In doing so, it causes blood acidification and urinary alkalization.
The latter property, along with the collection of small molecule radiopharmaceuticals in
urine due to renal clearance, provided a model to test how well 18F-MFCP reports on in vivo
pH. Using a pH meter, mouse urine pH was measured to be 6.2+0.1 in controls and 8.5+0.2
in acetazolamide treated animals. Optical images of the bladder obtained following 18F-
MFCP administration showed a clear difference in CR output between the two experimental
conditions whereas no difference in PET signal was seen. Control animals exhibited a
brighter signal than acetazolamide treated animals, with the greatest difference seen in the
open and 575-650 nm filter images. Following imaging, expelled urine from acetazolamide
treated animals was dark purple (not shown), indicating further that the urine was basic as
measured by 18F-MFCP.

When ROIs around the bladder were quantified, the differences were not significant unless
ratios were taken relative to the invariant signal at 810-875 nm. Using the ratiometric
method, it is possible for 18F-MFCP to report on absolute pH. We constructed a normalized
pH response curve using in vitro 18F-MFCP data by taking the ratio of emission at 575-650
to 810-875 nm. When the same ratios from the control and acetazolamide treated mice were
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plotted on the pH response curve, the CR values correlated well, although they tended to lie
above the curve and underestimate the actual pH. This effect may arise from scattering or
absorption of light at different wavelengths, which would not contribute to the in vitro data.
It is interesting to note that the pK, for 18F-MFCP as determined by Cerenkov emission in
vitro (6.2) is lower than the pK, measured using absorption (7.2). The reason for this is
uncertain, although similar effects were observed for 18F-DFCR and 18F-PP mixed with
FDG.

CONCLUSIONS

We have demonstrated the ability to image pH using selective bandwidth quenching of
Cerenkov specific contrast agents. In vivo results show that 18F-MFCP is capable of
reporting pH in animal models. This opens a number of possibilities because it allows for
direct imaging of visible chromophores. The concept of selective bandwidth quenching is
generalizable to other dyes that alter their absorption in response to chemical or
physiological stimuli and that absorb at wavelengths appropriate for Cl. These concepts
define a method for the functional imaging of non-fluorescent chromophores that could be
used in conjunction with PET.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chemical structuresof the pH indicators
Left: phenolphthalein (PP); Middle: difluorophenol red (DFPR); Right: monofluorocresol

purple (MFCP). The pH dependent changes in the indicator color is shown underneath.
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Figure 2. Inter- and intramolecular quenching of Cerenkov radiation
(A) 25 mM PP was adjusted to pH 4-11, mixed with 100 pCi 18F-FDG and imaged using all

filters on the IVIS Lumina Il. The top panel shows images of the plate and the bottom panel
quantifications of total flux normalized to APET counts for the open filter (dashed line) and
optimal quenching 515-575 nm filter (solid line). (B) 100 uCi (25 nmol) 18F-DFPR adjusted
to pH 4-7 with the open and 515-575 nm filters quantification shown (C) 140 uCi (70

nmol) 18F-MFCP adjusted to pH 4-9 with the open and 575-650 nm filters. For each pH
indicator, the filtered images were set to the same scale. For all experiments, n=3.
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Figure 3. Optical switching of PP+18F-FDG, 18F-DFPR and 18F-MFCP
10 uL of 1 M HCI (H*) or NaOH (OH") was added to wells containing (A) 25 mM PP+200

UCi 18F-FDG. (B) 200 pCi (50 nmol) 18F-DFPR (Anax=570 nm), and (C) 100 uCi (50 nmol)
18F-MFCP (A\max=582 nm) and images acquired after acid or base addition. Images for open

and selective filters are shown on top, quantification of each well is shown below.
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Figure4. In vivo imaging of Cerenkov quenching
Mice were treated with either saline or 160 mg/kg acetazolamide for 5 days prior to imaging

with 18F-MFCP. (A) APET images of a single coronal slice 0.5 mm thick through the center
of the mouse in control and acetazolamide-treated mice show 18F-MFCP accumulation in
bladder (white arrow), gall bladder, liver, intestine. Optical images of the same mice were
acquired using (B) open filter and (C) the four emission filters.
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Figure 5. Quantification of in vivo Cerenkov images
Average radiance from the bladder using (A) open filter, (B) the 4 selective filters, (C) the

ratio of emission at each filter relative to 810-875 nm. * significant, p<0.05, Students t-test,
(D) Ratiometric pH determination. Open circles depict the ratio of Cerenkov emission at
(575-650 nm)/(810-875 nm) for in vitro 18F-MFCP (data from Figure 2C). The solid line is a
fit to a sigmoidal curve and gives a pKa of 6.25, similar to 6.4 determined by the open filter
data. Black diamonds and squares represent Cerenkov emission from control and
acetazolamide-treated mice plotted against actual urine pH.
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Properties of Parent and F-labeled pH indicators

Table 1

Parent Mono- Di-

Compound  fluorinated  fluorinated
Indicator name  pKy; Amax  PKa Amax  PKa  Amax
Phenol Red 7.9 558 7.3 564 6.4 570
Cresol Red 8.2 572 7.6 576 6.8 582
Cresol Purple 83 578 75 582 7.0 590
Phenolphthalein 9.7 553 93 558 87 564
Naptholphthalein 7.8 653 7.7 659 72 665

Amax is the absorbance maximum of the basic form in nm.
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