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Abstract
In vivo quantification of extracellular pH (pHe) in tumour may provide a useful biomarker for
tumour cell metabolism. In this study, we assess the viability of continuous-wave electron
paramagnetic resonance (CW-EPR) spectroscopy with a pH-sensitive nitroxide to measure
extracellular tumour pH in the mouse model. 750 MHz CW-EPR spectroscopy of C3H HeJ mice
hind leg squamous cell tumour was performed after intra-venous tail vein injection of pH-sensitive
nitroxide (R-SG) during stages of normal tumour growth, and in response to a single 10 Gy dose
of X-ray irradiation. An inverse relationship was observed between tumour volume and pHe value,
whereby during normal tumour growth a constant reduction in pHse was observed. This
relationship was disrupted by X-ray irradiation, and from 2–3 days post exposure, a transitory
increase pHe was observed. In this study we demonstrated the viability of CW-EPR spectroscopy
using R-SG nitroxide to obtain high sensitivity pH measurements in mouse tumour model with
accuracy < 0.1 pH units. In addition, measured changes in pHe in response to X-ray irradiation
suggest this may offer a useful method for assessing physiological change in response to existing
and novel cancer therapies.
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INTRODUCTION
Disruption of acid-base homeostasis in solid tumours has been well documented (1–3). The
higher demand for energy and for the biosynthesis of nucleotides in cancer cells, is met by a
process of aerobic glycolysis; the so called ‘Warburg effect’, which results in ATP
production through non-oxidative breakdown of glucose (4,5), and leads to increased
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extracellular lactate and H+ levels due to glucose catabolism, and decreased perfusion due to
immature vasculature within the tumour, resulting in an increase in acidity within the
extracellular space. Unlike normal cells, tumour cells have been shown to proliferate in
acidic environments (6,7). As such, the diffusion of H+ ions along the concentration gradient
from tumour to adjacent normal tissue may be one mechanism facilitating the progression of
tumour growth. Additionally, the excess carbon used in lactate production may result in
faster incorporation of carbon into biomass, thereby facilitating cell proliferation (5). The
adverse microenvironment resulting from the reduction in extracellular pH (pHe), along with
increased levels of cellular hypoxia, has a profound effect on the effectiveness of cytotoxic
anti-cancer drugs, and provides an increased therapeutic resistance (8). Therefore,
improvement in therapeutic outcome may depend on the effectiveness of treatment
approaches that specifically target cells in low pHe environments, or those that can increase
tumour pHe (2,9–12).

In recent years, several approaches to pH imaging and quantification have been explored,
including positron emission tomography (PET) (1), fluorophore lifetime imaging (13), and a
number of different MRI based approaches, including spectroscopy (14,15), chemical
exchange saturation transfer (CEST) (1,16,17), and proton-electron double-resonance
imaging (PEDRI) (18–20).

More recently, the use of an L-band (1.2 GHz) electron paramagnetic resonance (EPR)
imaging system with a pH-sensitive imidazoline nitroxide, R-SG (Fig. 1A), has been
demonstrated as a viable alternative for application in animal model studies (18), providing
good sensitivity to pHe, which unlike PET imaging does not require the use of radionuclides,
and without the potential complications of mixed contrast effects that have be shown to
occur in CEST imaging due to direct saturation and magnetic transfer effects (21). The
process of calculating pH by measuring the hyperfine splitting constant (HFC) only offers a
comparatively simple approach, and EPR has the added advantage that by using alternative
nitroxide spin probes, other biophysical parameters such as pO2 can be measured, which
along with pH is recognized as a biomarker for tumour viability. As such, EPR represents a
potentially useful pre-clinical tool for the assessment of tumour viability in response to
novel therapeutics. In this work, we assess the use of a 750 MHz continuous-wave (CW)
EPR, which provides a greater sample penetration depth than the 1.2 GHz system, and R-SG
nitroxide for pHe monitoring in tumour-bearing mice during normal tumour growth, and in
response to X-ray irradiation.

MATERIALS AND METHODS
Nitroxide spin probes

The pH-sensitive nitroxide; R-SG, (2-(4-((2-(4-amino-4-carboxybutanamido)-3-
(carboxymethylamino)-3-oxoproylthio)methyl)phenyl)-4-pyrrolidino-2,5,5-triethyl-2,5-
dihydro-1H-imidazol-1-oxyl) was synthesized as previously described (18).

In vitro phantom measurement and pH calibration
In vitro spectroscopic measurements of HFC were performed with the following
measurement parameters: scan time 3 s, magnetic field scanning 5 mT, magnetic field
modulation 0.15 mT, modulation frequency 90 kHz, time-constant of a lock-in amplifier 10
ms, and number of data points 512/scan, and number of averaging 30. The value of HFC
was measured as half the difference in magnetic field between low- and high-field
components of the EPR spectra (Fig. 1B). The relationship between pH and HFC was
determined by way of repeated spectroscopic measurement (n=5) of fourteen different in
vitro phantoms of known pH value of equivalent molecular concentration of R-SG /
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phosphate buffer solution (R-SG / PBS – 1 mM, 100 μL) across a physiologically applicable
pH range. After repeated spectroscopic measurement of the fourteen different pH phantoms,
average HFC values were used to construct a titration curve equating HFC with pH, which
was then used for calibration of subsequent in vivo HFC measurements in mouse tumour.

CW-EPR spectroscopy
In vitro spectroscopic measurements of R-SG solution phantoms were performed using a
750 MHz CW-EPR spectrometer (22), with the following parameters: scan time 3 s,
magnetic field scanning 6 mT, magnetic field modulation 0.25 mT, modulation frequency 90
kHz, time-constant of a lock-in amplifier 10 ms, and number of data points 2048/scan, and
number of averaging 40. The tumour-included thigh of a subject mouse was inserted to an
RF resonator (22 mm in diameter, 30 mm in length) of a 750 MHz CW-EPR spectrometer.

Mouse preparation
Six-week old male C3H HeJ mice were purchased (Japan SLC Hamamatsu, Japan), and
used for all control and tumour model experiments. Mice were kept in a circadian controlled
environment, with access to food and water ad libitum. All experiments were performed in
accordance with the guidelines of the ‘Law for The Care and Welfare of Animals in Japan’
and approved by the Animal Experiment Committee of Hokkaido University, and under
isoflurane sedations levels of 1.5–3%.

Tumour cell preparation
Murine squamous carcinoma SCC VII cells derived from C3H/He mice, were kindly
obtained from Dr. S. Masunaga, Kyoto University and were maintained in vitro in α-MEM
medium (Gibco-BRL/Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum
(Filtron, Brooklyn, Australia) at 37°C in 5% CO2/95% air.

Validation of methodology
To assess the accuracy of EPR based measurement of pHe, a series of in vitro measurements
were obtained using both EPR and pH electrodes (CyberScan pH 1500, Eutech Instruments,
Singapore, with a pH sensitivity of ± 0.002) across a range of R-SG / PBS pH phantoms.

Based on earlier mouse experiments, an intravenous tail vein injection of 50 mM, 100 μL
(0.22 mmol/kg body weight) R-SG / PBS was found to provide adequate signal strength for
in vivo measurements, with an in vivo half-life of approximately 11 minutes. However, to
assess the potential toxicity of R-SG, a subset of healthy mice (n=6) were injected with a
high concentration R-SG / PBS (100 mM, 100 μL (0.44 mmol/kg body weight)) on day 0,
and their body weights measured daily for one week, along with those of an additional 6
control mice that received no R-SG injection.

pHe change during normal tumour growth
Prior to injection of tumour cells (Day 0), C3H HeJ mice (n=6) underwent EPR scanning of
the right hind leg. Subsequently, each mouse was injected with suspended serum-free
culture medium containing approximately one million squamous carcinoma cells (SCC VII)
directly into the right hind leg thigh muscle. For the next 11 days, scanning was performed
daily for each mouse, and tumour volume (V) was estimated using linear calipers and the
relationship: .

pH response to X-ray irradiation
In a separate experiment, C3H HeJ mice (n=6) were injected with an equivalent squamous
cell solution, and were monitored until a maximum tumour dimension of approximately 20
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mm was observed. At this time, mice underwent an initial EPR scan (Day X), and were
subsequently exposed to 10 Gy of X-rays to the tumour-bearing thigh only. EPR
measurements were then performed daily for an additional one-week period.

For irradiation of transplanted tumors, anesthetized mice were shielded with lead panels,
except for the tumor-bearing thigh. X-irradiation was performed with a Shimadzu PANTAK
HF-350 X-ray generator with a 0.5 mm Al + 0.5 mm Cu filter at a dose rate of 0.85 Gy/min
at 200 kVp, 20 mA.

Statistical analysis
Accuracy of pHe measurements was defined as EPR-based pHe value minus electrode-based
pHe value. Additionally, Pearson product-moment correlation coefficient r was obtained
between pHe values measured with EPR and those obtained via electrode. The precision of
measurements was calculated as the average of the standard deviation of repeat
measurements.

Analysis of mouse body weight as an indicator of potential R-SG toxicity was performed
using repeated 2-Way ANOVA (SPSS v20.1) based on calculated sample size (G*Power
v3.1.7) (23) of R-SG injected mice and control mice. In assessing the significance of pHe
changes during normal tumour growth, as well as in response to X-ray irradiation, the
student t-test was used to compare the initial pHe measurements (pHe values before tumor
cell implantation (Day 0) and / or before X-ray irradiation to tumour (Day X) with
measurements on subsequent days (Day N). A statistical significance level of p < 0.05 was
used for all statistical testing in this article.

RESULTS
Figure 2 shows the relation between the measured HFC values and pH values measured with
the pH electrode meter. This titration curve was used as a calibration curve to convert the
HFC values of R-SG to pH values. Measurement of pH phantoms across the range of 5.55 to
7.92 pH using both EPR spectroscopy and pH electrode, showed high linear correlation,
with a calculated Pearson product-moment correlation coefficient r of 0.9992 (n=9) (Fig. 3).
We found EPR based measurements were accurate to within 0.1 pH units in the range of
5.55 to 7.92, with an average precision of 0.012 pH units, based on the a standard deviation
of repeat measures. At marginal pH values (4.90 and 8.89), the differences of EPR-based
and electrode-based pHe values were greater than 0.1 pH units, due to the non-linearity of
the pH / HFC calibration curve at the upper and lower extremes (Fig. 2).

High concentration R-SG / PBS injection in a subset of healthy mice to assess R-SG
toxicity, resulted in zero mortality rates. Repeated 2-Way ANOVA of daily body weight for
R-SG and control mice demonstrated no-significant change in mice body weight between
the two groups (F = 0.59, p = 0.46). However, a trend toward interaction was observed
between the two groups and time (F = 2.13, p = 0.051). The relationship between pHe and
tumour volume is presented in Fig. 4, whereby an approximately linear daily increase in
volume corresponded with an initial increase in pHe on day 1, and a subsequent decrease
thereafter. Independent Student t-tests of pHe data before squamous cell implantation (Day
0), with those of Day N, revealed statistical significance for each day after Day 6.

Our results highlight retardation in tumour growth response to X-ray irradiation (Fig. 5),
whereby Student’s t-test analysis of tumour volume between Day 0 (measured before
irradiation) and Day N, showed a delay of several days before a significant increase was
observed. In addition, a significant difference in pHe, was observed two and three days post
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X-ray irradiation (p < 0.05). Individual mouse tumour pH without radiation as well as mice
that received a single dose is presented in Fig. S1 (Supplementary material).

DISCUSSION
In this work we demonstrated the viability of CW-EPR spectroscopy and nitroxide spin
probe R-SG, to obtain longitudinal in vivo measurements of pHe in mouse tumour model, as
well as investigate the effects of X-ray irradiation on pHe. Based on zero mortality rate, and
no statistically significant difference in weight loss over a one-week period between control
mice and mice that received a single high-concentration intravenous injection of R-SG /
PBS, we conclude that any toxicity effects of the R-SG are negligible, and not likely to
confound the observed results in this study.

The accuracy of EPR measured pHe values was also validated in vitro across a
physiologically applicable pH range by way of electrode measurement of capillary tube
phantoms, giving an accuracy to within 0.1 pH units in the pH range of 5.55–7.92, with an
average precision of 0.012 pH units, which is comparable to or better than recent CEST
based techniques (16,24). Reduction in accuracy outside this pH rage is the result of non-
linearity of the calibration curve for pH values not in vicinity of pKa (pH = 6.65). However,
the loss of sensitivity in EPR based pH measurement at these extreme values is most likely
not relevant for in vivo mouse model studies.

The longitudinal in vivo measurements obtained in this study highlight the inverse
relationship between pHe, and tumour growth. This observation was observed in both the
group-averaged data (Fig. 4) as well individual mouse data (Fig. S1). Our observation may
correlate with the increased inter-capillary distance, which occurs during tumour growth
(25), and the subsequent effect that reduced local perfusion and hypoxia, as well as
hyperglycolytic activity and extracellular lactate build up has on pHe (26–29). A previous
reported study using EPR oxymetry in the same SCCVII tumour model, demonstrated an
inverse relationship in tumor pO2 with volume, most notably 5–8 day after tumour
inoculation (30). In combination with the present study, this result suggests an almost
simultaneous decrease of both tumour pO2 and pHe may occur with increase in tumour
volume, and highlights the concomitant change to glycolytic phenotype with reduced
tumour oxygenation and subsequent acidosis, providing the desired biological conditions for
proliferation of squamous cell carcinoma in living animals.

Despite previous studies showing increased radioresistance and a reduction in radiation-
induced apoptosis in acidotic and hypoxic environments (29,31,32), intra-tumoural pHe is
thought to be a useful parameter of response to antitumour treatment, as well as a parameter
of distinction between normal and neoplastic environments. Previous work by Lindner et al.
demonstrated that pHe decreased significantly in response to treatment with doxorubicin,
due to tumour lysis and release of intracellular lactate (10). In the present study however, we
observed a temporary reversal in the relationship between pHe and tumour growth in
response to X-ray irradiation (Fig. 5), which culminated in a statistically significant increase
in pHe two days after irradiation; a result which also correlates with the previously
mentioned EPR oximetry study of pO2 changes in response to radiation (30). Individual
mouse response to tumour X-ray irradiation also demonstrated a suppression of pHe
reduction, whereas the subsequent increase in pHe appears less well defined. Previous work
investigating radiation induced blood flow changes in human tumours demonstrated a short
term improvement in intra-tumoural blood circulation in response to a single dose of X-ray
irradiation (33). Similarly, an increase in pHe was observed, albeit in combination with
hyperthermia, in patients who received tumour X-ray irradiation (34). In context to the
results of this study, it is speculated that upregulation of tumour circulation by X-ray
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irradiation (35,36), may have washed lactate out of the tumour microenvironment, resulting
in elevated tumoural pHe during the period of growth delay.

In contrast to alternative in vivo approaches to pHe measurement, EPR is limited in
application to measurement of biological samples and small animals, due to the physical
constraints of signal attenuation by sample tissue at higher microwave frequencies and loss
of sensitivity at lower frequencies. A 750-MHz EPR system provides a good compromise
between these constraints, allowing pH measurement accurate to within 0.1 pH units, with
sufficient signal penetration depth to image an entire mouse. In this regard, it represents an
effective pre-clinical imaging modality. However, one caveat with the current spectroscopic
methodology is the inclusion of normal tissue within the sampled volume. The measured
HFC represents the integration of all measured nitroxide signal within the sampled volume,
and as such the pHe of small tumour volumes might be overestimated. To further address
this issue, our future work will focus on 3D EPR imaging to assess spatial variance of pHe
throughout mice tumour model and in response to therapeutics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

pHe extracellular pH

CW-EPR continuous-wave electron paramagnetic resonance

R-SG (2-(4-((2-(4-amino-4-carboxybutanamido)-3-(carboxymethylamino)-3-
oxoproylthio)methyl)phenyl)-4-pyrrolidino-2,5,5-triethyl-2,5-dihydro-1H-
imidazol-1-oxyl)

CEST chemical exchange saturation transfer

PEDRI proton-electron double-resonance imaging

PBS phosphate buffer solution

SEM standard error of the mean

HFC hyperfine coupling

pKa acid dissociation constant

pO2 partial pressure of oxygen
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Figure 1.
(A) Molecular configuration of protonated and non-protonated forms of pH sensitive spin
probe R-SG: 2-(4-((2-(4-Amino-4-carboxybutanamido)-3-(carboxymethylamino)-3-
oxoproylthio)methyl)phenyl)-4-pyrrolidino-2,5,5-triethyl-2,5-dihydro-1H-imidazol-1-oxyl
(this compound is abbreviated as R-SG). (B) pH dependent spectra of R-SG. Hyperfine
coupling constant (HFC), defined as half the distance between first and third spectra, varies
according local pH.
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Figure 2.
R-SG titration curve. Each point represents the average of 5 HFC measurements using in
vitro capillary tube phantoms containing R-SG / PBS of known pH value, allowing
calibration of in vivo mouse model HFC measurements to estimates of pHe.
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Figure 3.
Comparison of in vitro phantom pH values obtained with both EPR spectroscopy and pH
electrodes, demonstrating < 0.1 pH deviation between methods across the pH range of 5.55–
7.92.
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Figure 4.
Relationship between tumour volume and pHe during normal tumour growth. Each data
point represents the mean of 6 mice with standard error of the mean (SEM) displayed. Day 0
- prior to squamous cell injection into the right hind leg. An inverse relationship between
tumour volume and pHe was observed in all mice from Day 3. Significant difference in pHe
between Day 0 and Day N is shown * (p < 0.05).
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Figure 5.
Tumour regrowth and pHe in irradiated mice. The mean tumour volume before irradiation
was approximately equal to the non-irradiated group at Day 9 in Fig. 4. Each data point
represents the mean of 6 mice with standard error of the mean displayed. Significant
difference in pHe and tumour volume between Day 0 (measured before irradiation) and Day
N is shown * (p < 0.05).

Goodwin et al. Page 13

NMR Biomed. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


