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ABSTRACT: An electron paramagnetic resonance (EPR) based method for noninvasive three-dimensional extracellular pH map-
ping was developed using a pH-sensitive nitroxyl radical as an exogenous paramagnetic probe. Fast projection scanning with a con-
stant magnetic field sweep enabled the acquisition of four-dimensional (3D spatial + 1D spectral) EPR images within 7.5 min. 
Three-dimensional maps of pH were reconstructed by processing the pH-dependent spectral information of the images. To demon-
strate the proposed method of pH mapping, the progress of extracellular acidosis in tumor-bearing mouse legs was studied. Fur-
thermore, extracellular pH mapping was used to visualize the spatial distribution of acidification in different tumor xenograft mouse 
models of human-derived pancreatic ductal adenocarcinoma cells. The proposed EPR-based pH mapping method enabled quantita-
tive visualization of changes in extracellular pH due to altered tumor metabolism. 
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Glucose metabolism is altered in cancer cells,1 and extracellu-
lar acidosis due to metabolic changes is a hallmark of tumor 
microenvironment.2 Since low extracellular pH (pHe) affects 
tumor progression and susceptibility to chemotherapy,3 extra-
cellular acidosis has received considerable attention from on-
cology clinicians and researchers. In light of this, accurate in 
vivo monitoring of pHe is undoubtedly desirable for the study 
of cancer pathology and the development of new therapeutic 
strategies. Several methods for imaging pH in tumor tissues 
have been developed,4 such as fluorescence-based pH map-
ping,5 31P-nuclear magnetic resonance (NMR),6,7 chemical 
exchange saturation transfer magnetic resonance imaging 
(CEST-MRI),8 MRI of hyperpolarized 13C-labeled bicarbonate 
and zymonic acid,9,10 and proton-electron double resonance 
imaging (PEDRI).11,12 However, as yet there is no gold stand-
ard for non-invasive pHe mapping of tumors in a preclinical or 
clinical setting. 

While electron paramagnetic resonance (EPR) has previously 
been used with a pH-sensitive spin probe for in vivo measure-
ments of pH in small animals,13–18 extension of those spectro-
scopic measurements to three-dimensional (3D) pH mapping 
in animal models using EPR is practically challenging. A ma-
jor challenge of EPR-based 3D pH mapping is the longer ac-
quisition time associated with four-dimensional (4D) EPR 
imaging that comprises 3D spatial and one-dimensional (1D) 
spectral data. Acquisition of a sufficient number of EPR spec-
tral projections for adequate reconstruction is a critical obsta-
cle in 3D pH mapping. Moreover, precise reconstruction of 
EPR spectra at the level of each voxel is essential for pH map-
ping with reasonable accuracy less than 0.1 pH units. This 
requires improvement of existing techniques for estimation of 
pH from EPR spectral lineshapes, in conjunction with a robust 
4D image reconstruction. 

In this work, we report an EPR-based method for in vivo 3D 
mapping of extracellular pH in mouse tumor models. This was 
achieved using a home-built continuous-wave (CW)-EPR im-
ager capable of fast projection scanning,19,20 in combination 
with a pH-sensitive nitroxyl probe. The probe was specifically 
designed for extracellular pH measurements in vivo11 and is 
highly water soluble and non-toxic. The in vivo lifetime is 
sufficiently long (~20 min) to perform a 4D EPR acquisition. 
Four-dimensional EPR images were reconstructed using an 
optimized iterative reconstruction algorithm,21 in conjunction 
with a novel procedure for the fitting of spectral data to im-
prove reconstruction convergence to a stable solution. By this 
method, low-noise EPR images could be obtained even for 
acquired projections with a relatively low signal-to-noise ratio. 
We demonstrated the proposed method of 3D pHe mapping by 
measuring the progress of extracellular acidosis in tumor-
bearing mouse legs. Furthermore, different spatial distribu-
tions of acidification were visualized for several different tu-
mor xenograft mouse models using human-derived pancreatic 
cancer cells. 

EXPERIMENTAL SECTION 

Chemicals. The pH-sensitive nitroxyl radical 2-(4-((2-(4-amino-4-
carboxybutanamido)-3-(carboxymethylamino)-3-
oxoproylthio)methyl)phenyl)-4-pyrrolidino-2,5,5-triethyl-2,5-
dihydro-1ぞ-imidazol-1-oxyl (R-SG, Fig. 1A, X = H; Y=CH3) and its 
deuterium-enriched analog (dR-SG, Fig. 1A, X = D; Y=CH3 (1/3); 
CD3 (2/3)) were synthesized as previously reported.11,12 
EPR imager. A home-built CW-EPR spectrometer/imager operating 
at 750 MHz was used for spectroscopy and imaging. Details of the 

EPR instrumentation have been reported previously.19,20 In brief, a 
permanent magnet of 27 mT was used with three pairs of gradient 
coils and a pair of field scanning coils. A multi-coil parallel-gap reso-
nator (22 mm diameter, 30 mm length) and a reflection-type RF 
bridge were used for EPR detection.19,22 
In vitro pH mapping. The pH-sensitive nitroxyl radical R-SG, 2 mM, 
was dissolved in phosphate-buffered saline (PBS). Three radical solu-
tions with pH 6.60, 6.80, and 7.00 were prepared by adding the neces-
sary amount of HCl. The solution pH was measured using a pH meter 
(pH1500, Eutech Instruments, Singapore, accuracy ± 0.05 pH units) 
equipped with a glass electrode (InLab Semi-Micro, Mettler Toledo, 
Columbus, OH). The pH meter was calibrated with standard pH buff-
er solutions [ECBU4BT (pH=4.01), ECBU7BT (pH=7.00), and 
ECBU10BT (pH=10.01), Thermo Fisher Scientific, Inc., Singapore]. 
This calibration process ensured that the prepared radical solutions 
could be pH-references with the accuracy of the pH meter. 
 The solutions were placed into flame-sealed glass tubes with 5.3 mm 
inner diameter. In each case, the approximate volume of radical solu-
tion was 0.7 mL. The tubes were placed in a plastic holder made of 
cross-linked polystyrene, Rexolite 1422 (C-Lec Plastics Inc., Phila-
delphia, PA) and transferred to the resonator of the 750-MHz CW-
EPR imager. The following measurement settings were used for EPR 
image acquisition: scan time 0.1 s, scanning magnetic field 9.0 mT, 
magnetic field modulation 0.2 mT, modulation frequency 90 kHz, 
lock-in amplifier time-constant 100 s, number of data points 2048 
per scan, and incident RF power 2.2 mW. All EPR projections were 
recorded with a constant sweep of the magnetic field.21 Incrementally-
ramped field gradients were used for EPR image acquisition. The 
projections were acquired at 15 × 15 × 15 field gradients for the X-, 
Y-, and Z-directions (total of 3375 projections). The maximum field 
gradient for each direction was 70 mT/m. The total acquisition time 
was 7.5 min. The pH mapping of three radical solutions was per-
formed at room temperature (25 ºC). 
In vivo pH mapping. For in vivo pH mapping of tumor-bearing 
mouse legs, the pH-sensitive nitroxyl radical dR-SG was dissolved in 
pure water (to make a concentration of 100 mM), and the solution pH 
was adjusted to 7.4 by the addition of NaOH. Mice were anesthetized 
by inhalation of 1.5–2.0% isoflurane and the tail vein was cannulated. 
Mice were then placed on a plastic holder made of Rexolite 1422 and 
transferred to the CW-EPR imager with the tumor-bearing leg posi-
tioned at the center of the resonator. The mouse body temperature and 
respiration rate were continuously monitored using a small animal 
monitoring and gating system (model 1030, SA Instruments, Inc., 
Stony Brook, NY). Body temperature was maintained at 36 to 37ºC 
by feedback-regulated heated airflow. During the EPR measurements, 
isoflurane anesthesia was maintained at 1.0–1.5%. The dR-SG radical 
(10 mg, 0.6 mmol/kg body weight) was intravenously injected as a 
bolus over 30 s through the tail vein catheter. Tumor model mice were 
weighed at 22 to 24 g at the experiments. EPR acquisition was started 
two minutes after the injection. The EPR settings for imaging of tu-
mor-bearing mice were the same as those for imaging the solution 
samples, except for incident RF power, 11.5 mW, modulation ampli-
tude, 0.15 mT, and lock-in amplifier time constant, 30 s. All experi-
ments were performed under the ‘Law for The Care and Welfare of 
Animals in Japan' and were approved by the Animal Experiment 
Committee of Hokkaido University (approval no. 15-0120). 
Image reconstruction and spectral data fitting. Four-dimensional 
spectral-spatial EPR images were reconstructed by an algebraic re-
construction technique (ART), with spectral data fitting at each itera-
tion. All computations were performed on an Apple iMac computer 
(Mid 2010, Intel Core i3, 3 GHz). The reconstruction procedure was 
implemented in MATLAB (MathWorks, Natick, MA) with an ART 
algorithm written in C-language for speed and compiled as a 
MATLAB-executable (MEX) function. Full details of the reconstruc-
tion algorithm were reported previously.21 4D EPR images were re-
constructed to a matrix size of 768 × 48 × 48 × 64 points, correspond-
ing to a spectral window of 6.75 mT and field-of-view of 25 mm × 25 
mm × 33.3 mm for the pH phantom, and to a matrix size of 768 × 48 
× 48 × 48 points, corresponding to a spectral window of 6.75 mT and 
field-of-view of 25 mm × 25 mm × 25 mm for in vivo tumor-bearing 
mouse legs. After each ART iteration, the spatial data were smoothed 
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using a 3D Gaussian filter with a standard deviation of 0.8 pixels 
(corresponding to the full-width at half maximum (FWHM) of 1 mm). 
This Gaussian filter does not necessarily affect the spatial resolution 
when the FWHM of the Gaussian filter is sufficiently less than the 
spatial resolution of the mapping method that is mainly governed by 
the peak-to-peak linewidth of the probe and the applied magnetic field 
gradient. 
For the fitting of spectral data, two calibration sets of EPR spectra for 
R-SG and dR-SG radicals were recorded over a pH range of 3 to 10, 
with an interval of 0.2 pH units around the pKa value (Fig. S1). Since 
one of the calibration sets of EPR spectra was used for the corre-
sponding probe in pH mapping, deuteration of the probe does not 
affect the hyperfine splitting and a process of pH estimation. While 
the hyperfine splitting structure of both probes is stable in the range of 
room temperature to 37 ºC, dR-SG has narrower peak-to-peak EPR 
absorption peaks than R-SG.11,12,25 The spectral data of the images 
were fitted by a linear combination of the spectra from a correspond-
ing calibration set. To fit the spectral data of an EPR image and gen-
erate the pH map, first, an averaged EPR spectrum for the whole 
sample was calculated by summing the spectral data of the image. 
The central line of the averaged spectrum was fitted with a Voigt 
profile to calculate its position on the spectral coordinate. Note, the 
central line of the R-SG and dR-SG spectra does not change with pH, 
and its position solely depends on the loading of the EPR resonator 
and the spectrometer settings. Using the calculated position of the 
central EPR line, the spectra from the calibration set (Fig. S1) were 
shifted to the correct field position by multiplication with a corre-
sponding phase multiplier in the Fourier domain: 
 

 

where DFT is the discrete Fourier transform, i is a spectrum from the 
calibration set, H is the magnetic field, H is the difference in the 
magnetic field for the averaged image spectrum and the spectra from 
the calibration set,  is the Fourier domain frequency variable. 
Then, for each voxel of the 4D EPR image, the spectrum from the 
calibration set, Bi which best describes the observed spectrum, E, was 
determined by solving the equation for the linear coefficient, ci, and 
finding the minimum of the residual sum of squares, RSS, defined as 
follows: 
 

 

 

After finding the closest-matching spectrum Bi, the observed spec-
trum, E, was fitted by the linear combination of Bi and its two neigh-
boring spectra, with a non-negative constraint: 
 

 

Finally, the pH value of the voxel was calculated according to the 
formula: 
 

 

where [RH+]i and [R]i are the known concentrations of protonated and 
unprotonated forms of the radical for each particular calibration solu-
tion. The pKa for the R-SG and dR-SG radical was 6.84 at 23 ºC and 
6.60 at 37 ºC.11 Since in vitro pH mapping was performed at room 
temperature (25 ºC), we set pKa at 6.80 pH units. Since the evidence 
in which the temperature does not affect the hyperfine splitting con-
stants of R-SG and dR-SG was previously reported,11,12,25 we did not 

take a shift in the hyperfine splitting constants into account for differ-
ent temperatures in our study. 
In this approach, the method for solving the linear equations (eq. 4) 
was employed to obtain the approximation of the whole spectral line-
shape at each voxel. Our method is close to the concept of the match-
ing pursuit algorithm for obtaining an approximation of the whole 
spectral line-shape. While an apparent hyperfine splitting constant for 
three-line EPR absorption peaks was measured to determine pH val-
ues in our previously reported work,23 it was no longer applied to pH 
measurements in this study. 
Functional resolution and trueness. For solution samples, functional 
resolution of pH measurements was defined as the full-width at half 
maximum (FWHM) of the normal curve that reflects the probability 
density of pH values at each voxel: 
 

  
FWHM = 2SD 2log

e
2 = 2.35SD, (6)  

 
where SD is the standard deviation of measured pH values at each 
voxel and e is Napier's constant. In this estimation, we assumed the 
normal distribution for pH values at each voxel. After computing SDs 
of pH values in each solution contained in three tubes, FWHMs were 
obtained for corresponding solutions. In our experiments, we defined 
the functional resolution of pH measurements as the mean of three 
FWHMs. This functional resolution corresponds to “precision” that is 
defined as the closeness of agreement between pH values at each 
voxel. Moreover, the trueness of pH measurements was defined as the 
closeness of agreement between the average value obtained from pH 
values at each voxel and a reference value, which is a known pH 
value of a sample solution in our case. This trueness is generally 
called “accuracy” in common technical definition. In this study, we 
defined the trueness of pH measurements for three samples as the 
mean of the differences between the average pH values of each tube 
obtained by EPR-based pH mapping and the reference pH values 
(6.60, 6.80, and 7.00 pH units) measured by a commercial pH meter 
mentioned above. 
Magnetic resonance imaging. MRI was performed on a home-built 
1.5 T permanent magnet system, using a home-built 1H mouse body 
coil and a dedicated spectrometer (MR Solutions, Guildford, UK). 
The same mouse bed was used for both EPR and MRI to ensure ap-
proximately equivalent scan positioning and facilitate image registra-
tion. A 2D T2-weighted fast spin echo sequence was used for anatom-
ical imaging of the tumor-bearing leg. Sequence parameters were as 
follows: field-of-view (FOV) 32 mm × 32 mm; 128 × 128 in-plane 
matrix; 32 slices of thickness 2 mm, overlap 1mm; echo/repetition 
time (TE/TR) 68/4876 ms; echo train 8; number of averages 3; scan 
time ~4 min. 2D scans were acquired in all three anatomical planes to 
permit reconstruction of arbitrary slices for accurate spatial compari-
son with the 3D EPR imaging data. Tumor volume was evaluated 
from MRI by selecting the tumor region on sagittal-plane images. 
Statistical analysis. To compare the mean values of the medi-
an pHe of tumor-bearing mice, a two-tailed paired t-test was 
used. The sample size of tumor-bearing mice (n = 7) was se-
lected based on previously reported pHe data of SCC VII tu-
mor-bearing mice,23 in which the change in the mean pHe for 
the tumor-bearing legs between day 5 and 8 was 0.12 pH units 
and the standard deviation of a single pH measurement was 
0.076 pH units. Using these values and choosing the level of 
Type I error Į = 0.05 and Type II error ȕ = 0.2 for pH meas-
urements yielded a required sample size of 7.24 For the animal 
study of pHe mapping during tumor growth, randomization 
was not used and no blinding was done because of the paired 
nature of the experiment. 

RESULTS 

3D pH mapping calibration with solution samples. We used 
an imidazoline nitroxyl radical bound with glutathione (R-SG, 
see Fig. 1a for the structure) as a spin probe for pH measure-
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ments by EPR.11,25,26 This radical probe shows a pH-dependent 
EPR spectrum with different hyperfine splitting constants for 
protonated and unprotonated forms as shown in Fig. 1b (also 
see Supporting Information Fig. S1 for EPR spectra at various 
pH values). The pKa value of the radical is 6.6 at 37 C which 
is suitable for pH measurements in the normal physiological 
range and slightly acidic conditions. 

 

Figure 1.  pH-sensitive radical probe and its EPR spectra. (a) 
Chemical structures and scheme of protonation of pH-sensitive 
nitroxyl radical (R-SG) and its deuterium-enriched analog (dR-
SG). (b) First-derivative EPR spectra of 2 mM dR-SG measured 
at 750 MHz in alkaline (pH = 10, blue line) and acidic (pH = 3, 
red line) solutions. SG stands for glutathione residue. Note, the 
central line of the spectra does not depend on pH. 

The proposed method of 3D pH mapping was experimentally 
verified using a solution phantom consisting of three glass 
tubes with 2 mM R-SG solutions at pH 6.6, 6.8, and 7.0. Fig. 
2a shows a photograph of the phantom. We performed 4D 
EPR imaging with a total data acquisition time of 7.5 min. 
After image reconstruction and spectral data fitting, 3D maps 
of EPR signal intensity and pH were obtained. Fig. 2b shows a 
surface-rendered image of the EPR signal distribution that 
accurately reflects the geometry of the solution phantom. Figs. 
2c and 2d show corresponding maps of the EPR signal intensi-
ty and pH for the cross-sectional slice shown at the center of 
Fig. 2b, respectively. Fig. 2e shows the histograms of pH val-
ues for each of the three tubes. The measured pH values were 
6.591 ± 0.025, 6.839 ± 0.035 and 7.029 ± 0.039 (mean ± 
standard deviation), which well reproduced the real pH values. 
Here the standard error of the mean for a solution (7.00 pH 
units) was 0.0006, because of sample size n = 4923 (voxels). 
Therefore we expressed the mean and the standard deviation 
of pH values to three decimal places. From the calculated 
standard deviations above, functional resolution (also called 
precision) of pH measurements was estimated to be 0.078 pH 
units according to its definition in the Experimental Section. 
The trueness of pH measurements was also estimated to be 
0.026 pH units. This trueness (accuracy) was within the preci-
sion of a commercial pH-meter we used. 

Using a phantom with three solution samples (Fig. 2), we 
demonstrated the capability of spectral-spatial EPR imaging 
for 3D spatially-resolved pH measurements with a functional 
resolution of about 0.078 pH units. By fitting the signal distri-
butions in Fig. 2c with a Gaussian function, the spatial resolu-
tion of pH maps was determined as 3 mm. In practice, the 

spatial resolution of an EPR imaging experiment depends on 
the width of the spectral line and the applied magnetic field 
gradient. The gradient is typically limited by the signal-to-
noise ratio of acquired EPR projections. In our case, the max-
imum gradient of the magnetic field was 70 mT/m, and the 
peak-to-peak linewidth of the R-SG probe was 0.21 mT. Thus, 
the spatial resolution can be estimated as linewidth/gradient = 
3 mm, which accurately repeats the Gaussian fitting result 
given above. 

Extracellular acidosis during tumor growth. In vivo EPR-
based pH mapping was demonstrated using tumor-bearing 
mice. The progress of acidification in murine squamous cell 
carcinoma (SCC VII) cells implanted into the right hind legs 
of mice was monitored. (Full details of animal preparation are 

 

Figure 2.  Three-dimensional visualization and EPR characteriza-
tion of a pH phantom. (a) Photograph of the phantom sample, 
consisting of three flame-sealed glass tubes (inner diameter 5.3 
mm, volume ~0.7 mL) placed in a plastic holder (Scale in cm). 
The tubes were filled with 2 mM solutions of R-SG in PBS with 
pH values adjusted to 6.60, 6.80, and 7.00. (b) 3D surface-
rendered image of EPR signal intensity calculated with a 35% 
threshold: image matrix size 48 × 48 × 64, field-of-view 25.0 mm 
× 25.0 mm × 33.3 mm. (c) EPR signal intensity distribution, and 
(d) map of pH for the central slice of the 3D image (indicated by 
dashed lines in (b)), shown with a 35% threshold of signal intensi-
ty and pH, respectively. (e) Histograms of pH for each of the three 
tubes. The measured pH values were 6.591 ± 0.025, 6.839 ± 0.035 
and 7.029 ± 0.039 (mean ± standard deviation). 
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given in Supporting Information.) To increase the sensitivity 
of EPR measurements and achieve a better spatial resolution, 
the deuterated radical dR-SG (Fig. 1a) was used for in vivo pH 
mapping. The deuterated radical dR-SG has an EPR linewidth 
of about 0.12 mT. However, the projections were recorded 
with a modulation amplitude of 0.15 mT (rather than 0.2 mT) 
to achieve a better signal-to-noise ratio. Therefore, we esti-
mate that the spatial resolution of the in vivo measurements 
was ~2 mm. In addition, an in vitro cytotoxicity test for R-SG 
(see Supporting Information, Fig. S2) showed that 56% of 
HeLa cells survived when incubated with 10 mM R-SG for 4 
days. 

Fig. 3a shows a photograph of the leg of an SCC VII tumor-
bearing mouse placed on a plastic holder for EPR measure-
ments. The dashed lines indicate the region visualized by EPR 
imaging. Fig. 3b shows surface-rendered EPR images of the 
leg (and part of the tail) of a mouse measured at 5 and 8 days 
after tumor implantation. Figs. 3c and 3d show T2-weighted 
anatomical MR images for the sagittal plane on day 5 and 8, 
respectively. The corresponding maps of the EPR signal inten-
sity are given in Figs. 3e and 3f. The positions of the maps are 
shown in Fig. 3b with dashed lines. Both MR and EPR images 
demonstrated enlargement of the tumor over time. Also, the 
EPR images revealed a low-signal-intensity area in the center 
of the tumor that presumably appeared due to insufficient de-
livery of the spin probe to the relatively poorly perfused tumor 
tissue. The size of the low-intensity area significantly in-
creased on day 8 compared with day 5. 

Extracellular pH was visualized for the tumor-bearing leg in 
3D. Figs. 3g (day 5) and 3h (day 8) present the maps of pHe in 
the sagittal plane corresponding to the EPR signal intensity 
maps in Figs. 3e and 3f. Masks generated from MR anatomical 
images were applied to remove pH data outside the leg. The 
maps of pHe obtained on day 5 revealed some regions in 
which pH decreased to approximately 6.6, while most of the 
leg had pH above 7.0. Regions of acidosis became significant-
ly larger on day 8. To quantitatively characterize the change in 
tumor acidification, a 3D region of interest (ROI) that included 
the whole thigh muscle and the tumor graft was defined by 
selecting ROIs in all 2D slices of sagittal MR images (red 
lines in Figs. 3c, 3d. 

Quantitative analysis of pHe data is presented in Figs. 3i to 3l. 
Fig. 3i shows the representative histograms of pHe data for the 
mouse shown in Fig. 3. The overlaid histograms show that the 
distribution of pHe was slightly shifted to lower pH on day 8. 
To confirm the reduction in pHe of SCC VII tumors, we meas-
ured seven tumor-bearing mice in total on day 5 and 8. The 
tumor volumes, median pHe values and acidic tumor volumes 
(pHe < 7.0) for seven mice are summarized in Figs. 3j to 3l. 
The mean tumor volumes on day 5 and 8 were 0.70 cm3 and 
0.97 cm3, respectively (two-tailed paired t-test, P = 0.002, 
n=7). The means of the median pHe on day 5 and 8 were 7.11 
and 7.04, respectively (two-tailed paired t-test, P = 0.025, 

n=7). Moreover, the means of acidic tumor volumes (pHe < 
7.0) on day 5 and 8 were 0.14 cm3 and 0.38 cm3, respectively 
(two-tailed paired t-test, P=0.007, n=7). 

Three-dimensional pH mapping was successfully performed 
within 7.5 min for a living mouse using a single bolus injec-
tion of dR-SG, as shown in Fig. 3. EPR signal kinetics of the 
R-SG spin probe measured in vivo in mouse tumors on day 5 
and 8 after implantation of SCC VII cells are provided in Sup-
porting Information (Fig. S3). On both occasions, the EPR 
signal kinetics were comparable; signal appeared immediately 
after the intravenous injection of the probe, reached a maxi-
mum after about 2 minutes and then gradually declined. The 
intensity of EPR signal was approximately 80% of its maxi-
mum 10 minutes after probe injection (Fig. S3). The 4D spec-
tral-spatial EPR imaging acquisition was thus designed to ac-
quire 3375 projections between 2 and 9.5 minutes post injec-
tion of the probe. The primary route of radical removal from 
the animal is likely its reduction to the corresponding hydrox-
ylamine, followed by renal excretion. Supporting this hypoth-
esis, a high concentration of the reduced form of dR-SG was 
detected in the mouse urine after the experiments (see Fig. 
S4). The dependence of the measured pHe value on the signal 
intensity is provided in Supporting Information (Fig. S5). The 
relation between the signal intensity and pHe in the 3D data 
had no correlation. 

pH mapping of tumor xenograft mouse models. The pro-
posed method of 3D pHe mapping for detection of extracellu-
lar acidosis was further validated using three types of tumor 
xenograft mouse models. We used the human-derived pancre-
atic ductal adenocarcinoma cells MIA PaCa-2, SU.86.86, and 
Hs766t. (Full details of animal preparation are given in Sup-
porting Information.) It was previously shown that these tumor 
types exhibit different levels of oxygenation and pyruvate 
metabolism by EPR and hyperpolarized 13C MRI.27 Fig. 4a 
shows sagittal T2-weighted MR anatomical images of tumor-
bearing mouse legs with MIA PaCa-2, SU.86.86, and Hs766t 
tumor xenografts. All three tumors were similar in size on the 
day of the measurements; ROI volumes were 1.09, 1.11, and 
0.99 cm3 for MIA PaCa-2, SU.86.86, and Hs766t tumors, re-
spectively. Corresponding maps of the EPR signal intensity 
and pHe are shown in Figs. 4b and 4c. For the MIA PaCa-2 
tumor xenograft, the EPR signal intensity was relatively ho-
mogeneous, indicating a uniform distribution of the spin probe 
inside the tumor. The observed pHe in all regions of the tumor 
was above 6.8. In contrast, the SU.86.86 tumor xenograft ex-
hibited a large area of low or no EPR signal, making it impos-
sible to calculate pH at the center of the tumor (void area in 
pHe map, Fig. 4c). Severe extracellular acidosis (pHe 6.2–6.3) 
was observed in other regions of the tumor. For the Hs766t 
tumor, some areas of low EPR signal intensity were also ob-
served (pHe 6.5–6.6). Notably, the areas with low pHe did not 
directly correlate with the EPR signal intensity, i.e., spin probe 
concentration, in this tumor type. In total, three mice bearing  
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Figure 3.  Progress of acidification in an SCC VII tumor-bearing mouse leg during tumor growth. (a) Photograph of the mouse leg fixed on 
a plastic holder and (b) 3D surface-rendered images of EPR signal measured at day 5 and day 8 after tumor implantation. The image matrix 
size was 48 × 48 × 48, field-of-view 25.0 mm × 25.0 mm × 25.0 mm. (c) and (d) T2-weighted proton MR anatomical images of the mouse 
leg in the sagittal plane, acquired at day 5 and 8, respectively, scaled and cropped to match the EPR images. (e, f) Representative slices of 
EPR signal intensity taken from the 3D data, and (g, h) corresponding maps of pHe. The white scale bar on the images corresponds to 5 
mm. (i) Representative histograms of voxel-wise pHe data measured on day 5 (red) and 8 (blue) for a single mouse. Box-and-whisker plots 
of (j) the tumor volume, (k) the median pHe, and (l) the acidic tumor volume (pHe < 7.0) for n = 7 mice. The circle in Fig. 4j represents an 
outlier. A two-tailed paired t-test was used to determine statistical significance P. 

MIA PaCa-2, two mice bearing SU.86.86, and two mice bear-
ing Hs766t tumors were scanned. In all cases, results similar to 
those presented in Fig. 4 were obtained. The mean values of 
the median pHe were 7.05 (MIA PaCa-2, n=3), 6.90 
(SU.86.86, n=2), and 6.91 (Hs766t, n=2). 

DISCUSSION 

The functional resolution of pH is an essential aspect of our 
method of pH mapping. Since the probe loses the sensitivity to 
pH at a pH value far from pKa, the trueness and the functional 
resolution of pH measurements depend on the pH value being 
measured. This sensitivity dependence in pH measurements 
using R-SG was previously reported.23,25 However, our EPR-
based pH mapping can provide its best pH resolution around 
pKa due to the characteristics of R-SG and dR-SG. Since pKa 
of R-SG at 37 ºC is 6.60 pH units, this probe can cover the 
biologically relevant range of pHe in normal tissues (close to 
7.4 pH units) and in acidic condition (below 7.0 pH units and 
even close to 6.0 pH units). 

The transient increase in the concentration of the radical in the 
blood during EPR acquisitions should not have any significant 
harmful effect on the animal. For in vivo 3D pH mapping, we 
used a rather high dosage of the spin probe (10 mg or 0.6 
mmol/kg body weight) injected intravenously. Assuming that 
mouse blood volume is approximately 1.5 mL, the peak con-
centration of the radical in the blood could reach ~10 mM. 

Using EPR imaging, we were able to generate 3D maps of 
extracellular pH and visualize the expansion of regions of aci-
dosis with tumor development (Fig. 3). Murine squamous cell 
carcinoma SCC VII is a well-documented fast-growing tu-
mor,28 and is known to exhibit some regions of severe hypoxia 
and localized alterations in cellular glucose metabolism.29 In 
previous EPR (1D) spectroscopy measurements, it was shown 
that the average pHe of SCC VII tumors gradually decreased 
over 11 days post-implantation.23 However, the spatial distri-
bution of pHe in tumors cannot be visualized by spectroscopic 
measurements. In all measured tumors, we observed a region 
of low EPR signal intensity. However, the T2-weighted MR 
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anatomical images revealed no clear structural peculiarities in 
the corresponding region (see Figs. 3d and 3f). Considering the 
intravenous route of dR-SG administration, the low EPR signal 
most likely indicates necrotic regions inside the tumor, as well 
as low vascular delivery, which may be due to a combination 
of necrosis, low angiogenesis, interstitial pressure, or other 
conditions. 

The temperature dependence of pKa is 0.017 pH units/ºC that 
is calculated from the reported pKa values at 23 and 37 ºC. 
This dependence is well below our functional resolution of pH 
measurements (0.078 pH units). Therefore a little change in 
body temperature during image scanning does not significantly 
affect our results of pH mapping. 

 

 

Figure 4.  Visualization of pHe in mouse legs bearing the human-
derived pancreatic ductal adenocarcinoma xenografts MIA PaCa-
2, SU.86.86, and Hs766t. (a) Representative T2-weighted MR 
anatomical images of tumor-bearing mouse legs in the sagittal 
plane, (b) corresponding slices of EPR signal intensity, and (c) 
maps of pHe. The matrix size of the EPR images was 48 × 48 × 
48, field-of-view 25.0 mm × 25.0 mm × 25.0 mm. MR images 
were scaled and cropped to match the corresponding EPR images. 
The white scale bar on the images corresponds to 5 mm. 

In addition to the temperature dependence, a probe concentra-
tion in extracellular space in tumors may have an impact on 
the resultant pHe values. For the accurate pHe measurements, it 
is essential to keep the probe concentration below the buffer 
capacity of the blood. To clarify this influence, the concentra-
tion of dR-SG in extracellular space should be quantitatively 
identified. This problem requires further consideration of ki-
netics and spatial distribution of the probe in a subject mouse 
as well as experimental verification of the extracellular probe 
concentration. 

No direct correlation between the signal intensity and pHe was 
observed (Fig. S5). The observed areas of extracellular acido-
sis were frequently located near the borders of weakly per-
fused tissue. This acidosis may be explained by the fact that 

tissue near the tumor periphery likely has better access to met-
abolic nutrients and thus a higher rate of glycolysis, while the 
cells deep inside the tumor may remain dormant. Interestingly, 
acidic pHe near the tumor peripheries was previously observed 
for rat gliomas measured by an MR spectroscopic imaging 
technique.30 

Our proposed EPR imaging method for pHe mapping also ena-
bled the visualization of differences in extracellular acidosis 
for three types of human-derived pancreatic ductal adenocarci-
noma xenografts. The human-derived cancer cells MIA PaCa-
2, SU.86.86, and Hs766t were previously studied for glucose 
metabolism and oxygenation.27 It was reported that the 
SU.86.86 tumor xenograft has high vascular density and a 
lower rate of pyruvate to lactate metabolic conversion in vivo 
than MIA PaCa-2 or Hs766t tumors.27 In contrast, in our 
measurements, a very low EPR signal was detected inside the 
SU.86.86 tumor. Because the spin probe was injected intrave-
nously and EPR measurements were performed within 10 
minutes of injection, we believe that the EPR signal intensity 
distribution reflects how well the tumor tissue is perfused by 
the blood. In this context, the obtained data suggest that 
SU.86.86 has relatively low blood supply. Furthermore, the 
SU.86.86 tumor demonstrated the strongest acidosis among all 
tumor xenografts. Some regions of low signal intensity and 
pronounced acidosis were also detected in the Hs766t tumor. 
In contrast, MIA PaCa-2 showed relatively high EPR signal 
throughout the whole tumor and exhibited only mild extracel-
lular acidosis. According to reference,27 the tumor cells of both 
MIA PaCa-2 and Hs766t have a high rate of proton production 
in vitro and rapidly convert pyruvate to lactate in vivo. Thus, 
the milder acidosis of MIA PaCa-2 tumors observed by EPR 
imaging in this study may be attributed to better perfusion of 
the tumor, faster proton removal by the blood and possibly 
more efficient mitochondrial respiration. 

CONCLUSION 

We demonstrated a method for EPR-based in vivo pH mapping 
of mouse tumors. The method is capable to quantitatively vis-
ualize the progress of tissue acidification during tumor growth 
and to distinguish different levels of extracellular acidosis in 
various tumor models. Monitoring of extracellular pH in vivo 
may offer a powerful tumor assessment tool for a variety of 
preclinical studies, in order to establish the metabolic profile of 
novel cancer tumor models and to develop new therapeutic 
strategies. 
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