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In vivo extracellular pH mapping of tumors using electron paramag-
netic resonance
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ABSTRACT: An electron paramagnetic resonance (EPR) based method for narérvaise-dimensional extracellular pH map-
ping was developed using a pH-sensitive nitroxyl radical as an exogenous paranpagheti€ast projection scanning with a con-
stant magnetic field sweep enabled the acquisition of four-diomas{3D spatial + 1D spectral) EPR images within 7.5 min.
Three-dimensional maps of pH were reconstructed by processing tepaiedent spectral information of the images. To demon-
strate the proposed method of pH mapping, the progress of ext@catiidosis in tumor-bearing mouse legs was studied. Fur-
thermore, extracellular pH mapping was used to visualize the spatial distribfiacidification in different tumor xenograft mouse
models of human-derived pancreatic ductal adenocarcinoma cellprdgesed EPR-based pH mapping method enabled quantita-
tive visualization of changes in extracellular pH due to alteredumor metabolism.




Glucose metabolism is altered in cancer cedisd extracellu-  EPR instrumentation have been reported previolislyin brief, a
lar acidosis due to metabolic changes is a hallmark of tumorPermanent magnet of 27 mT was used with three pdigradient
microenvironment. Since low extracellular pH (p affects coils and a pair qf field scanning coils. A muIOHcparaIIeI-ggp reso-
tumor progression and susceptibility to chemothe?agxtra- nator (22 mm diameter, 30 mm length) and a refieetype RF

bridge were used for EPR detectiSi?

cellular acidosis has received considerable attention from on+ ' = pH mapping. The pH-sensitive nitroxyl radical R-SG, 2 mM,

cology clinicians and researchers. In light of this, accurate in\yas gissolved in phosphate-buffered saline (PBB)ed radical solu-
vivo monitoring of pH is undoubtedly desirable for the study tions with pH 6.60, 6.80, and 7.00 were prepareddsjing the neces-
of cancer pathology and the development of new therapeutiGary amount of HCI. The solution pH was measurégus pH meter
strategies. Several methods for imaging pH in tumor tissues(pH1500, Eutech Instruments, Singapore, accuray0s pH units)
have been developédsuch as fluorescence-based pH map- equipped with a glass electrode (InLab Semi-Midviettler Toledo,
ping? 3'P-nuclear magnetic resonance (NMR)chemical Columbus, OH). The pH meter was calibrated witinaizad pH buff-
exchange saturation transfer magnetic resonance imagin€’_Solutions [ECBU4BT (pH=4.01), ECBU7BT (pH=7.00gnd
(CEST-MRI)® MRI of hyperpolarized®C-labeled bicarbonate ECBU10BT (pH=10.01), Thermo Fisher Scientific, In8ingapore].

d ! i@ and t lect doubl This calibration process ensured that the prepaadictal solutions
and zymonic acid, ” and proton-electron doublé resonance ., 4 pe pH-references with the accuracy of thempter.

imaging (PEDRI}:*? However, as yet there is no gold stand- The solutions were placed into flame-sealed gasss with 5.3 mm
ard for non-invasive pHmnapping of tumors in a preclinical or  inner diameter. In each case, the approximate velafiradical solu-
clinical setting. tion was 0.7 mL. The tubes were placed in a plastider made of

While electron paramagnetic r nan EPR) h revi pross-linked polystyrene, Rexolite 1422 (C-Lec Btasinc., Phila-
e elect on paramag e.t_c esonance ( -) as previous %elphia, PA) and transferred to the resonator ef I60-MHz CW-
been used with a pH-sensitive spin probe for in vivo measure-

ts of pH i Il animatd2 ext . f th t EPR imager. The following measurement settings weeduor EPR
ments of pA In small animais,™ extension of those Spectro- image acquisition: scan time 0.1 s, scanning mégfietd 9.0 mT,

scopic measurements to thrge-dlmep5|onal (3D) PH MappiNgnagnetic field modulation 0.2 mT, modulation fregag 90 kHz,
in animal models using EPR is practically challenging. A ma- |ock-in amplifier time-constant 100s, number of data points 2048
jor challenge of EPR-based 3D pH mapping is the longer ac-per scan, and incident RF power 2.2 mW. All EPR gutipns were
quisition time associated with four-dimensional (4D) EPR recorded with a constant sweep of the magnetid fiehcrementally-
imaging that comprises 3D spatial and one-dimensional (1D)ramped field gradients were used for EPR image iaitoun. The
spectral data. Acquisition of a sufficient number of EPR spec-Projections were acquired at 15 x 15 x 15 fielddgzats for the X-
tral projections for adequate reconstruction is a criticalasbs Y- and Z-directions (total of 3375 projectionshel maximum field
cle in 3D pH mapping. Moreover, precise reconstruction of gradient for each direction was 70 mT/m. The tetajuisition time

: X 7.5 min. The pH ing of th dical sohgi -
EPR spectra at the level of each voxel is essential for pH map}’;?;ed atr?g;m teemgeraTuigp(gg OOC)_ ree radical Soiiwas per

plng.WIth. reasonable accuracy less than 0.1 pH units. This| vivo pH mapping. For in vivo pH mapping of tumor-bearing
requires improvement of existing technlques for estimation of mouse legs, the pH-sensitive nitroxyl radical dR\B& dissolved in
pH from EPR spectral lineshapes, in conjunction with a robustpure water (to make a concentration of 100 mM), #edsolution pH
4D image reconstruction. was adjusted to 7.4 by the addition of NaOH. Miaevanesthetized

. P by inhalation of 1.52.0% isoflurane and the tail vein was cannulated.
In th|§ work, we report an E.PR_based method for in VIVO 3D Mice were then placed on a plastic holder madeedfditte 1422 and
mapping of (_axtracellular pl—! In Mouse tumor models. This WaS transferred to the CW-EPR imager with the tumorripgaleg posi-
achieved using a home-built continuous-wave (CW)-EPR im- tioned at the center of the resonator. The mously temperature and

ager capable of fast projection scannifdj,in combination respiration rate were continuously monitored usingmall animal
with a pH-sensitive nitroxyl probe. The probe was specifically monitoring and gating system (model 1030, SA Insgats, Inc.,
designed for extracellular pH measurements in‘viemd is Stony Brook, NY). Body temperature was maintaine@@to 37°C
highly water soluble and non-toxic. The in vivo lifetime is by feedback-regulated heated airflow. During th&Efeasurements,
sufficiently long (~20 min) to perform a 4D EPR acquisition. isoflurane anesthesia was maln_talned a%:l]_.E%. The QR-SG radical
Four-dimensional EPR images were reconstructed using art0 M. 0-6 mmol/kg body weight) was intravenousiiected as a

. . . : . . . . bolus over 30 s through the tail vein catheter. @umodel mice were
optimized iterative reconstruction algoritfin conjunction weighed at 22 to 24 g at the experiments. EPR aitiui was started

with a novel procedure for the fitting of spectral data to im- o minutes after the injection. The EPR settingsifnaging of tu-
prove reconstruction convergence to a stable solution. By thismor-bearing mice were the same as those for imatiegsolution
method, low-noise EPR images could be obtained even forsamples, except for incident RF power, 11.5 mW, rtatihn ampli-
acquired projections with a relatively low sigrelnoise ratio. tude, 0.15 mT, and lock-in amplifier time consta&@,us. All experi-
We demonstrated the proposed method of 3Dmkpping by ments were performed under the ‘Law for The Care and Welfare of
measuring the progress of extracellular acidosis in tumor-Animals in Japan' and were approved by the AnimegpeEiment
bearing mouse legs. Furthermore, different spatial distribu- Committee of Hokkaido University (approval no. 1520).

tions of acidification were visualized for several differant t | Mage reconstruction and spectral data fitting. Four-dimensional

mor xenoaraft mouse models using human-derived pancreati spectral-spatial EPR images were reconstructednbglgebraic re-
canc)ér ce?ls u using hu ved p '%onstruction technique (ART), with spectral dattirfg at each itera-

tion. All computations were performed on an Appiéac computer
(Mid 2010, Intel Core i3, 3 GHz). The reconstruntiprocedure was
EXPERIMENTAL SECTION implemented in MATLAB (MathWorks, Natick, MA) withreART
algorithm written in C-language for speed and cdetpias a
carboxybutanamido)-3-(carboxymethylamino)-3- MATLAB-executable (MEX) function. Full details ohé reconstruc-
oxoproylthio)methyl)phenyl)-4-pyrrolidino-2,5,5-¢thyl-2,5- tion algorithm were reported previougly4D EPR images were re-
dihydro-l H-imidazol-1-oxyl (R-SG, Fig. 1A, X = H; Y=CH and its constructed to a matrix size of 768 x 48 x 48 >p6ihts, correspond-
deuterium-enriched analog (dR-éG #ig 1A X = D=0 (1/3): ing to a spectral window of 6.75 mT and fiefiview of 25 mm x 25
CDs (2/3)) were synthesized as previ’ousl)./ re[;ollﬂe’d. ' ' mm x 33.3mm for the pH phantom, and to a matrix size of 7688x
EPR imager. A home-built CW-EPR spectrometer/imager operating 4;,(;3 x48. points, corresponding to a spectra! W”.]dow of GrgBand
at 750 MHz was used for spectroscopy and imagiretails of the field-of-view of 25 mm x 25 mm x 2fm for in vivo tumor-bearing
mouse legsAfter each ART iteration, the spatial data were sthed
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Chemicals. The pH-sensitive nitroxyl radical 2-(42-(4-amino-4-



using a 3D Gaussian filter with a standard dewiatid 0.8 pixels
(corresponding to the full-width at half maximum/FM) of 1 mm).
This Gaussian filter does not necessarily affeetgpatial resolution
when the FWHM of the Gaussian filter is sufficientgss than the
spatial resolution of the mapping method that isnigagoverned by
the peakto-peak linewidth of the probe and the applied maigrfetid
gradient.

For the fitting of spectral data, two calibratictsof EPR spectra for
R-SG and dR-SG radicals were recorded over a pbleraf 3 to 10,
with an interval of 0.2 pH units around the pkalue (Fig. S1). Since
one of the calibration sets of EPR spectra was tisedhe corre-
sponding probe in pH mapping, deuteration of thebprdoes not
affect the hyperfine splitting and a process of ggtimation. Whié
the hyperfine splitting structure of both probestasble in the range of
room temperature to 37 °C, dR-SG has narrower peakak EPR
absorption peaks than R-S&22 The spectral data of the images
were fitted by a linear combination of the spedtcan a correspond-
ing calibration set. To fit the spectral data of PR image and gen-
erate the pH map, first, an averaged EPR spectamthe whole
sample was calculated by summing the spectral oatae image.
The central line of the averaged spectrum wasdfittéth a Voigt
profile to calculate its position on the spectrabainate. Note, the
central line of the R-SG and dR-SG spectra doesmahge with pH,
and its position solely depends on the loadinghef EPR resonator
and the spectrometer settings. Using the calculptesition of the
central EPR line, the spectra from the calibraen (Fig. S1) were
shifted to the correct field position by multipltzan with a corre-
sponding phase multiplier in the Fourier domai

DFT] B,(# +DH) |= ¢ *™™DFT] B(H)], (1)
where DFT is the discrete Fourier transform, i spactrum from the
calibration set, H is the magnetic fieldH is the difference in the
magnetic field for the averaged image spectrumthadspectra from
the calibration set is the Fourier domain frequency variable.
Then, for each voxel of the 4D EPR image, the spectfrom the
calibration setBi which best describes the observed spectiEmvas
determined by solving the equation for the lineaefticient, ¢, and
finding the minimum of the residual sum of squaRSS, defined as
follows:

c.=——, (2)

B, xE
" BB,

i
i

RSS = E- cB,

- (9

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

Ex»a B +aB +a, B, 4)

L

Finally, the pH value of the voxel was calculateta@ding to the
formula:

2a[R],
Zai[RH*l '

pH=pK, +log,, )

where RH*]i and [R] are the known concentrations of protonated and

unprotonated forms of the radical for each pardicehlibration solu-
tion. The pk for the R-SG and dR-SG radical was 6.84 at 23ri€ a

6.60 at 37 °G! Since in vitro pH mapping was performed at room

temperature (25 °C), we set p&t 6.80 pH units. Since th@idence
in which the temperature does not affect the hyperéplitting con-
stants of R-SG and dR-SG was previously repdftétf>we did not

take a shift in the hyperfine splitting constamtiaccount for differ-
ent temperatures in our study.

In this approach, the method for solving the linequations (eq. 4)
was employed to obtain the approximation of the levtspectral line-
shape at each voxel. Our method is close to theegirof the match-
ing pursuit algorithm for obtaining an approximatiof the whole
spectral line-shape. While an apparent hyperfinitisgl constant for
three-line EPR absorption peaks was measured &mdiete pH val-
ues in our previously reported wotkit 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 thevidth at half
maximum (FWHM) of the normal curve that reflects tirebability
density of pH values at each voxel:

FWHM = 2SD,[2log,2 =2.355D, (6)

where SD is the standard deviation of measured pH valuesaah
voxel and e is Napier's constant. In this estinmtive assumed the
normal distribution for pH values at each voxeltekfcomputing SDs

of pH values in each solution contained in thréees) FWHMs were
obtained for corresponding solutions. In our expernts, we defined

the functional resolution of pH measurements asniean of three
FWHMs. This functional resolution corresponds to “precision” that is
defined as the closeness of agreement between piésvat each
voxel. Moreover, the trueness of pH measuremenssdeéined as the
closeness of agreement between the average vatamexd from pH
values at each voxel and a reference value, which known pH
value of a sample solution in our case. This trgenie generally
called “accuracy” in common technical definition. In this study, we
defined the trueness of pH measurements for thaeeples as the
mean of the differences between the average pHesadti each tube
obtained by EPR-based pH mapping and the referphtevalues
(6.60, 6.80, and 7.00 pH units) measured by a cacialgopH meter
mentioned above.

Magnetic resonance imaging. MRI was performed on a home-built
1.5 T permanent magnet system, using a home-#iithouse body

coil and a dedicated spectrometer (MR Solutionsild&urd, UK).

The same mouse bed was used for both EPR and M&igore ap-
proximately equivalent scan positioning and faafétimage registra-
tion. A 2D Tz-weighted fast spin echo sequence was used foomnat

ical imaging of the tumor-bearing leg. Sequence patars were as
follows: field-of-view (FOV) 32 mm x 32 mm; 128 x 128 in-plane
matrix; 32 slices of thickness 2 mm, overlap 1mmhdarepetition

time (TE/TR) 68/4876 ms; echo train 8; number ofrages 3; scan
time ~4 min. 2D scans were acquired in all threg¢a@ngcal planes to
permit reconstruction of arbitrary slices for aaterspatial compari-

son with the 3D EPR imaging data. Tumor volume wsaluated

from MRI by selecting the tumor region on sagifédne images.
Statistical analysis. To compare the mean values of the medi-
an pH of tumor-bearing mice, a two-tailed paired t-tesswa
used. The sample size of tumor-bearing mice (n = 7) was se-
lected based on previously reported.dta of SCC VII tu-
mor-bearing micé® in which the change in the mean {idr

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 | errora = 0.05 and Type Il errgf = 0.2 for pH meas-
urements yielded a required sample size ¥fFor the animal
study of pH 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. la for the structure) as a spin probe for pH measure-
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ments by EPRY%2% This radical probe shows a pH-dependent spatial resolution of an EPR imaging experiment depends on
EPR spectrum with different hyperfine splitting constants for the width of the spectral line and the applied magnetic field
protonated and unprotonated forms as shown in Fig. 1b (alscgradient. The gradient is typically limited by the sigtwl-

see Supporting Information Fig. S1 for EPR spectra at variousnoise ratio of acquired EPR projections. In our case, the max-

pH values). The pKvalue of the radical is 6.6 at 3T which imum gradient of the magnetic field was 70 mT/m, and the
is suitable for pH measurements in the normal physiological peakto-peak linewidth of the R-SG probe was 0.21 mT. Thus,
range and slightly acidic conditions. the spatial resolution can be estimated as linewidth/gradient =
a 3 mm, which accurately repeats the Gaussian fitting result
O O given above.
N 5G N, M = Extracellular acidosis during tumor growth. In vivo EPR-
szcfw +H* szcflj(g based pH mapping was demonstrated using tumor-bearing
HaCX:C™ N "CoXe ~_ 5 HOGeT WG mice. The progress of acidification in murine squamous cell
® o* carcinoma (SCC VII) cells implanted into the right hind legs
R-SG: X=H; Y=CH;  dR-SG: X=D; Y=CHj (1/3); CDj (2/3) of mice was monitored. (Full details of animal preparation are
b 1.0 b

(arbitrary units)
: o
=]

EPR signal intensity

-2 -1 0 1 2
Magnetic field offset (mT)

Figure 1. pH-sensitive radical probe and its EPR spea.
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 nreasu

at 750 MHz in alkaline (pH = 10, blue line) and acidic (pB,=

red line) solutions. SG stands for glutathione residue.,Nbé&e
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 &

surface-rendered image of the EPR signal distribution that

accurately reflects the geometry of the solution phantom. Figs € pH 6.60

2c and 2d show corresponding maps of the EPR signal intensi e e

ty and pH for the cross-sectional slice shown at the center o' = eoof- ,, 600 ,, 600

Fig. 2b, respectively. Fig. 2e shows the histograms of pH val- £ , 1 € sl € 00k

ues for each of the three tubes. The measured pH values wel 3 S 3

6.591 + 0.@5, 6.839 + 0.035 and 720 + 0.039 (mean + 200~ 2001~ 200~

standard deviation), which well reproduced the real pH values. bty EEEY TR oLl

Here the standard error of the mean for a solution (7.00 pH woam el g -

units) was 0.0006, because of sample size n = 4923 (voxels).

Therefore we expressed the mean and the standard deviatiogigyre 2. Three-dimensional visualization and EPR chaizate

of pH values to three decimal places. From the calculatedijon of a pH phantom. (a) Photograph of the phantom sample,
standard deviations above, functional resolution (also calledconsisting of three flame-sealed glass tubes (inner dianed
precision) of pH measurements was estimated to be 0.078 phnm, volume ~0.7 mL) placed in a plastic holder (Scalenm.
units according to its definition in the Experimental Section. The tubes were filled with 2 mM solutions of R-SG in PBish

The trueness of pH measurements was also estimated to beH values adjusted to 6.60, 6.80, and 7.00. (b) 3D surface-
0.026 pH units. This trueness (accuracy) was within the preci-rendered image of EPR signal intensity calculated @itB5%
sion of a commercial pH-meter we used. threshold: image matrix size 48 x 48 x 64, field-of-view 2610

x 25.0 mm x 33.3 mm. (c) EPR signal intensity distributamg

Using a phantom with three solution samples (Fig. 2), we ) > -
i q q .~ (d) map of pH for the central slice of the 3D image (indicéted
demonstrated the capability of spectral-spatial EPR |mag|ng((jgshe£"ne2 in (b)), shown with|a35% threshlol d%f é:g : it

for 3D spatially-resolved pH measurements with a functional ; ;

. . e . .~ ty and pH, respectively. (e) Histograms of pH for each offihee
res_oluthn Of about (.)'078 pH ur_nts. By fl_ttlng the S'gf?a' distri- tubes. The measured pH values were 6.591 + 0.025, 6.839 + 0.035
butions in Fig. 2c with a Gaussian function, the spatial resolu-5,4 7 029 + 0.039 (mean + standard deviation).
tion of pH maps was determined as 3 mm. In practice, the



given in Supporting Information.) To increase the sensitivity n=7). Moreover, the means of acidic tumor volumes. (gH

of EPR measurements and achieve a better spatial resolutior?.0) on day 5 and 8 were 0.14 %and 0.38 cr) respectively

the deuterated radical dR-SG (Fig. 1a) was used for in vivo pH(two-tailed paired t-test, P=0.007, n=7).

mapping. The deuterated radical dR-SG has an EPR linewidtttpree-dimensional pH mapping was successfully performed
of about 0.12 mT. However, the projections were recordedyyithin 7.5 min for a living mouse using a single bolus injec-
with a modulation amplitude of 0.15 mT (rather than 0.2 mT) tion of dR-SG, as shown in Fig. 3. EPR signal kinetics of the
to achieve a better signal-noise ratio. Therefore, we esti- R_SG spin probe measured in vivo in mouse tumors on day 5
mate that the spatial resolution of the in vivo measurementsynq g after implantation of SCC VII cells are provided in Sup-
was ~2 mm. In addition, an in vitro cytotoxicity test for R-SG porting Information (Fig. S3). On both occasions, the EPR
(see Supporting Information, Fig. S2) showed that 56% of signal kinetics were comparable; signal appeared immediately
HeLa cells survived when incubated with 10 mM R-SG for 4 after the intravenous injection of the probe, reached a maxi-
days. mum after about 2 minutes and then gradually declined. The
Fig. 3a shows a photograph of the leg of an SCC VII tumor-intensity of EPR signal was approximately 80% of its maxi-
bearing mouse placed on a plastic holder for EPR measuremum 10 minutes after probe injection (Fig. S3). The 4D spec-
ments. The dashed lines indicate the region visualized by EPFral-spatial EPR imaging acquisition was thus designed to ac-
imaging. Fig. 3b shows surface-rendered EPR images of thequire 3375 projections between 2 and 9.5 minutes post injec-
leg (and part of the tail) of a mouse measured at 5 and 8 daytion of the probe. The primary route of radical removal from
after tumor implantation. Figs. 3c and 3d shoywwEighted the animal is likely its reduction to the corresponding hydrox-
anatomical MR images for the sagittal plane on day 5 and 8ylamine, followed by renal excretion. Supporting this hypoth-
respectively. The corresponding maps of the EPR signal intenesis, a high concentration of the reduced form of dR-SG was
sity are given in Figs. 3e and 3f. The positions of the maps aredetected in the mouse urine after the experiments (see Fig.
shown in Fig. 3b with dashed lines. Both MR and EPR imagesS4). The dependence of the measured p&lue on the signal
demonstrated enlargement of the tumor over time. Also, theintensity is provided in Supporting Information (Fig. S5). The
EPR images revealed a low-signal-intensity area in thiece relation between the signal intensity and.pi the 3D data

of the tumor that presumably appeared due to insufficient de-had no correlation.

Iiyery of the spin probe to the (elativgly poorly perqued tumor pH mapping of tumor xenograft mouse models. The pro-
tissue. The size of the Iow-!ntensny area significantly in- posed method of 3D pHnapping for detection of extracellu-
creased on day 8 compared with day 5. lar acidosis was further validated using three types mibitu
Extracellular pH was visualized for the tumor-bearing leg in xenograft mouse models. We used the human-derived pancre-
3D. Figs. 3g (day 5) and 3h (day 8) present the maps ofipH atic ductal adenocarcinoma cells MIA PaCa-2, SU.86.86, and
the sagittal plane corresponding to the EPR signal intensityHs766t. (Full details of animal preparation are given in Sup-
maps in Figs. 3e and 3f. Masks generated from MR anatomicaporting Information.) It was previously shown that these tumo
images were applied to remove pH data outside the leg. Thdypes exhibit different levels of oxygenation and pyruvate
maps of pH obtained on day 5 revealed some regions in metabolism by EPR and hyperpolarizé®C MRI.?" Fig. 4a
which pH decreased to approximately 6.6, while most of the shows sagittal Fweighted MR anatomical images of tumor-
leg had pH above 7.0. Regions of acidosis became significantbearing mouse legs with MIA Ba2, SU.86.86, and Hs766t

ly larger on day 8. To quantitatively characterize the change intumor xenografts. All three tumors were similar in size on the
tumor acidification, a 3D region of interest (ROI) that included day of the measurements; ROI volumes were 1.09, 1.11, and
the whole thigh muscle and the tumor graft was defined by0.99 cni for MIA PaCa2, SU.86.86, and Hs766t tumors, re-
selecting ROIs in all 2D slices of sagittal MR images (red spectively. Corresponding maps of the EPR signal intensity
lines in Figs. 3c, 3d. and pH are shown in Figs. 4b and 4c. For the MIA P&Ca-

Quantitative analysis of pHiata is presented in Figs. 3i to 3I. tumor xenograft, the EPR signal intensity was relatively ho-
Fig. 3i shows the representative histograms of geda for the ~ Mogeneous, indicating a uniform distribution of the spin probe
mouse shown in Fig. 3. The overlaid histograms show that theénside the tumor. The observed gH all regions of the tmor
distribution of pH was slightly shifted to lower pH on day 8. Was above 6.8. In contrast, the SU.86.86 tumor xenograft ex-
To confirm the reduction in pHbf SCC VII tumors, we meas-  hibited a large area of low or no EPR signal, making it impos-
ured seven tumor-bearing mice in total on day 5 and 8. TheSible to calculate pH at the center of the tumor (void area in
tumor volumes, median pHvalues and acidic tumor volumes PHe Map, Fig. 4c). Severe extracellular acidosis.(fl2-6.3)

(PHe < 7.0) for seven mice are summarized in Figs. 3j to 3|, Was observed in other regions of the tumor. For the Hs766t
The mean tumor volumes on day 5 and 8 were 0.70acith tumar, some areas of low EPR signal intensity were also ob-
0.97 cm, respectively (two-tailed paired t-test, P = 0.002, S€rved (pH6.5-6.6). Notably, the areas with low pidid not
n=7). The means of the medianpoh day 5 and 8 were 7.11 directly correlate with the EPR signal intensity, i.e., spin probe
and 7.04, respectively (two-tailed paired t-test, P = 0.025,concentration, in this tumor type. In total, three mice bearing



14r P =0.002

A —
§ 121 I
‘s 10
=T
S 06 -
G 04
g 02
0.0 1 |
Day5 Day38
I P =0.007
= — = | — |
8 P=0.025 e - I
o S 05}
o 72 I~ o I
T | 5 0.4_—
8 71F £ 03F
g 70} é g %2r l
i 501}
6.9 ! ] < 00 [ 1 ]
Day5 Day8 Day5 Day8

Figure 3. Progress of acidification in an SCC VII tumor-bearing mdegaluring tumor growth. (a) Photograph of the mouse leg fixed on
a plastic holder and (b) 3D surface-rendered images ofsifPRl measured at day 5 and day 8 after tumor ingilant The image matrix
size was 48 x 48 x 48, field-of-view 25.0 mm x 25.0 mm X 23m. (c) and (d) Fweighted proton MR anatomical images of the mouse
leg in the sagittal plane, acquired at day 5 and 8, resplgtscaled and cropped to match the EPR images. (epfestatative slices of
EPR signal intensity taken from the 3D data, and (gphesponding maps of pHThe white scale bar on the images corresponds to 5
mm. (i) Representative histograms of voxel-wise géta measured on day 5 (red) and 8 (blue) for a singleemBaosand-whisker plots

of (j) the tumor volume, (k) the median gtdnd (l) the acidic tumor volume (pK 7.0) for n = 7 mice. The circle in Fig. 4j repretsesn
outlier. A two-tailed paired t-test was used to determiatistical significance P.

MIA PaCa-2, two mice bearing SU.86.86, and two mice bear-The transient increase in the concentration of the radical in the
ing Hs766t tumors were scanned. In all cases, results similar tblood during EPR acquisitions should not have any significant
those presented in Fig. 4 were obtained. The mean values dfarmful effect on the animal. For in vivo 3D pH mapping, we

the median pH were 7.05 (MIA PaCa-2, n=3), 6.90 used a rather high dosage of the spin probe (10 mg or 0.6

(SU.86.86, n=2), and 6.91 (Hs766t, n=2). mmol/kg body weight) injected intravenously. Assuming that
mouse blood volume is approximately 1.5 mL, the peak con-
DISCUSSION centration of the radical in the blood could reach ~10 mM.

The functional resolution of pH is an essential aspect of outUsing EPR imaging, we were able to generate 3D maps of
method of pH mapping. Since the probe loses the sensitivity t@xtracellular pH and visualize the expansion of regions of aci-
pH at a pH value far from pKthe trueness and the functional dosis with tumor development (Fig. 3). Murine squamous cell
resolution of pH measurements depend on the pH value beingarcinoma SCC VIl is a well-documented fast-growing tu-
measured. This sensitivity dependence in pH measurement®or?® and is known to exhibit some regions of severe hypoxia
using R-SG was previously reportd® However, our EPR- and localized alterations in cellular glucose metabotfsin.
based pH mapping can provide its best pH resolution aroungrevious EPR (1D) spectroscopy measurements, it was shown
pKa due to the characteristics of R-SG and dR-SG. Singe pKthat the average ptbf SCC VII tumors gradually decreased

of R-SG at 37 °C is 6.60 pH units, this probe can cover theover 11 days post-implantatihHowever, the spatial distri-
biologically relevant range of pHn normal tissues (close to bution of pH in tumors cannot be visualized by spectroscopic
7.4 pH units) and in acidic condition (below 7.0 pH units and measurements. In all measured tumors, we observed a region
even close to 6.0 pH units). of low EPR signal intensity. However, the-Weighted MR
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anatomical images revealed no clear structural pecidiiiri tissue near the tumor periphery likely has better accesstto me
the corresponding region (see Figs. 3d and 3f). Considering thabolic nutrients and thus a higher rate of glycolysis, while the
intravenous route of dR-SG administration, the low EPR signalkells deep inside the tumor may remain dormant. Interestingly,
most likely indicates necrotic regions inside the tumor, as wellacidic pH near the tumor peripheries was previously observed
as low vascular delivery, which may be due to a combinationfor rat gliomas measured by an MR spectroscopic imaging
of necrosis, low angiogenesis, interstitial pressure, or othetechnique®

conditions. Our proposed EPR imaging method for.phpping also ena-
The temperature dependence of;[#0.017 pH units/°C that bled the visualization of differences in extracellular acidosis
is calculated from the reported pKalues at 23 and 37 °C. for three types of human-derived pancreatic ductal adenocarci-
This dependence is well below our functional resolution of pHnoma xenografts. The human-derived cancer cells MIA PaCa-
measurements (0.078 pH units). Therefore a little change ir2, SU.86.86, and Hs766t were previously studied for glucose
body temperature during image scanning does not significantlymetabolism and oxygenatiéh. It was reported that the
affect our results of pH mapping. 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 tumofs.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 referen€ethe 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.

MIA PaCa-2 SU.86.86 Hs766t

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
Figure 4 Visualization of pH in mouse legs bearing the human- ano_l to distinguish different _Iev_e-ls of extracellular acio_losi; in
derived pancreatic ductal adenocarcinoma xenografts MIA PaCa¥arious tumor models. Monitoring of extracellular pH in vivo
2, SU.86.86, and Hs766t. (a) Representativevdighted MR ~ May offer a powerful tumor assessment tool for a variety of
anatomical images of tumor-bearing mouse legs in thetaagit preclinical studies, in order to establish the metabolic profile of
plane, (b) corresponding slices of EPR signal intensity, (@hd  novel cancer tumor models and to develop new therapeutic
maps of pH The matrix size of the EPR images was 48 x 48 x strategies.

48, field-of-view 25.0 mm x 25.0 mm x 25.0 mm. MR images

were scaled and cropped to match the corresponding EPR imageASSOCIATED CONTENT

The white scale bar on the images corresponds to 5 mm.
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In addition to the temperature dependence, a probe concentra- ) . .
tion in extracellular space in tumors may have an impact onl "€ Supporting Information is available free of charge on the
the resultant pkivalues. For the accurate pheasurements, it ~'CS Publications website.

is essential to keep the probe concentration below the buffe
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