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INTRODUCTION: 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 

1. KEYWORDS: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Prostate cancer has a heterogeneous disease course. Distinguishing between the different 
phenotypes of prostate cancer is an important problem for clinical oncologists. Non-invasive 
biomarkers that would not only characterize prostate cancer aggressiveness but also predict 
response to therapy would be of enormous benefit to patients. One potential prognostic imaging 
biomarker is acidic interstitial pH, which has been shown to be associated with local invasion and 
metastases in a variety of cancers. The central hypothesis of this proposal is that low interstitial pH 
is strongly correlated with both tumoral lactate generation and tumor aggressiveness. We propose 
to investigate, using hyperpolarized (HP) 13C magnetic resonance spectroscopy (MRS), the 
relationship of lactate export to extracellular matrix acidification, establish pH as a critical 
determinant of cancer aggressiveness and use new HP platforms to target tumor acidity with the 
long-term aim to develop new clinically-translatable HP imaging approaches. The Specific aim 1 is 
to develop new classes of HP 13C agents for probing interstitial pH. The Specific Aim 2 is to 
validate the efficiency of the new HP 13C agents for MRI. The Specific aim 3 is to investigate the 
relationship between HP lactate generation and acidic interstitial pH. We will correlate HP pH 
maps to lactate generation and efflux and show grade-dependent changes in tumoral acidity. 
 

Prostate cancer 
Hyperpolarization 
Magnetic resonance imaging 
Isotopic labeling 
Interstitial pH 
Acidic microenvironment 
Carbon-13 
Deuterium 
N-(2-Acetamido)-2-aminoethanesulfonic acid (ACES) 
Diethylmalonic acid (DEMA) 
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2. ACCOMPLISHMENTS: 
 
What were the major goals of the project? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Specific Aim 1: Develop new classes of HP 13C agents for probing interstitial pH 
• Subtask 1: Optimize HP ACES as a chemical-shift dependent 13C imaging agent 

 Target date: February 1, 2018 
  Completion date: - 
  Percentage of completion: 70% 

• Subtask 2: Develop dicarboxylate sensors as pH-sensitive HP imaging probes 
 Target date: February 1, 2018 
  Completion date: August 31, 2018 
  Percentage of completion: 100% 

• Milestone(s) Achieved: Synthesis and 13C,2H labeling of HP 13C agents 
 Target date: February 1, 2018 
 Completion date: - 
 Percentage of completion: 90% 
  
Specific Aim 2: Validate these new HP 13C agents in vivo using a gold standard (31P-APP) 

• Subtask 1: Validate chemical shift-based pH imaging methods using 31P-APP 
 Target date: August 1, 2018 
  Completion date: - 
  Percentage of completion: 0% 

• Subtask 2: Demonstrate HP probe response to simple modulations of tumoral pH 
 Target date: August 1, 2019 
  Completion date: - 
  Percentage of completion: 50% 

• Milestone(s) Achieved: Imaging and in vivo studies on [13C,2H] ACES and [1-13C, 2H10] 
DEMA 

 Target date: August 1, 2019 
 Completion date: - 
 Percentage of completion: 25% 
 
Specific Aim 3: Investigate the relationship between HP lactate generation and acidic interstitial 
pH 

• Subtask 1: Correlate HP pH maps to lactate generation and efflux 
 Target date: August 1, 2019 
  Completion date: - 
  Percentage of completion: 0% 

• Subtask 2: Show grade-dependent changes in tumoral acidity 
 Target date: August 1, 2019 
  Completion date: - 
  Percentage of completion: 0% 

• Milestone(s) Achieved: Rigorously investigate the precise mechanism implying lactate 
export and low interstitial pH 

 Target date: August 1, 2019 
 Completion date: - 
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What was accomplished under these goals? 

Specific Aim 1: Develop new classes of HP 13C agents for probing interstitial pH 
• Subtask 1: Optimize HP ACES as a chemical-shift dependent 13C imaging agent. 

Our group previously demonstrated that hyperpolarized [13C,15N] ACES could be used to determine pH 
using 13C magnetic resonance spectroscopy [1]. Indeed this probe was applied to pH measurement in an 
NMR spectrometer and in a chemical shift imaging experiment on a clinical 3 T MRI scanner. 
However, with a relaxation time T1 (or hyperpolarized lifetime in solution, which is a major limitation 
in hyperpolarized 13C magnetic resonance spectroscopy) of 18 seconds at 11.7 T and 25 seconds at 3 T, 
ACES represents an interesting candidate for pH imaging via HP 13C MRS but needs to be improved. 
One approach to increase T1 is the substitution of 1H with 2H (or D) atom. In April 2018, we reported a 
robust and selective late-stage deuteration methodology and applied it to 13C-enriched amino and alpha 
hydroxy acids to increase spin–lattice relaxation constant T1 for hyperpolarized 13C magnetic resonance 
imaging. This methodology was based on the regioselective deuteration, at the α-position of aliphatic 
alcohols and sugars, developed by Sajiki et al., and the use of ruthenium on carbon [2]. For the five 
substrates with 13C-labeling on the C1-position ([1-13C]alanine, [1-13C]serine, [1-13C]lactate, [1-
13C]glycine, and [1-13C]valine), significant increase of their T1 was observed at 3 T with deuterium 
labeling (+26%, +22%, +16%, +25% and +29%, respectively). Remarkably, in the case of [2-
13C]alanine, [2-13C]serine and [2-13C]lactate, deuterium labeling led to a greater than four fold increase 
in T1. [1-13C,2-2H]alanine, produced using this method, was applied to in vitro enzyme assays with 
alanine aminotransferase, demonstrating a kinetic isotope effect [3, attached article in Appendix 1]. 

As shown in the scheme 1 of Appendix 2, [1-13C,2-2H2]glycine was a building block in the synthetic 
strategy of [15N,13C,2H4]ACES 2. As we showed an increase of +25% of its T1 compared to [1-
13C]glycine 3, which is a building block of the non deuterium-labelled [15N,13C]ACES 1, we are 
confident that deuterium labelling of [15N,13C]ACES will improve its T1. The three first synthetic steps 
of [15N,13C]ACES 1 (BOC-protection, amide formation and BOC-deprotection) led to the key 
intermediate 6 with satisfying chemical yields (scheme 1b of Appendix 2). Unfortunately, the last step 
(nucleophilic substitution) resulted in the formation of the desired [15N,13C]ACES 1 with a low 
chemical yield. We think that the pH of the reaction, which must remain constant, is a key parameter 
for this reaction to succeed. Moreover, The purification step by crystallization represents also a 
challenge: a major quantity of the target compound stay solubilized which leads to the low chemical 
yield. New attempts to improve the yield of this reaction were under investigation in our laboratory 
until the target date (February 1, 2018) but they were not successful. This step represents the only 
challenge of our approach in the synthesis of [15N,13C,2H4]ACES 2. Indeed, we already checked the 
feasibility of deuterium labeling on [15N,13C]ACES 1: the target molecule was obtained with high 
chemical yield (89%) and isotopic enrichment (99% on the α-position of 13C). 

• Subtask 2: Develop dicarboxylate sensors as pH-sensitive HP imaging probes 
In 2017, we reported the development of hyperpolarized [2-13C,D10]diethylmalonic acid, which exhibits 
a large pH-dependent 13C chemical shift over the physiological range. We demonstrated that co-
polarization with [1-13C,D9]tert-butanol accurately measured pH via 13C NMR and magnetic resonance 
spectroscopic imaging in phantoms [4, attached article in Appendix 3]. The synthesis of DEMA was 
based on two steps with a total chemical yield of 75%: alkylation of [2-13C]diethylmalonate with 
[D5]bromoethane and saponification using NaOH. In conclusion, our synthetic strategy did provide the 
target probe DEMA. Synthetic access to this desired proposed substrate is a significant milestone for 
the progress of the project. 

 



 7 

 
Specific Aim 2: Validate these new HP 13C agents in vivo using a gold standard (31P-APP) 
As the synthesis of [15N,13C,2H4]ACES 2 appeared more challenging than expected (specific aim 1, 
subtask 1), we focused our efforts for the development of chemical shift-based pH imaging with 
DEMA. 

• Subtask 1: Validate chemical shift-based pH imaging methods using 31P-APP 
We anticipate that a chemical shift-based HP method will allow high spatial-resolution pH mapping in 
our murine models, similar to what has been previously reported for 1H and 31P-based spectroscopic 
techniques. We planned to compare our HP probes to pH calculations using 31P-APP, using both 
phantom and in vivo pH mapping in the TRAMP model. Nonetheless, while 31P-APP is considered as a 
gold standard, it still has numerous limitations preventing its clinical translation, such as non-uniform 
distribution throughout the tumours. Thus, we decided to use microelectrodes as a validating method, 
even if it can be considered as an invasive method which could alter the measured pH values. Indeed, 
we think that microelectrodes represented a more efficient and straightforward method. 

Methods 
Hyperpolarization: DEMA was prepared and co-polarized with [1-13C,D9]tert-butanol as previously 
described by Korenchan et al. [4]. 
In vivo pH measurement in mouse kidneys at 3 T: a tail vein injection of HP DEMA and tBuOH (50 μL 
each co-polarized then diluted to 45 mM) into 5 healthy mice was performed, followed by imaging of a 
slice containing the kidneys, 25 and 35 seconds after completion of the injection. 13C-bicarbonate (co-
polarize with urea) was subsequently injected to compare pH values.  
Results 
A tail vein injection of HP DEMA and tBuOH into a healthy mouse showed a strong signal from the 
kidneys with a noticeable amount in the blood pool (Figure 1b, Appendix 4). We discovered two peaks 
of DEMA within the same kidney voxel forming two pH clusters (pH 7.43 and 6.41, n = 1) consistent 
with data from literature [6]. Indeed, zymonic acid co-polarized with urea showed peaks in the same 
type of imaging conditions with pH of 7.40 ± 0.01 and 6.55 ± 0.03 (n = 4 rats, mean ± s.d.). The 
measured pH values showed good agreement with the average voxel pH measured using HP 
[13C]bicarbonate (pH 6.77, Figure b). 
Conclusion 
The fact that DEMA, instead of using a ratiometric method, uses differences in chemical shifts to 
determine the pH, allows for the detection of multiple pH compartments within the same voxel, 
contrary to 13C-bicarbonate that shows a mean pH. Similar to the prior study employing zymonic acid, 
we propose that these two peaks with pH of 7.43 and 6.41 arise from the cortical and calyx/ureter 
compartments, respectively. Interestingly, DEMA has a higher in vitro T1 at 3 T than zymonic acid: 84 
and 43-51 seconds, respectively. As polarization lifetime is a major limitation of using 13C-labelled 
probes for in vivo applications, DEMA represents a pH imaging candidate for clinical translation. 

• Subtask 2: Demonstrate HP probe response to simple modulations of tumoral pH 
Two TRAMP mice were used for this part of the study to evaluate the feasibility of imaging the 
modulation of pH on this model with DEMA copolarized with [1-13C,D9]tert-butanol at 3 T. While the 
signal from  [1-13C,D9]tert-butanol was clearly observable,  the signal from DEMA was only visible in 
one or two voxels which displayed a pH value of 7.07 which is not high enough to clearly localize the 
the tumor. We suppose that this pH value is more an average of the pH coming from the tumor and the 
rest of the tissues. We hypothesized that measuring the pH at higher field (14 Tesla) would enable us to 
better observe the DEMA signal (see "Methods" in the "Subtask 1" section for details).  
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A tail vein injection of HP DEMA and tBuOH into a healthy mouse at 14 T showed a strong signal 
from the right kidney (Appendix 5). We observed two peaks of DEMA within the same kidney voxel 
forming two pH clusters (pH 7.29 and 6.18, n = 1) consistent with data from literature. We then 
decided to continue our study at 14 T with another mouse model (RCC: renal cell carcinoma). 
 
In vivo pH measurement in RCC mice kidneys at 14 T: a tail vein injection of HP DEMA and tBuOH 
(50 μL each co-polarized then diluted to 45 mM) into 6 RCC mice was performed, followed by 
imaging of a slice containing the kidneys, 25 and 40 seconds after completion of the injection. 
Microelectrodes were subsequently used to compare pH values. Appendix 6 shows an example of 
signals obtained at timepoint 40 s: we observed two peaks of DEMA within the same kidney voxel 
forming two pH clusters (pH 7.22 and 6.28, n = 1). Similar clusters were observed for the five other 
mice. 
 
We tried to inject galbumin in two more RCC mice after injection of DEMA to suppress to vascular 
signal and, consequently, improve the measurement of acidic pH, but more assays are necessary to 
develop an adapted protocol involving DEMA and galbumin. 
 
To evaluate the response of DEMA depending on pH modulation, we administrated sodium bicarbonate 
via oral gavage (1M, 1 cc maximum) 2 hours prior to induction of anesthesia and imaging to 3 healthy 
mice. Unfortunately, at 3 T, we couldn't observe any pH value higher than 7.41, which is similar to the  
results obtained on non bicarbonate-treated healthy mice (see subtask 1). 
 
More assays would be necessary to confirm DEMA response to pH modulation. We showed that 
DEMA injections enabled us to measure pH in different compartments of mice kidneys consistent with 
data from litterature, so we think that DEMA represent a great potential HP 13C agent for 
microenvironment of prostate tumors. 
 
Specific Aim 3: Investigate the relationship between HP lactate generation and acidic interstitial pH 

• Subtask 1: Correlate HP pH maps to lactate generation and efflux 
Nothing to report 

• Subtask 2: Show grade-dependent changes in tumoral acidity 
Nothing to report 
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What opportunities for training and professional development has the project provided?    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
How were the results disseminated to communities of interest?    
 

 
 
 

The purpose of this grant application was to build upon my training as a chemist by taking on a project 
in prostate cancer biomarker development that more heavily emphasizes magnetic resonance imaging. I 
joined the Wilson lab at UCSF to strengthen my training in biomarker and drug development by taking 
on a project that focused on studying new hyperpolarized 13C agents, their biocompatibility and their 
potential for near-term translation. I also deliberately chose to work on prostate cancer, owing to the 
established role of nuclear imaging and medicine in standard of care. 

To broaden my knowledge base, there are several mechanisms available for my education inside and 
outside the lab. I have a serious peer group of chemists and chemical biologists that have been very 
helpful in teaching me radiochemistry, preclinical pharmacology and animal work. Moreover, Dr. Dave 
Korenchan, who obtained his Ph.D. with Pr. John kurhanewicz and has more than three years of 
expertise in the development of hyperpolarized 13C MRS imaging agent, taught me how to optimize the 
formulations ACES and DEMA, the hyperpolarization process and the treatment of the data. 

During the first year of the project, I mainly focused on research and further educating myself on the 
background and goals of my project (synthesis, formulation of samples for injection), but I also could 
summarize the data, described in the specific aim 1, for manuscript submissions [3 and 4], and submit 
an accepted poster to ISMRM annual meeting (Paris, June 2018). As the second year of the project was 
focused on hyperpolarized 13-carbon MRI/S and handling of animals, I was trained by my colleagues 
and specialists on every step of my studies (hardware such as spectrometer parametrization, software 
such as Topspin, anesthesia and euthanasia of animals, data processing). 

During the two years of funding period I was co-mentored by Drs. Wilson (primary mentor), Flavell 
(co-mentor) and Kurhanewicz (secondary mentor). We met together every week to discuss my research 
progress and plans to convert the data into high impact publications and long term grant support from 
public mechanisms. 

 

Nothing to report. 
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What do you plan to do during the next reporting period to accomplish the goals?   
 

 
 

4. IMPACT: 
 
What was the impact on the development of the principal discipline(s) of the project?    
 
 
 
 
 
 
 
What was the impact on other disciplines?    
 
 
 
 
 
 
 
What was the impact on technology transfer?    

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Nothing to report. 

Nothing to report. 

Nothing to report 

Nothing to report. 
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What was the impact on society beyond science and technology? 
 
 

 
 
 
 
 
 

5. CHANGES/PROBLEMS: 
 
Changes in approach and reasons for change  
Describe any changes in approach during the reporting period and reasons for these changes.  
Remember that significant changes in objectives and scope require prior approval of the agency. 
 
 
Actual or anticipated problems or delays and actions or plans to resolve them 
 
 
 
 
 
 
Changes that had a significant impact on expenditures 
 
 
 
 
 
 
 
Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or 
select agents 
 

 
 
 
 
 
 
 
 

Nothing to report. 
 

Nothing to report. 

Nothing to report. 

Nothing to report. 

Nothing to report. 
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Significant changes in use or care of human subjects 
 
 
 
 
 

Significant changes in use or care of vertebrate animals 
 
 

 
 
Significant changes in use of biohazards and/or select agents 
 
 

 
 
 
 
 

6. PRODUCTS:  List any products resulting from the project during the reporting period.  If 
there is nothing to report under a particular item, state “Nothing to Report.” 

 
• Publications, conference papers, and presentations    

 
Journal publications. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Nothing to report 

Nothing to report. 

Céline Taglang, David E. Korenchan, Cornelius von Morze, Justin Yu, Chloé Najac, 
Sinan Wang, Joseph E. Blecha, Sukumar Subramaniam, Robert Bok, Henry F. 
VanBrocklin, Daniel B. Vigneron, Sabrina M. Ronen, Renuka Sriram, John 
Kurhanewicz, David M. Wilson and Robert R. Flavell. Late-stage deuteration of 13C-
enriched substrates for T1 prolongation in hyperpolarized 13C MRI. Chemical 
Communications, 54, 5233 (2018). Published. DOI: 10.1039/c8cc02246a. 
Acknowledgement of federal support: yes. 

 

Nothing to report 
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Books or other non-periodical, one-time publications.   
 
 
 
 
 

 
 
Other publications, conference papers and presentations. 
 
 
 
 
 
 
 
 
 

 
• Website(s) or other Internet site(s) 

 
 
 
 
 
 

• Technologies or techniques 
 
 
 
 
 
 
 

• Inventions, patent applications, and/or licenses 
 
 
 
 
 
 
 
 
 
 
 

Nothing to report. 

Poster presentation: 
Céline Taglang, David E. Korenchan, Cornelius von Morze, Chloé Najac, Joseph E. 
Blecha, Justin Yu, Sukumar Subramaniam, Robert Bok, Henry F. VanBrocklin, Renuka 
Sriram, John Kurhanewicz, David M. Wilson, Robert R. Flavell. A late-stage deuteration 
method for T1 prolongation and enhanced in vivo signal to noise ratio of hyperpolarized 
13C substrates. Annual Meeting ISMRM-ESMRMB 2018, Paris Expo Porte de Versailles, 
Paris, France. 
 

Nothing to report. 

Nothing to report. 

Nothing to report. 
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• Other Products   
 

 
 
 
 

 
 

7.  PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 
 

What individuals have worked on the project?  
 

 
 
 
 
 
 
Has there been a change in the active other support of the PD/PI(s) or senior/key personnel 
since the last reporting period?  
 

 
 
 
 
 
What other organizations were involved as partners?    
 
 
 
 
 
 

 
8. SPECIAL REPORTING REQUIREMENTS  

 

 
 
 
 
 
 
 

Nothing to report. 

No change. 

Nothing to report. 

Nothing to report. 

Nothing to report. 
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9. APPENDICES: 
 
Appendix 1 
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Appendix 2 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 20 

Appendix 3 
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Appendix 4 
 

 
 
a) Left (Chem. Commun. 2016, 52, 3030): pH phantom results at 14 T of 13C-bicarbonate. T2-
weighted 1H image shows electrode-measured pH values in white. Resonances of H13CO3

- and 
13CO2 from HP 13C spectra and calculated pH values for each color-coded voxel were obtained with 
two excitation pulses. Right (Analyst, 2017, 142, 1429): HP phantom imaging with T2-weighted 1H 
image of tubes containing ~5 mM co-polarized DEMA and tBuOH at varying pH values. Overlaid 
13C spectra from color-coded voxels are referenced to tBuOH peak. b) Representative kidney data 
from a HP 13C measurement in an axial slice overlaid on an anatomical proton image (greyscale). 
Simultaneously hyperpolarized and injected substances, DEMA and tBuOH, show signals in 
kidneys and blood pool of a healthy mouse. A voxel can contain two pairs of DEMA/tBuOH peaks 
leading to two pH values, contrary to the subsequent injection of 13C-bicarbonate which leads to one 
pair of H13CO3

-/13CO2 leading to one mean pH value. 
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Appendix 5 
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Appendix 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


