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Abstract

Tissue pH is tightly regulated in vivo, being a sensitive physiological biomarker. Advent of 

dissolution dynamic nuclear polarization (DNP) and its translation to humans stimulated 

development of pH-sensitive agents. However, requirements of DNP probes such as 

biocompatibility, signal sensitivity, and spin-lattice relaxation time (T1) complicate in vivo 
translation of the agents. Here, we developed a 13C-labeled alanine derivative, [1-13C]-L-alanine 

ethyl ester, as a viable DNP probe whose chemical shift is sensitive to the physiological pH range, 

and demonstrated the feasibility in phantoms and rat livers in vivo. Alanine ethyl ester readily 

crosses cell membrane while simultaneously assessing extracellular and intracellular pH in vivo. 

Following cell transport, [1-13C]-L-alanine ethyl ester is instantaneously hydrolyzed to [1-13C]-L-

alanine, and subsequently metabolized to [1-13C]lactate and [13C]bicarbonate. The pH-insensitive 

alanine resonance was used as a reference.
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INTRODUCTION

Cellular pH is an important physiological parameter that is tightly regulated in living 

organisms by intrinsic buffer systems. Metabolic diseases, like inflammation, ischemia and 

numerous cancers, are accompanied with aberrant extracellular pH (pHe).1-3 Specifically, the 

metastatic development of many cancers is associated with acidic pHe.4-6 A significant 

decrease in pHe was also correlated to immune responses in acute infection as well as 

chronic inflammatory diseases.7 Intracellular pH (pHi) is controlled within a narrower range, 

with homeostatic disruption implicated in both cell proliferation and cell death.8 For 

instance, pHi of cancer is low and gets lower towards the necrotic core9, and metabolic acid-

base disorders occur alongside liver diseases.10 Moreover, intracellular acidification has 

been observed in most types of apoptosis, autophagy and mitophagy.8,11 Lysosomal 

acidification is a marker in aging and several neurodegenerative diseases.12-14 Conversely, 

intracellular alkalinization is related to malignant transformation in cancer.15,16 Thus, 

imaging modalities that can assess intracellular and extracellular pH in vivo are both highly 

valuable to investigate pathogenesis, assessment of disease progression, and monitor 

therapeutic responses.

Several imaging modalities have been proposed to assess pH non-invasively. Most pH 

probes were developed for sensing pHe due to the diverse clinical relevance and the dynamic 

pH variation. In particular, magnetic resonance imaging (MRI) is the major approach for 

non-invasive pH imaging.17-19 Dynamic nuclear polarization (DNP) of 13C-labled substrate 

and its rapid dissolution process allowed in vivo 13C MRI or MR spectroscopy (MRS)20,21, 

providing opportunities to develop MR-based 13C-labeled pH-sensitive sensors. The most 

well-studied pH probe is hyperpolarized (HP) [13C]bicarbonate (HCO3
−), which can detect 

pH by the peak ratios of H13CO3
−/13CO2.22 However, utility of the technique is reserved by 

limited solubility of bicarbonate, low polarization level, short effective T1, low signal to 

noise ratio (SNR) of CO2, and lack of internal reference.22,23 Other exogenous MR agents 

such as [13C,15N]N-(2-acetamido)-2-aminoethanesulfonic acid (ACES) and 

[1,5-13C2]zymonic acid (ZA) were proposed as pH-sensing probes, and the pH-dependent 

chemical shift changes were demonstrated in vitro.24,25 However, ACES and ZA have very 
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short T1 and require an internal chemical shift reference. Moreover, ZA is not very soluble 

in aqueous solution.

For measuring pHi, the most common in vivo method applicable to humans is 31P MRS, 

which measures the pH-sensitive chemical shift of intracellular inorganic phosphate (Pi) 

relative to pH-independent reference peaks such as phosphocreatine (PCr).26 However, it is 

difficult to resolve Pi resonance from other peaks such as phosphodiesters or 

phosphomonoesters in the 31P spectra27, and internal frequency references are overlapped by 

other metabolites in certain tissues (e.g., PCr in tumors).28 Moreover, imaging Pi and 

reference peak is impractical due to the inherently short T2. A recent study demonstrated 

feasibility of measuring cytosolic pH using 13C chemical shifts of HP organic phosphates 

such as glyceronephosphate and 3-phosphoglycerate.29 This is potentially achievable using 

carbohydrate as HP substrates, but even [U-2H, U-13C]glucose, one of the most promising 

candidates, has a T1 value of less than 10 s.30 Due to technical difficulties in developing pHi-

specific probes, essentially no alternative exogenous probe was developed to measure pHi in 
vivo. Therefore, practical non-invasive imaging methods for in vivo pHe and pHi need to be 

established.

Generally, HP 13C-probes with pH-dependent chemical shifts are more reliable in pH 

measurement than those with pH-derived peak ratios because quantifying chemical shift 

differences are more accurate and less prone to signal sensitivity. Amino acids and 

derivatives have excellent potential of being a pH biosensor with pH-determined chemical 

shifts.31 Amino acids can be chemically modified to be sensitive to physiological pH range 

and the T1 values are favorable when 13C is labeled in the carboxylic group. In addition, 

their membrane permeable derivatives, such as ethyl ester, may accelerate the cellular uptake 

and allow for concurrent investigation of pHi, pHe, and amino acid metabolism in vivo.

Alanine is the principal amino acid released by skeletal muscle and taken up by the liver. 

Previous studies showed that HP [1-13C]-L-alanine has a long T1 at 3 T and can be used to 

monitor hepatic redox states under different nutrient condition through [1-13C]lactate-

to-[1-13C]pyruvate ratio.32,33 However, amount of the intracellular products from [1-13C]-L-

alanine was limited by the activity of alanine-serine-cysteine transporter (ASCT).34 In this 

study, we developed HP [1-13C]-L-alanine ethyl ester as a novel pH sensor for MRI and 

demonstrated the performance both in vitro and in vivo. It is very membrane permeable with 

a broad change in chemical shift in physiological pH range. The rapid cellular transport 

allows detection of pHe and pHi simultaneously as well as investigation of alanine 

metabolism with improved sensitivity.

EXPERIMENTAL SECTION

[1-13C]-L-alanine ethyl ester was synthesized by esterification of commercially available 

[1-13C]-L-alanine (Sigma Aldrich, St. Louis, MO). For analysis of the pH dependency, 13C 

NMR spectra were acquired on a 9.4-T NMR spectrometer (Varian medical systems, Palo 

Alto, CA, USA). Chemical shifts of 500-μL of 10-mM [1-13C]-L-alanine ethyl ester or 

[1-13C]-L-alanine in aqueous solution at different pH titrated with NaOH were measured 

with t-butanol as reference for chemical shift.
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A GE SPINlab™ polarizer, which operates at 0.8 K in a 5-T magnet, was used for DNP of 

[1-13C]-L-alanine and [1-13C]-L-alanine ethyl ester. Both in vitro polarization measurements 

and in vivo animal MRS were performed at a clinical 3-T MR scanner (GE Discovery 

750w). [1-13C]-L-alanine samples were prepared as described previously.33 6.2M of 

[1-13C]alanine ethyl ester was prepared in 3:1 w/w water:glycerol with 15-mM OX063. The 

dissolved sample was adjusted to pH 7.5 with 500 μL of 250-mM Tris-HCl buffer. The 

liquid-state polarization levels and T1 of the HP substrates were estimated using a 1H/13C 

dual-tuned birdcage radiofrequency (RF) coil (Ø = 80 mm) and a pulse-and-acquire 

sequence.

pH-sensing capability of [1-13C]-L-alanine ethyl ester was evaluated using Eppendorf tubes, 

containing 200-μL of Tris-HCl buffer at pH 6.5, 7.0 and 7.5, respectively. HP [1-13C]-L-

alanine ethyl ester was inserted into the tubes and mixed with the buffer solutions prior to 

placing at the center of the rat coil. A single timepoint two-dimensional free induction decay 

(FID) chemical shift imaging (CSI) was acquired.

For the in vivo studies, healthy male Wistar rats (n = 7) were used. A custom-built 13C 

surface coil (single loop, Ø = 28 mm) was placed on top of the liver area for both RF 

excitation and data acquisition. 80-mM HP [1-13C] alanine or [1-13C] alanine ethyl ester was 

injected intravenously as a bolus (1 mmol/kg body weight, up to 4.0 mL, injection rate = 

0.25 mL/s), immediately followed by a dynamic 13C MRS scan (FID CSI, 10° hard pulse RF 

excitation, repetition time = 3 s, scan time = 4 min).

The amount of metabolic products (e.g., alanine ethyl ester, alanine, lactate) from HP 

alanine or alanine ethyl ester was quantified by integrating the corresponding peaks in the 

time-averaged spectra then normalizing to the total 13C signal (tC), which was the sum of all 

the time-averaged 13C peaks. The results were reported as mean ± standard error. For 

evaluating statistical significance, a paired t-test was used to compare HP alanine and HP 

alanine ethyl ester results. The detailed experimental procedures are available in the 

Supporting Information.

RESULTS AND DISCUSSION

The synthesis and the chemical shift of [1-13C]-L-alanine ethyl ester was confirmed by 13C 

NMR at 9.4 T. A representative 13C MR spectrum of a mixture of [1-13C]-L-alanine ethyl 

ester and [1-13C]-L-alanine showed [1-13C]-L-alanine ethyl ester peak at 172.3 ppm and 

[1-13C]-L-alanine peak at 176.3 ppm (Figure 1A) in pH 7.0. Liquid-state polarization of 

[1-13C]-L-alanine ethyl ester was estimated as 22.5 %, which is ~85,600x signal 

enhancement of the thermal polarization at 3 T. T1 of [1-13C]-L-alanine ethyl ester was 

measured as 49.0 s (Figure 1B, Figure S1). T1 of [1-13C]-L-alanine could be also measured 

from alanine residual (1–2 %) in the sample (63.9 s), which was similar to the literature.33

Thermal NMR scans at 9.4 T showed that the chemical shift of [1-13C]-L-alanine ethyl ester 

increased with pH (Figure 2A, Table S1). The chemical shift was stable from pH 4.5 (171.7 

ppm) to 6.5 (171.9 ppm), and quickly increased to 179.5 ppm at pH 10. The pKa was 8 at 

175.69 ppm. The chemical shift of [1-13C]-L-alanine stayed stable from pH 4.5 to 7.8 (176.6 
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ppm), then increased to 186 ppm at pH 13 with a pKa at 10, which agreed with previous 

publication.31 The pH-dependent chemical shift difference between [1-13C]-L-alanine and 

[1-13C]-L-alanine ehtyl ester is shown in Figure S2. The phantom imaging study using three 

cylindrical vials that contained HP [1-13C]-L-alanine ethyl ester solutions with pH of 6.5, 

7.0, and 7.5 confirmed that the chemical shift of [1-13C]-L-alanine ethyl ester was pH-

dependent near the physiologically relevant pH range (Figure 2). The pH-derived chemical 

shift changes in the HP phantom study were consistent with the thermal measurement at 9.4 

T.

In vivo performance of HP [1-13C]-L-alanine ethyl ester was evaluated in rat liver, and 

compared with HP [1-13C]-L-alanine. Figure 3 shows time-averaged 13C spectra from a 

representative rat liver, acquired with an injection of HP [1-13C]-L-alanine or [1-13C]-L-

alanine ethyl ester. Significantly larger [1-13C]lactate (184.0 ppm) peak (66.7 ± 13.5 % 

increase) was detected from HP [1-13C]-L-alanine ethyl ester (lactate/total carbon [tC] = 

0.0091 ± 0.0045, p < 0.05) than that of HP [1-13C]-L-alanine (lactate/tC = 0.0054 ± 0.0026, 

n = 3). [1-13C]pyruvate (173.0 ppm) production could not be detected as the peak was 

overlapped with [1-13C]-L-alanine ethyl ester peak (172 ppm). [13C]Bicarbonate (H13CO3
−) 

was measured as (HCO3
−/tC = 0.0006 ± 0.0001 from alanine, and 0.0008 ± 0.0005 from 

alanine ethyl ester, p = 0.36), but detection was not reliable due to the limited signal 

sensitivity and susceptible to the nutritional state and the size of the animals. L-alanine ethyl 

ester was rapidly hydrolyzed into alanine in vivo, generating a large peak of [1-13C]-L-

alanine. A separate experiment using fresh rat blood serum showed that the contribution of 

blood esterase in converting [1-13C]-L-alanine ethyl ester to [1-13C]-L-alanine is negligible 

(Figure S3). Sum of the cellular products (lactate, bicarbonate, alanine) from HP [1-13C]-L-

alanine ethyl ester relative to the total carbon (tC) was higher (products/tC = 0.366 ± 0.032) 

than the products (lactate, bicarbonate) from HP [1-13C]-L-alanine (products/tC = 0.007 ± 

0.002, p = 0.003), suggesting that alanine ethyl ester uptake was significantly larger than 

alanine uptake.

From the [1-13C]-L-alanine ethyl ester, two [1-13C]-L-alanine ethyl ester peaks – peak e 
(173.5 ppm) and peak i (172.2 ppm) were detected in rat liver (Figure 4). The peak i 
accumulated and diminished one step ahead of the product [1-13C]-L-alanine. While the 

peak e matched the chemical shift of [1-13C]-L-alanine ethyl ester at pH 7.4 for hepatic 

extracellular pH, the peak i matched the chemical shift at pH 7.0 for intracellular pH.35 The 

in vivo behavior of intracellular and extracellular HP [1-13C]-L-alanine ethyl ester and its 

conversion to [1-13C]-L-alanine could be further characterized using the time-resolved 13C 

MRS in rat liver. The rapid buildup and clearance of the peak e suggests that it represents 

extracellular [1-13C]-L-alanine ethyl ester. Conversely, the peak i indicates its identity of 

intracellular [1-13C]-L-alanine ethyl ester. The subsequent alanine appearance indicates 

intracellular conversion of alanine ethyl ester. However, the contribution of blood esterase to 

the alanine conversion is limited as the activity of rat plasma esterase is much lower than the 

dose given36, and thus, not able to hydrolyze the large amount of alanine ethyl ester within 

the HP-detectable time window as we demonstrated in rat blood (Figure S1). On the other 

hand, intracellular esterase activity is significantly higher than plasma level in rodents.37 

Therefore, in vivo imaging of rat liver using HP [1-13C]-L-alanine ethyl ester can detect 
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intracellular alanine as well as distinguishing intracellular alanine ethyl ester from the 

extracellular alanine ethyl ester.

HP [1-13C]-L-alanine ethyl ester outperforms other pH-sensing HP probes in multiple 

aspects. First, T1 of [1-13C]-L-alanine ethyl ester is outstanding (49 s) as compared to other 

pH probes: 31–35 s for [13C]bicarbonate (3 T), 23 s for [13C, 15N]ACES (3 T), and 17 s for 

[1,5-13C]ZA (7 T).22,24,25,38 Second, [1-13C]-L-alanine ethyl ester is more soluble and the 

polarization level is higher than [13C]bicarbonate and [1,5-13C]ZA. Third, [1-13C]-L-alanine 

ethyl ester determines pH from the chemical shift displacements, which are insensitive to the 

peak SNR or in vivo T1, whereas ratio-determined pH-mapping methods require both peaks 

to be in high SNRs and additional information such as in vivo T1 relaxation of the peaks for 

reliable pH analysis. Moreover, the amount of chemical shift dispersion of [1-13C]-L-alanine 

ethyl ester in the physiologically relevant pH range (6.4–7.7) is large (3 ppm, ~95 Hz at 3 

T). For an in vivo pH-sensing probe, the ideal pKa would be ~7.5. Other alanine derivatives 

can be considered for improved pKa. Lastly, HP [1-13C]-L-alanine ethyl ester provides an 

internal reference peak, [1-13C]-L-alanine, as the chemical shift of [1-13C]-L-alanine is 

stable in physiological pH between 6.0 and 8.0, ranging from 176.62 to 176.76 ppm (Figure 

2A, Table S1), while other HP probes such as [13C]bicarbonate, [13C,15N]ACES and 

[1,5-13C]ZA require additional reference.

Previous studies of HP [1-13C]-L-alanine demonstrated its utility to investigate hepatic 

alanine metabolism.32,33 In particular, [1-13C]lactate and [1-13C]pyruvate produced from HP 

[1-13C]-L-alanine in liver are primarily from intracellular hepatic metabolism, allowing in 
vivo assessment of intracellular redox-state (NADH/NAD+) from the ratio of [1-13C]lactate 

to [1-13C]pyruvate.33 The efficacy of HP [1-13C]-L-alanine to assess cellular redox state is 

dependent on the function of ASCTs. However, intracellular concentration of [1-13C]-L-

alanine is limited by the activity of ASCT2, and as a result, the amount of intracellular 

products is miniscule.34 As alanine ethyl ester is a lipophilic analog of alanine that bypasses 

the ASCTs, its transport across the cell membrane is nearly instantaneous while alanine 

transporter ASCT2 depends on sodium ions, energy, and pH.39,40 Thus, as compared to 

alanine, alanine ethyl ester can be transported into the cell, hydrolyzed, and metabolized into 

lactate, pyruvate and bicarbonate more efficiently despite the shorter T1. However, [1-13C]-

L-alanine ethyl ester overlaps with [1-13C]pyruvate, therefore, cannot be used to assess the 

redox state. Moreover, potential toxicity of [1-13C]-L-alanine ethyl ester needs to be tested. 

Alternative strategies include co-injection of HP [2-13C]-L-alanine and [1-13C]-L-alanine 

ethyl ester and may develop an ultimate imaging tool for comprehensive assessment of in 
vivo cellular microenvironment by providing pHi, pHe, intracellular redox, and alanine 

metabolism.

HP [1-13C]-L-alanine ethyl ester has several potential immediate applications. For instance, 

extracellular pH is decreased in many cancers and the altered pHe is related to cancer cell 

motility and aggressiveness.6 In addition, spatiotemporal pH heterogeneity in cancer 

correlates with therapeutic resistance and tumor progression with respect to maintaining 

stemness, differentiation capability, and extracellular matrix remodeling.41 Moreover, pH for 

human cerebral cells are maintained at 7.0– 7.2, and lactic acidosis leads to irreversible 
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damage in ischemic tissue.2 Thus, non-invasive imaging of pH would be helpful for 

prognosis and diagnosis of malignant tissues and ischemic tissues.

CONCLUSION

In conclusion, we developed [1-13C]alanine ethyl ester as a cell-permeable HP substrate that 

can be metabolized in vivo to assess both pHi and pHe and to explore cellular alanine 

metabolism. The proposed design approach of esterification of pH-sensitive HP substrate 

can be applicable to develop other versatile HP probes for sensing extracellular and 

intracellular microenvironment as well as assessing metabolic utilization of the substrates 

simultaneously.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
NMR spectrum and T1 of alanine ethyl ester. (A) In vitro 13C NMR spectrum (9.4 T) of a 

mixture of [1-13C]-L-alanine and [1-13C]-L-alanine ethyl ester. The peaks shown are 

[1-13C]-L-alanine (176.3 ppm) and [1-13C]-L-alanine ethyl ester (172.3 ppm). (B) Dynamic 

changes of 13C MR spectrum of HP [1-13C]-L-alanine ethyl ester in liquid-state (3 T).
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Figure 2. 
pH-dependent chemical shift of [1-13C]-L-alanine ethyl ester. (A) Chemical shifts of 

[1-13C]-L-alanine and [1-13C]-L-alanine ethyl ester in aqueous solution with pH ranging 

from 4.5 to 13.5 (9.4 T). (B) Spatially averaged MRS spectra (left) over phantoms of 80-mM 

HP [1-13C]-L-alanine ethyl ester at pH 6.5 (red), pH 7.0 (black) and pH 7.5 (blue), 

respectively (3 T). Peak-integrated 13C images (right) at central frequencies at 171.5, 172.3, 

and 173.3 ppm.
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Figure 3. 
Time-averaged 13C signals from rat liver after injection of 80-mM HP [1-13C]-L-alanine (A) 

or [1-13C]-L-alanine ethyl ester (B). The spectrum from HP alanine is normalized to the 

[1-13C]-L-alanine peak intensity and the [1-13C]-L-alanine ethyl ester spectrum is 

normalized to sum of [1-13C]-L-alanine and [1-13C]-L-alanine ethyl ester peaks.
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Figure 4. 
In vivo spectrum of HP [1-13C]-L-alanine ethyl ester and the products in rat liver. (A) Time-

averaged and dynamic change of the spectrum acquired from rat liver after an injection of 

80-mM HP [1-13C]-L-alanine ethyl ester (3 T), (B) Time-courses of alanine and alanine 

ethyl ester obtained by integrating the peak values of the spectrum at each time point.
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