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ABSTRACT: Hyperpolarized (HP) *C-labeled probes are emerging as promising agents to noninvasively image pH in vivo. HP
[1,5-3C,]Z-OMPD (Z-4-methyl-2-oxopent-3-enedioic acid) in particular has recently been used to simultaneously report on kidney
perfusion, filtration, and pH homeostasis, in addition to the ability to detect local tumor acidification. In previous studies, dissolution
dynamic nuclear polarization was used to hyperpolarize Z-OMPD. Here, we pioneered the hyperpolarization of [1,5-'*C,]Z-OMPD
via SABRE-SHEATH (signal amplification by reversible exchange in shield enabling alignment transfer to heteronuclei), which is
relatively simple and fast and promises to be highly scalable. With SABRE-SHEATH, we achieve enhancement values of ~3950 and
~2400 at 1.1 T (P;3¢c = 0.4 and 0.25%) on the labeled C-1 and C-5 positions of Z-OMPD. Density functional theory calculations at
the B3LYP level of theory were used to investigate possible binding modes of Z-OMPD on the iridium-based polarization transfer
catalyst. The experimental and theoretical results suggest that the equatorial binding mode to the catalyst, where Z-OMPD binds to
the catalyst at both C-1 and C-5 carboxylate positions, is the most stable complex. The HP signals were used to measure the Z-
OMPD chemical shift as a function of pH showing an ~3 ppm shift across pH 4—11. This work lays a foundation for the
development of a simple, low-cost hyperpolarization technique to image pH.
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Extracellular pH is a tissue characteristic, which is altered in the following properties: (1) large pH sensitivity, (2) a pK, in
multiple pathological states such as in cancer,'” ischemia,®~"°
chronic obstructive pulmonary disease,'' and renal tubular
acidosis.'”'? Here, acidification is not only a disease hallmark
but also has a significant impact on the treatment outcome,

the physiological range, (3) no toxicity at concentrations
obtained in vivo after injection, (4) metabolic stability, and (S5)
high sensitivity (high signal-to-noise ratio).”> Common MR

. 26

e.g., of tumors."”” Modern treatments, such chemotherapeu- pH sensors such as 3-aminopropylphosphonate (3-APP)™ and
tics'* or engineered T cells,'® are highly susceptible to the pH 2-imidazole-1-yl-3 ethoxycarbonylpropionic acid”” satisfy most
of the target tissue. It has been shown that treatment efficacy of these conditions but are limited due to low sensitivity and

can be enhanced, when pH- condltlonlnlg ;uvant therapies are 28-31
employed prior to the main therapy.'™'" To timely adjust
these treatment steps, noninvasive monitoring of the tissue pH
is key. Magnetic resonance (MR) methods can provide
accurate and precise noninvasive measurement of pH in vivo
with reasonable spatial resolution.””~** A promising MR-based
method takes advantage of changes in chemical shifts due to
changes in the local electronic environment induced by pH-
driven proton exchange. An ideal MR pH sensor should have

overlap with background signals.
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The challenge of background signals can be mitigated using
carbon-13-labeled MR pH sensors. Unfortunately, '*C nuclei
have low natural abundance (1.1%) and low gyromagnetic
ratio (four times lower than that of 'H). Additionally, MR
methods are generally less sensitive compared to other
techniques, such as optical and electrochemical methods.
This low sensitivity is due to the intrinsically low net
magnetization of the nuclear spins even at high magnetic
field*>** The sensitivity issue can be tackled by using
isotopically enriched *C pH sensors in combination with
hyperpolarization, which increases the net magnetization of the
spins by several orders of magnitude.”* >’

[1,5-13C,]Z-OMPD, hereafter referred to as Z-OMPD, has
been introduced as a promising hyperpolarized (HP) MR-
based pH probe as the chemical shifts of C-1 and C-5 have
strong sensitivity to pH.B'8 Furthermore, Z-OMPD (structure
shown in Figure 1A) appears to be nontoxic and metabolically
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Figure 1. (A) 2D structure of Z-OMPD indicating the labeling of the
HP carbons. (B) Dominant binding modes of Z-OMPD to the Ir-
IMes catalyst. In E1, Z-OMPD binds equatorially via oxo groups at C-
1 and C-2 (E1). In E2, Z-OMPD binds via the oxo groups at C-1 and
C-5 (E2). (C) Left: 3C NMR spectra of HP [1,5-*C-2]Z-OMPD
peaks showing both free C-1 and C-5 peaks and equatorial and axial
bound C-1 peaks (peaks in asterisk are not fully identified). Right: '*C
NMR spectrum of thermally polarized 10.2 M [1-3C]ethyl acetate.
Both spectra were detected at 1.1 T benchtop NMR spectrometer
(Spinsolve Carbon, Magritek). The enhancements, ¢, are relative to
thermal measurements at 1.1 T.

stable.”® The pK, values of the C-1 and C-5 carboxylates are <3
and 6.55 (in water), respectively. The pK, of 6.55 is in the
physiological range, making Z-OMPD a well-suited MR pH
sensor. In addition, both C1 and CS exhibit long T, in vivo
(~30 s at 7 T). Moreover, the C-1 resonance serves as an
internal chemical shift reference for pH determination. Recent
work used Z-OMPD hyperpolarized with dissolution dynamic
nuclear polarization (d-DNP) to measure extracellular pH and
perfusion. That previous study provided multiparametric
fingerprints of renal disease and allowed the detection of
local tumor acidification.”

For the present study, we show for the first time that signal
amplification by reversible exchange in shield enablin
alignment transfer to heteronuclei (SABRE-SHEATH)**
can hyperpolarize [1,5-*C,]Z-OMPD, as illustrated in Figure
1. Signal amplification by reversible exchange (SABRE) is a
parahydrogen-based HP method that relies on the reversible
exchange of parahydrogen and a target substrate’’ on an
organometallic catalyst ([1r(H,) (IMes)(Substrate), ]).** Polar-
ization transfer during SABRE, from parahydrogen to the
target nuclei on the substrate, is achieved when the frequency
difference between source and target nuclei match the spin—
spin J-coupling interaction between the two parahydrogen-
derived hydrides on the catalyst.””*>* Accordingly, polar-
ization transfer to heteronuclei such as 1*C, 1N, and *'P is best
accomplished at microtesla fields.”*~** To establish microtesla
fields, we use p-metal to shield the system from the earth’s
magnetic field. This so-called SABRE-SHEATH approach
allows the polarization of a wide range of biologically relevant
molecules and directly hyperpolarizes the long-lived hetero-
nuclear sites, associated with long T), enabling longer
metabolic tracking. Though SABRE-SHEATH is limited in
terms of substrate scope and polarization levels when
compared to more widely used d-DNP methods, the
technology package required for SABRE-SHEATH is compact,
fast, and easy to set up.”"* 7 In recent years, the
hyperpolarization of the central HP MRI agent, pyruvate, has
also attracted much attention.”' ~>*

Here, we demonstrate the use of SABRE-SHEATH to
hyperpolarize both the C-1 and C-5 resonances of the pH
sensing molecule [1,5-*C,]Z-OMPD. We find that multiple
binding modes are responsible for polarization transfer (Figure
1B) detailed under Results and Discussion. The work
highlights the versatility of SABRE-SHEATH in polarizing
multiple nuclei in one molecule simultaneously (Figure 1C),
showing enhancements of >2000 fold over thermal reference
measurements at 1.1 T (Pj;c > 0.25%) for C-5, and almost
4000-fold enhancement for C-1 (P3¢ > 0.4%). Even though
this polarization does not reach levels favorable for in vivo
application (>10% required), further optimization is likely to
improve hyperpolarization levels in the future. One oppor-
tunity is the use of SLIC-SABRE,**™° which in some cases
outperforms SABRE-SHEATH. In addition, we also use ab
initio density functional theory (DFT) calculations to examine
the binding mechanisms of Z-OMPD to the catalyst,
rationalizing experimental observations. Finally, we exper-
imentally verify the pH sensing ability of HP Z-OMPD by
measuring the chemical shifts of C-1 and C-5 as a function of
pH across the physiological pH range.

B MATERIALS AND METHODS

The standard SABRE precatalyst [Ir(IMes)(COD)CI] [IMes = 1,3
bis(2,4,6-trimethylphenyl)imidazole-2-ylidene, COD = cycloocta-
diene] was synthesized according to a previously established
procedure.”” Z-OMPD was synthesized by aldol reaction of
[1-"*CJethyl pyruvate in a methanolic sodium hydroxide solution
followed by acid hydrolysis and prep-HPLC purification as reported
by Grashei et al>®*” CD,OD was purchased from Cambridge
Isotopes Laboratories, Inc., degassed with three freeze—pump—thaw
cycles, and stored under argon. All other chemicals were purchased
from Millipore and used without further purification.

Sample Preparation for SABRE-SHEATH Experiments. Each
experiment in this manuscript was conducted with a standard sample
of 0.7 mL of methanol solution containing 6 mM precatalyst
([Ir(IMes)(COD)Cl]), 20 mM dimethyl sulfoxide (DMSO), and 30
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mM Z-OMPD adjusted to pH 8.42 by adding up to 35 mM solution
of NaOD in D,0 as measured with a pH meter [pH measurements
were performed using a SevenDirect SD23 pH/conductivity meter
with InLab Micro ProISM (51344163)]. This solution was degassed
with argon before transfer to a S mm medium-walled NMR tube fitted
with a 1/4 in. outer-diameter (OD) Teflon tube extension and
connected to a parahydrogen (pH,) bubbling set up through a Wye
1/8 in. to 1/4 in. push-to-connect fitting. Details about the setup are
described elsewhere.*®

The sample was activated for 10 min at 0 °C by bubbling ~98%
pH, at 100 psi. For each experiment, the temperature cycling method
was adopted.” The solution was first precooled to 0 °C for a minute,
placed in a polarization transfer field (PTF) of 0.4 uT, and bubbled at
room temperature (~20 °C) with a flow rate of 120 sccm. After 30 s,
the bubbling was stopped and the sample was quickly transported (2—
3s) to a 1.1 T benchtop spectrometer (Spinsolve Carbon, Magritek)
for detection. All experiments were carried out with this protocol,
except when stated otherwise. The '3C polarization (P;;c) was
calculated using a thermally polarized sample of neat (~10.2 M)
[1-3C]Jethyl acetate as a reference (see Supporting Information).

All DFT calculations of the SABRE complexes were conducted
using the Gaussian 16 package® installed on the NCSU high-
performance computer (Hazel). DFT geometry optimization was
performed at the B3LYP®'™** level of theory with a D3 dispersion
correction and the 6-311g (d) basis set for C, O, N, and S atoms.
Iridium was modeled with the Stuttgart-Dresden effective core
potential and its associated basis from the GENECP key word within
Gaussian with an f-polarization function derived from Ehlers et al.*>*
(see Supporting Information).

B RESULTS AND DISCUSSION

In the presented experiments, we employed the temperature
cycling procedure described above. The underlying principle of
this approach is to allow maximum initial polarization buildup
on the catalyst-bound substrate at low temperatures associated
with slower exchange rates. This procedure takes advantage of
the relatively slow exchange of Z-OMPD compared to that of
the hydrides at low temperature (0 °C). After precooling,
bubbling at room temperature (20 °C) leads to gradual release
of the bound species into its free form as the temperature of
the sample slowly increases. Figure 1C shows a spectrum of
HP Z-OMPD obtained by using this approach. C-1 (~170
ppm) and C-S (~175 ppm) show enhancements (&) of ~3950
and ~2400, respectively, corresponding to P3¢ of 0.4% for C-1
and 0.25% for C-S. The observed splitting on the C-5 peaks is
due to coupling to nearby protons.

The observed splitting could be removed through either
decoupling or deuteration. The peaks marked with asterisks
have not been fully identified. We believe that they correspond
to free Z-OMPD isomers in solution because the temperature-
dependent data shows increasing intensity of these peaks with
increasing temperature, as detailed in Supporting Information
Figure S2.

As illustrated in Scheme 1, Z-OMPD (Scheme 1a) has an
alpha-keto acid functional moiety and can be expected to
exhibit similar SABRE chemistry as pyruvate, a well-studied
alpha-keto acid substrate in SABRE hyperpolarization.*”®”~""
Based on the known pyruvate binding modes, we first expected
that, upon activation of the precatalyst in the presence of
DMSO, Z-OMPD, and EHZ’ at least two activated SABRE
complexes are formed.”” The first complex is equatorial
complex E1 (Scheme 1a) in which Z-OMPD coordinates
equatorially to the iridium center through the carboxylate and
keto groups in positions 1 and 2, respectively. The second is
the axial complex Al (Scheme 1a), in which coordination
occurs axially. For comparison with previous works®””’

Scheme 1. (A) Activation of [IrIMes(COD)CI] in the
Presence of DMSO, Parahydrogen, and Z-OMPD to Form
the SABRE Active Equatorial Complexes E1 and E2 and
Axial Complexes Al and A2; the DMSO Complex
([1r(H),(DMSO),(IMES)Cl]), Which Enhances pH,
Exchange, Is Also Formed in the Process; (B) Reversible
Exchange of Parahydrogen and Z-OMPD via the SABRE
Active Complex E1; (C) Reversible Exchange of
Parahydrogen and Z-OMPD via the SABRE-Active Complex
E2
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(pyruvate as the substrate), Al and E1 correspond to 3a and
3b, respectively, as introduced in previous work.”” Assuming
only Al and El1 complexes are formed, the labeled C-1
position is expected to be the main target of polarization since
C-5 is not directly bound to the iridium complex in these
configurations, as illustrated in Scheme 1b. However, our
experimental observations with Z-OMPD show significant
polarization in both C-1 and C-S (though P, for C-1 is 1.6X
higher), as shown in Figure 1B. This result implies that Z-
OMPD also exhibits other coordination modes such as A2 and
E2 in contrast to pyruvate or other alpha-keto acids.”””> We
hypothesize that the E2 complex in which both C-1 and C-5
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Figure 2. (A) Three-dimensional structures of the optimized geometry of axial complexes A1—A3 and equatorial complexes E1—E3. (B) Plot of
relative energies of structures A1—A3, A1'—A3’, and E1—E3 with respect to E2 for both the deprotonated and singly protonated state of Z-OMPD.
(C) HP spectra of Z-OMPD at pH 6 and pH 8, showing that unlabeled C-2 is polarized at lower pH (singly protonated state), therefore suggesting

that the E1 complex is significantly present at lower pH.

coordinate with the iridium center of the catalyst is responsible
for C-1 and C-5 hyperpolarization, as illustrated in Scheme Ic.
To determine which complexes are responsible for the SABRE
spin order transfer (SOT), we carried out DFT calculations on
nine possible binding modes of Z-OMPD to the catalyst to
compare their relative energies. The optimized geometries of
six complexes are presented in Figure 2A (see Figure S3 for the
full set). Out of the six, the first three are the axial complexes
Al, A2, and A3 (their inverse Al’, A2’, and A3’ are shown in
the Supporting Information). Al (and A1’) is formed when Z-
OMPD binds axially via the oxo groups at positions C-1 and C-
2. A2 (and A2’) binding occurs at positions C-1 and C-S,
while A3 (and A3’) binding occurs at C-2 and C-$ positions.
The remaining three complexes E1, E2, and E3 are the
equatorial analogues of the axial complexes. The relative
energy of each complex is presented in Figure 2B. Each Z-
OMPD complex was optimized for both the fully deprotonated
carboxylates (at C-1 and C-S) and the singly deprotonated
carboxylate (at C-1). In computing the relative Gibbs free
energies, we set the lowest energy for each protonation state to
be zero because a direct comparison between these two sets of
complexes is challenging given that they have different number
of atoms. It should be noted that at high pH (specifically 8.42)
where the hyperpolarization is performed, Z-OMPD exists as
the dianion (fully deprotonated), and at lower pH (between 3
and 6), it exists as the monoanion (singly deprotonated). In

this lower pH range, only the carboxylate at C-1 is
deprotonated.

Interestingly, the E2 configuration has the lowest relative
energy in comparison to all other complexes for both the
dianion (pH > 6.5) and monoanion (pH < 6.5). The A2
complex is also relatively stable for the dianion complex. The
relative stabilities of the E2 and A2 complexes indicate a direct
binding of the carboxylate groups at positions C-1 and C-§,
consistent with the experimental results. This finding can also
be rationalized by the fact that C-1 and C-5 are the most
electro-negative groups where electron density is the highest,
enabling more favorable interactions with the Ir center.
Furthermore, when the experiment was performed at pH 6,
where Z-OMPD is singly deprotonated at the C-1 position, we
observed an overall reduction in signal intensity at both C-1
and C-5. This observation is consistent with the assumption
that E2 is the primary driver of polarization transfer, which
becomes destabilized at pH < 6.5, when the electron density is
reduced at C-S due to proton binding.

Relative to E2, the E1 and Al’complexes are slightly favored
in the singly deprotonated state compared to the fully
deprotonated state as shown in Figure S3A (relative energies
of E1 and Al’ are 5458 and 3.624 kcal/mol for singly
deprotonated compared to 7.372 and 7.011 kcal/mol for fully
deprotonated). The slight increase in the relative stability of E1
and A1’ at pH 6 explains our experimental observation, shown
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in Figure 2C, where polarization at the unlabeled C-2 position
is observed at pH 6, whereas at pH 8, no C-2 polarization is
detected. It should be noted that for singly deprotonated Z-
OMPD complexes, Al’ is energetically favored compared to
El; however, axial complexes (such as Al’) contain spin
topology that do not allow for efficient polarization trans-
fer.””’* Although more studies are still necessary to determine
the identity of all of the SABRE-active Z-OMPD complexes,
the evidence discussed above suggests that E2 and E1 are the
primary active SABRE complexes, where E2 drives the SABRE
process at high pH (~8) and a combination of E2 and E1
drives SABRE at lower pH (~6).

To further understand the SABRE dynamics of Z-OMPD,
the temperature dependence of the C-1 and C-S polarizations
was examined in a series of temperature cycling experiments
with varying initial temperature of the sample. (Details about
the temperature of the sample as a function of bubbling time
and initial temperature was published previously.””) The
results are presented in Figure 3AB. At the lowest initial
temperature investigated (—15 °C), the catalyst-bound C-1
peak dominates the spectrum as the exchange rate between
catalyst bound and free Z-OMPD is limited; however, at higher
temperatures (15 °C), exchange is too fast to allow effective
SOT, and consequently, both free and bound species have
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Figure 3. Optimization study. (A) '*C HP spectra of [1,5-*C,]Z-
OMPD at initial temperatures ranging from —15 to 15 °C. (B) Plot of
percent polarization against initial temperature for free C-1 (blue),
bound C-1 (magenta), and free C-S (red). (C) pH, flow rate
dependence of Z-OMPD polarization, varied from 0 to 15 sccm at
100 psi. (D) Field dependence of Z-OMPD polarization. (E) T,
relaxation study of HP Z-OMPD at 0.4 uT fitted with a simple
exponential decay curve. The data were collected by bubbling the
sample for 30 s at 0.4 4T and varying the delay time. (F) Polarization
buildup on free Z-OMPD for both C-1 and C-S. Data acquired by
varying the pH, bubbling time.

considerably lower polarization.””**”*”>’® The optimum
initial temperature was found to be between 0 and S °C. At
this optimal precooling temperature, efficient polarization of
the bound species occurs at appropriate hydride exchange
rates, while the Z-OMPD remains bound. Then, as the sample
warms, Z-OMPD exchanges into the free form more efficiently,
ultimately leading to high levels of polarization for the free C-1
and C-S carbons.

It should be noted that we do not observe the bound C-5
peak likely due to the faster dissociation rates of the
carboxylate group at C-5 compared to that of the carboxylate
group at C-1. This is consistent with the idea that the alpha-
keto acids alternate between the bidentate form (coordination
with both carboxylates at C-1 and C-S) and monodentate form
(coordination with carboxylate at C-1 alone) to promote pH,
exchange.”® This hopping mechanism between the two forms
likely explains why only the bound C-1 peak is observed. For
future advances in Z-OMPD hyperpolarization, it will be
crucial to precisely determine the exchange rate of Z-OMPD
and the hydrides, which we were not able to quantify at this
time.

To further improve the polarization on Z-OMPD with
SABRE-SHEATH, the dependence on the pH, flow rate was
examined. Polarization buildup is dependent on the amount of
fresh pH, in solution, which is regulated by the pressure and
flow rate of pH,. Our current experimental setup is limited to
100 psi; therefore, we investigated polarization as a function of
the flow rate at that pressure.

As presented in Figure 3C, we note an increase in
polarization with increasing flow rate, consistent with previous
studies using the pyruvate system.”” The highest P, for both
free C-1 and C-5 Z-OMPD was achieved at a flow rate of 120
sccm. Above 120 sccm, we note a slight drop in the
polarization due to the sample experiencing a wider range of
magnetic fields in the SABRE-SHEATH setup as it moves up
the NMR tube, decreasing magnetic field homogeneity and,
consequently, SOT efliciency.

Next, to transfer polarization to Z-OMPD using SABRE-
SHEATH, the frequency difference between the hydrides and
the C-1 and C-5 carbons of Z-OMPD must match the
hydride—hydride J-coupling.’”****”” This matching is
achieved through careful optimization of the magnetic field
sensed by the nuclei in the T range (measured using a
Twinleaf magnetometer). Figure 3D shows the polarization of
C-1 and C-$S as a function of the PTF. The negative fields
correspond to magnetic fields that are inverted relative to the
spectrometer field. The inverse field produces inverted HP
magnetization (see Figure S4). The maximum P,;c for both
free C-1 and C-5 is observed at ~0.4 uT.

Another important parameter of HP substrates is the T
relaxation time. Accordingly, we conducted a T, relaxation
study at 0.4 4T shown in Figure 3E. This study was conducted
by bubbling through the sample for 30 s, followed by a variable
time delay (0—70 s) with the sample placed in the 0.4 T field
before detection. As seen from Figure 3E, Z-OMPD exhibits
fast relaxation at microtesla fields (14.5 + 1 s at C-1 and 12 +
2 s at C-5). The relaxation is due to intra- and intermolecular
interactions with other NMR active nuclei in Z-OMPD and on
the catalyst.”®”® Specifically, at 0.4 uT, the J-coupling network
that is responsible for building up hyperpolarization in the first
place will also cause relaxation when bubbling is halted. In
contrast, at intermediate fields where these interactions are less
dominant, Z-OMPD shows significantly longer T, relaxation
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times (@1T in D,O: C-1 T, =138 +26s; C-S T, =119 + 1
s) as reported by Grashei et al,,”® which is very promising for
future applications.

Finally, the polarization buildup on Z-OMPD was studied by
varying the bubbling time (0—120 s) at 0.4 T (Figure 3F).
Again, the experiments were conducted as temperature cycling
experiments where the sample was precooled to 5 °C and
bubbling was performed at RT such that the sample
experienced a temperature gradient during the bubbling time.
The buildup data presented in Figure 3F were fit by a simple
exponential buildup curve. We observed a decay in polarization
at later bubbling times, which is expected in temperature
cycling experiments because temperatures of the sample rise
with bubbling time, leading to increased exchange rates that
are too fast for efficient polarization transfer. Under the present
experimental conditions, Z-OMPD has a rapid polarization
buildup (C-1 Tz =5 + 15; C-5 Ty = 6 + 2 s). The fast buildup
and relatively quick relaxation of Z-OMPD at 0.4 uT explain
the limited level of polarization achieved on both C-1 and C-5
carbons of Z-OMPD. Further optimization would require the
mitigation of the factors that lead to fast relaxation; this may be
achieved in the future through deuteration of both Z-OMPD
and the catalyst, in conjunction with polarization transfer
methods that also work at elevated fields such as alt-SABRE,”’
LIGHT-SABRE,”* SLIC-SABRE,”” etc.

pH Sensing. To showcase the pH sensing ability of HP Z-
OMPD, the frequency difference between C-1 and C-5 was
monitored as a function of pH. The pH adjustment was carried
out as follows. First, polarization was performed as described
above; then, the sample was transferred to a storage field of 0.5
T (using a permanent Halbach array magnet) where the
sample was depressurized, and 0.5 mL of buffer were added. A
citrate-phosphate buffer was used for pH 3.08—7.6, and a
sodium carbonate-bicarbonate buffer was used for pH 8.30—
11.14. Finally, the detection was performed on a 1.1 T
benchtop NMR instrument under proton decoupling. As seen
in Figure 4A, we note an increasing chemical shift difference
between C-1 and C-5 as pH increases. Specifically, with
increasing pH, the chemical shift of C-5 increases, whereas the
chemical shift of C-1 slightly decreases. C-5 is more sensitive
to pH changes compared to C-1 because C-S is closer to the
site which exhibits a change in protonation across this pH
regime.””*" The difference between chemical shifts of C-1 and
C-S (Adcs, c.1) as a function of pH shows approximately a ~3
ppm shift across the examined pH range (3.80—11.14). In
Figure 4B, Ad¢ 5 c.y, is plotted against pH.* The data were fit
to the modified Henderson—Hasselbalch equation

A5(:5,(:1 (observed) A5(:5,(:l(pro‘rona‘red)

pH = pK, + log|
cS,c1(deprotonated) — A(g)‘cs,cl(observed)

(1)

In the fitting routine using eq 1, pKa is a fitting parameter
and a value of pK, = 7.0S is extracted. This is different from the
previously reported value of pK, = 6.55 in D,0.”® The
difference is likely a result of using a methanolic solvent as
opposed to water. The use of a chemical shift difference,
Adcs, c.1y as opposed to a single chemical shift, is particularly
significant as it eliminates the need for an external standard for
pH sensing, positioning HP Z-OMPD as a unique pH sensor.

The data displayed in Figure 4A also reveal a pH-dependent
BC—1C J-coupling. At pH values above 6.5, the decoupled
3C peaks appear as singlets, whereas at pH values below 6.5,
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Figure 4. Chemical shift difference between C-S and C-1 of Z-OMPD
dianion as a function of pH. (A) *C NMR decoupled spectra of HP
Z-OMPD at a pH range between 3.80 and 11.14. The hyper-
polarization was always performed at pH 8. (B) Plot of chemical shift
difference of C-1 and C-$ as a function of pH.

the doublets are recognizable, which are split by *C—"3C J-
couplings on the order of 1.5 Hz. Interestingly, close
examination of the splitting shows slightly increasing J-
coupling values with a decreasing pH. (We also provide
analogous data acquired without decoupling in Figure SS.)

Bl CONCLUSIONS

In conclusion, we have demonstrated the feasibility of
hyperpolarizing Z-OMPD at both C-1 and C-5 positions
simultaneously with SABRE-SHEATH. We have studied the
likely binding modes of Z-OMPD to the hyperpolarization
catalyst by experiment and DFT calculations. The work
revealed that there is more than one possible binding mode of
Z-OMPD to the catalyst. Particularly, at elevated pH (>6.5),
the equatorial complex E2 is mostly responsible for hyper-
polarization, whereas at lower pH (<6.5), a combination of E1
and E2 is found to contribute to the polarization. This study
highlights the role of bidentate binding in the form of five-
membered (E1) and eight-membered (E2) rings, which
presents unique research opportunities in SABRE dynamics
and chemistry, widening the utilization of SABRE to substrates
with similar moieties that were previously unamenable to
SABRE hyperpolarization.

We also showed the important role that temperature, flow
rate, and polarization-transfer field play in the optimization of
polarization levels. One important finding is that the relaxation
rates at 0.4 uT are relatively fast (~12 s at C-1 and 14.5 s at C-
S) as compared to relaxation rates at higher fields (138 and
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119 s at 1 T), which indicates that polarization levels can likely
be improved significantly with polarization transfer methods
that work at higher fields.”**%”

Finally, the enhanced signal was used to demonstrate the
utility of Z-OMPD as a pH sensor. Over the pH range from
pH 3.08 to pH 11.14, the chemical shift difference between C-
1 and C-5 changes by 3 ppm, and we used a pH-dependent
fitting model to extract the pK, value of 7.0S.

Compared to other hyperpolarization methods, the tech-
nology package of SABRE offers fast, scalable, and inexpensive
production of HP agents. The possibility of preparing HP Z-
OMPD with SABRE may provide new opportunities in the
development of noninvasive assessment of extracellular pH by
HP MRI using simpler hyperpolarization technology. In this
first study, the polarization levels remained modest below 1%.
This is similar to the first hyperpolarization levels for pyruvate
when first established as a SABRE substrate, which
subsequently was optimized to exceed 20%.>%°”%""% Accord-
ingly, we are hopeful that similarly high polarization levels will
be enabled on Z-OMPD in the future. After improving the
polarization levels, it will also be critical to achieve
biocompatibility, which could be accomplished by emerging
purification protocols.”””"*"*>
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