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Abstract: The hyperpolarization technique, Signal Amplification by 

Reversible Exchange, has the potential to improve clinical diagnosis 

by making molecular magnetic resonance imaging in vivo a reality. 

Essential to this goal is the ability to produce a biocompatible bolus 

for administration. We seek here to determine how the identity of the 

catalyst and substrate affects the cytotoxicity by in vitro study, in 

addition to reporting how the use of biocompatible solvent mixtures 

influence the polarization transfer efficiency. By illustrating this across 

five catalysts and 8 substrates, we are able to identify routes to 

produce a bolus with minimal cytotoxic effects. 

Introduction 

Magnetic Resonance Imaging (MRI) is one of the principal 

techniques available to healthcare professionals around the world 

for the diagnosis of disease. MRI is widely used to give detailed 

structural images of the human body which can be reconstructed 

to give 3-dimensional information. It can also be applied to the 

study of neural activity in order to measure brain function.[1] Unlike 

other diagnostic techniques, such as positron emission 

tomography (PET),[2] it does not require ionizing radiation thereby 

allowing serial measurements to be made. However, the major 

limitation of MRI is its inherent low sensitivity which means that 

almost all applications to date detect a water signal due to its high 

concentration in the body.[3] 

 Classically, low signal strength has been overcome through 

the use of signal averaging over multiple repetitions or by 

increasing the magnetic field strength in which the measurements 

are made. Unfortunately, both of these methods result in cost and 

time penalties. Alternatively, the intra venous administration of 

paramagnetic agents, typically gadolinium ions, can improve MRI 

contrast through the modification of the water relaxivity profile. [4] 

However, these agents are able to accumulate in the tissue and 

the subsequent onset of neurological, musculoskeletal, renal and 

dermal symptoms has been reported.[5] 

 The use of hyperpolarization methods, which turn the weak 

MRI responses into strong signals, has made safer high contrast 

MRI a reality by perturbing the nuclear spin state level population 

away from Boltzmann distribution.  They allow the study of 

molecular change within a human body to become possible. For 

example, Dynamic Nuclear Polarization (DNP) has been used to 

create the signal strength necessary to track the in vivo 

metabolism of pyruvate[6] or glucose[7] in tumors[8] and whilst Spin 

Exchange Optical Pumping (SEOP) of noble gases has allowed 

the diagnosis of pulmonary diseases.[9] 

The use of parahydrogen (p-H2) as the source of 

polarization to give high sensitivity contrast agents has been the 

focus of much research over the recent decades.[10] The latent 

magnetism in p-H2 is typically liberated through chemical addition 

to an unsaturated moiety such as a alkene or alkyne and has 

given access to 13C MRI of atheroma in animal models.[11] The 

main drawback of this technique is the requirement of the 

‘dehydro’ precursor of the agent which would be detected, 

although recent studies have circumnavigated this through the 

use of cleavable molecular tags.[12] 

 An increasingly popular alternative, whereby the latent 

polarization of p-H2 is transfer to the target molecule without 

changing its chemical identity, is known as Signal Amplification by 

Reversible Exchange (SABRE).[13] SABRE operates by the 

concurrent binding of p-H2 as hydride ligands and the target 

molecule to an iridium catalyst which allows the temporary 

formation of a scalar coupling network.[14] The magnetic 

resonance active nuclei in the substrate (including 1H,[13a, 15] 
13C,[16] 15N[17] and others[18]) become spontaneously polarized at 

low magnetic fields[19] or by using r.f. methods in the observation 

field.[20] Subsequent ligand exchange from the catalytic complex 

allows the build-up of hyperpolarized substrate in solution.  

 Initial SABRE experiments were performed using phosphine 

derived iridium complexes,[13a] however switching to N-

heterocyclic carbene (NHC) derivatives gave significantly 

improved performance.[21] It has therefore become common to 
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use a bench stable pre-catalyst of type [IrCl(COD)(NHC)] (COD = 

cis-cis-cycloocta-1,5-diene) and form the active SABRE catalyst 

by addition of excess H2 and substrate in solution. The identity of 

the NHC ligand has been probed[22] and water soluble[23] and 

heterogeneous[24] alternatives have been introduced. Additionally, 

deuterated isotopologues have been reported to give improved 

signal enhancements and increased magnetic state lifetimes.[25]  

As the SABRE technique progresses towards in vivo 

applications, the in vitro cytotoxicity of the reaction mixture has 

been investigated.[26] In this study, a model SABRE formulation 

containing [IrCl(COD)(IMes)] (IMes = 1,3-bis(2,4,6-

trimethylphenyl)imidazol-2-ylidene), methyl 4,6-d2-nicotinate (d2-

MN)[15] in [D6]ethanol:D2O (30:70) was employed and showed 

that neither the substrate nor the solvent induced cell death over 

6 h exposure times. Conversely, the dominant factor in cell death 

was caused by the active SABRE catalyst, even at low 

concentration and exposure times. Importantly, this effect could 

be negated by removal of the catalyst using either catalyst 

deactivation and removal by ion exchange chromatography[26] or 

bi-phasic catalysis.[27] Additionally, catalyst capture using solid 

phase scavengers and subsequent filtration has proven an 

efficient method for catalyst depletion.[28] 

 We seek here to investigate how the effect of deuterating 

the SABRE catalyst influences the cytotoxicity. We achieve this 

through comparison of four isotopologues of the IMes ligand, as 

shown in Figure 1, whose SABRE performance for the 

hyperpolarization of methyl 4,6-d2-nicotinate in biocompatible 

media and cytotoxicity are determined in parallel. The next step 

was to probe the effect of a caffeine derived SABRE catalyst 

which is soluble in aqueous solution. Finally the effect of changing 

the target substrate on the toxicity profile was quantified and 

determined to now arise from the result of an alternative active 

catalyst formation.  

 

 

 

 

 

 

Figure 1. Isotopologues of the IMes ligand used in complexes of type 

[IrCl(COD)(NHC)] for SABRE catalysis 

Results and Discussion 

Cytotoxicity of the catalyst isotopologues 

 

We began our study by investigating the effect that selective 

deuteration of the SABRE catalyst has on the cytotoxicity and 

polarization level in biocompatible media. This is essential for 

establishing the use of SABRE in biomedical applications. 

Therefore, we prepared a series of 5 mM samples containing 

[IrCl(COD)(NHC)] (where NHC = d2-IMes, d22-IMes or d24-IMes) 

and 20 mM of d2-MN in 30% [D6]ethanol in D2O prior to exposure 

to H2 at a pressure of 3 bar. This led to the formation of the active 

SABRE catalyst in each case as determined by the presence of 

hydride signals in their 1H NMR spectra. When the process was 

repeated with p-H2 and shaken in a 65 G polarization transfer field 

at 298 K, hyperpolarization was observed in the free d2-MN in 

solution. The total signal enhancements per proton were 

quantified to be 111, 220 and 198 respectively for the catalysts 

bearing the d2-IMes, d22-IMes and d24-IMes respectively. This 

trend is consistent with data reported for their respective 

polarization levels in non-aqueous solutions which was suggested 

to be due to reduced spin dilution and increased relaxation times 

upon deuteration.[25b] Both d22-IMes and d24-IMes showed 

significant improvements over protio-IMes which gave a 105-fold 

signal gain.[26] 

Aliquots of these SABRE active solutions were then 

subjected to an appropriate cytotoxicity assessment method 

(MTT assay) on in vitro cultured human cell lines, namely A549 

and MCF7. As such, various bolus volumes (1.25, 2.5, 5 and 10%) 

of the SABRE reaction mixture were dosed onto the cell lines, 

alongside pure solvent ([D6]ethanol:D2O 30:70) and untreated 

cell controls. The MTT assay was then conducted for either short 

(1 h) or for long (6 and 24 h) time periods. 

As illustrated in Figure 2, treatment of A549 cells (or MCF7 

cells, Supporting Information Figure S1) with the SABRE reaction 

mixture, that contained any of the deuterated catalyst 

isotopologues and d2-MN, did not induce cytotoxicity at lower 

bolus volumes over short exposure times (1 h) (Figure 2 A and 

Supporting Information Figure S1 A). As expected, higher bolus 

volumes (>2.5%) contributed to toxicity over short exposure times. 

This is consistent with our previous report that used unlabeled 

[IrCl(COD)(IMes)] catalyst and d2-MN.[26] As the treatment 

prolonged, we observed only a slight reduction in the rate of cell 

death when the fully deuterated [IrCl(COD)(d24-IMes)] catalyst is 

employed (Figure 2 B). However, when the cells were exposed 

for over 6 h cell viability was reduced for all of the different 

catalysts used and thus, we conclude that isotopic labelling of the 

catalyst has little influence on the cytotoxicity outcome when d2-

MN is used as the substrate. 

 

Substrate effects on cytotoxicity and polarization transfer 

 

Our next goal was to determine the effect of the substrate on the 

cytotoxicity profile of the SABRE mixture. We therefore changed 

the d2-MN for 4,6-d2-nicotinamide (d2-Nam) and conducted 

similar analysis. d2-Nam has previously been shown to give 4.1% 
1H polarisation using [IrCl(COD)(IMes)] in [D4]methanol under 3 

bar p-H2.[25b] Nicotinamide has been previously used for at high 

doses in humans[29] whilst a more recent in vivo study of inherited 

mouse glaucoma showed potential neuroprotective effects.[30] In 

this study, we prepared a sample containing [IrCl(COD)(IMes)] (5 

mM), d2-Nam (20 mM) in 30% [D6]ethanol in D2O and exposed it 
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to 3 bar p-H2 in a 65 G polarization transfer field. The d2-Nam 

signal gain was quantified to be 102-fold however this was 

significantly increased by using the partially deuterated 

[IrCl(COD)(d22-IMes)] catalyst which gave 606-fold signal gain. 

When d2-Nam was used as the substrate for the MTT assay 

under analogous conditions to that used with d2-MN, survival of 

the cells changed dramatically. Now, cell viability was not altered 

at higher bolus volumes even when the treatment was prolonged 

to over 6 h in both the cell lines (Figure 2 for A549, see Supporting 

Information Figure S1 for MCF7 cells). This is surprising as d2-

Nam and d2-MN have comparable IC50 values (16.2 mM and 17.4 

mM respectively for A549 cells, see Supporting Information Table 

S1 and reference [26]). Moreover, addition of d2-Nam dissolved in 

30% [D6]ethanol in D2O alone to the cell culture medium did not 

reduce cell viability at concentrations higher than that is normally 

required for a SABRE reaction (Supporting Information Figure S2). 

Notably, when the cells were now exposed to the SABRE reaction 

mixture containing d2-Nam and any of the labelled catalysts, the 

viability of A549 cells was not reduced below 80% at bolus 

volumes ≥5% over 6 h (Figure 2E) or below 50% at bolus volumes 

≤2.5%  over 24 h of exposure (Figure 2F). Similar effects on cell 

viability were observed when fully protio [IrCl(COD)(IMes)] 

catalyst was used with d2-Nam (Supporting Information Figure 

S3). 

These results allow us to draw two conclusions. First, 

isotopic labelling of the SABRE catalyst has little effect on the 

cytotoxicity of the SABRE reaction mixture to the two cell lines 

studied here. This allows the more potent isotopologues for 

SABRE polarization to be used without detriment to the 

biocompatibility of the bolus produced. Second, the cytotoxicity of 

SABRE mixture is dependent upon the substrate used. It is worth 

noting that when a substrate that has potential cyto-protective 

characteristics, such as nicotinamide used in this study, it is 

indeed possible to negate the cytotoxic potential of the catalyst. 

Additionally, while these results would in part envisage no 

requirement for removing the catalyst before use with biological 

materials, we do not propose a direct SABRE bolus for in vivo 

applications. This is due to the heavy metal exposure, which for 

Figure 2. Comparing cytotoxicity of deuterium labelled catalyst: MTT viability assay data showing A549 cells treated with SABRE reaction 

mixture containing d2-MN (left panel) or d2-Nam (right panel) with the indicated catalysts. Treatments were carried out for (A and D) 1 h, (B and E) 

6 h and (C and F) 24 h. Data are presented as mean + SD and are from 3 independent experiments (n=3). *P<0.05, **P<0.005 and ns - Not significant 

vs. the untreated control (100% viable); one-way ANOVA. 
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iridium, the parenteral permitted daily exposure limit for humans 

is 10 µg/day.[31] If a nominal, 1 g dosage of the contrast agent is 

used, this equates to maximum 10 ppm iridium concentration can 

be delivered in a single bolus. A number of methods for depleting 

the iridium content in solution have been reported, including bi-

phasic catalysis,[27] ion-exchange chromatography[26] and solid 

phase scavengers.[28a] 

With this in mind, we subjected the SABRE reaction mixture 

containing d2-Nam to deactivation with bathophenathroline 

disulfonic acid disodium (BPA) prior to depletion by ion-exchange 

chromatography to produce a biocompatible bolus with d2-Nam 

that contained <1.7 ppm of iridium by ICP-OES. This bolus also 

showed no long term cytotoxicity for exposure times of up to 24 h 

(Supporting Information Figure S4). 

 

Changing the identity of the catalyst 

 

The predominant catalysts used for SABRE catalyst are of type 

[IrCl(COD)(NHC)] due to their superior performance over 

phosphine derived alternatives.[21] Our next goal was to determine 

whether the IMes derived systems were a contributing factor for 

the cytotoxicity of the SABRE reaction mixture. Our interest was 

in part provoked by the recent growth of metal-NHC based 

metallo-drugs, which is reflected in the number of reports that 

aimed to identify the anti-tumour properties of such drugs.[32] 

Recent advances have used iridium as an alternate for platinum 

and ruthenium based systems.[33] Therefore, we focused our 

attention on a range of NHC ligands that contain a xanthine core 

and have previously been noted for antimicrobial and anticancer 

activities.[34] Xanthines are purine bases that are produced by 

both plants and animals and can be readily methylated.[35] The 

natural methylated xanthines, theophylline, theobromine and 

caffeine (see Supporting Information Figure S5 for chemical 

structure) are present in tea, cocoa and coffee. They exhibit 

biologic activity as stimulants and have been used for therapeutic 

purposes.[36] 

With this in mind, we synthesized a number of catalysts 

bearing these ligands (see Supporting Information for details on 

the synthesis and characterisation). The [IrI(COD)(tmx)] (where 

tmx = tetramethylxanthine, methylated caffeine) catalyst did not 

show high SABRE activity and the aqueous solubility was poor. In 

order to increase the water solubility and the level of signal 

enhancement we employed methylated 1,3,5-triaza-7-

phosphaadamantane (mPTA) as a co-ligand.[37] Previous studies 

have shown that coordination of a phosphine co-ligand in the axial 

position of the active catalyst can improve its catalytic activity.[25a] 

On exposure of a solution containing  [IrI(COD)(tmx)] (5.5 mM), 

mPTA.CF3SO3 (1 eq.), Nam (4 eq.) in 30% [D6]ethanol in D2O to 

3 bar H2 formation of [Ir(H)2(Nam)(solv)(mPTA)(tmx)](I)(CF3SO3) 

was observed (see Supporting Information for characterisation 

data). When the same was shaken under 3 bar p-H2 at 140 G, a 

resulting 37-fold signal gain was observed which is significantly 

lower than the IMes derived systems. 

Next, we wanted to test the effect of this caffeine derived 

catalyst on viability of cells cultured in vitro. For this, we took 

aliquots of the SABRE reaction mixture and added them to A549 

and MCF7 cells in cell culture medium as described above. Our 

results show that at exposure times ≤6 h minimal cytotoxicity was 

observed over all bolus volumes for A549 cells (Figure 4). 

However, when the time was extended to 24 h, cell death was 

seen at bolus volumes above 2.5%. Again here it is not possible 

to exclude the cytotoxicity associated with the heavy metal 

contamination over long time exposure at higher doses. A similar 

trend was observed with MCF7 cells, however at exposure times 

of 6 h at bolus volumes ≥5% a reduction in cell viability was 

observed. From this we can conclude that modifying the ligands 

of the catalyst has minimal effect on cell viability when compared 

to IMes derived systems and therefore cell death may be arising 

due to metal contamination. 

 

Expansion to other biologically relevant target substrates 

 

Having shown that the ligand array on the catalyst has negligible 

effect on the resulting cytotoxicity of SABRE reaction mixture and 

instead the substrate’s identity showed the dominant factor in cell 

survival, we wanted to examine a set of clinically relevant drugs. 

Therefore we began by selecting pyrazinamide (PZA) and 

isoniazid (INH) which are currently prescribed for the treatment of 

pulmonary disease, Tuberculosis (TB). PZA is a pyrazine 

derivative used in combination with other active ingredients to 

inhibit TB growth whilst INH, which is a pyridine derivative, has 

bactericidal properties against various Mycobacterium species. 

Both these compounds are prodrugs that become active in the 

infected body and have previously been shown to be polarized via 

SABRE with polarization levels of up to 6.1% and 2.1% in 

alcoholic solvents for PZA and INH respectively.[25c, 38] 

Whilst the pharmacological properties of both PZA and INH 

are well established, we wished to determine how interaction with 

the SABRE catalyst would affect the cytotoxicity profile. Hence, 

we prepared a series of samples containing [IrCl(COD)(d22-IMes)] 

(5 mM) and either PZA or INH (20 mM) in 30% [D6]ethanol in D2O 

solution. [IrCl(COD)(d22-IMes)] was chosen as the catalyst due to 

previously showing optimal SABRE polarization levels and 

magnetic state lifetimes under the conditions used here.[25c] After 

exposure to H2 in order to form the active SABRE species, we 

conducted the MTT assay in analogous fashion to those prepared 

previously and the data is shown in Figure 5. 

When A549 cells were treated with the SABRE reaction 

mixture prepared with PZA or INH we found only a very low 

reduction in cell viability, even at doses of up to 10% bolus volume 

and over a 6 h exposure time. However, when the exposure times 

were extended to 24 h, a reduction in cell viability was noted at 

higher bolus volumes, though >50% viablity was maintained for 

all bolus volumes ≤2.5%. We determined that the reduction in cell 

viability observed was likely to be due to the presence of the 

active SABRE catalyst because when using pure solutions of PZA 

or INH, no reduction in cell viability was recorded. Our results 

indicate that a set of drugs that are clinically prescribed for use in 

the treatment of human disease could be used for in vivo analysis 

by SABRE hyperpolarization. Additionally, since the activation of 

Figure 3. Conversion of [IrI(COD)(tmx) to 

[Ir(H)2(Nam)(solv)(mPTA)(tmx)](I)(CF3SO3) by reaction with mPTA in the 

presence of H2 and Nam. 



ARTICLE    

 
 
 
 
 

the prodrug is dependent on the presence of the TB bacterium, 

these compounds might provide useful diagnostic information of 

the disease states in conjunction with real time MRI analysis.  

The polarization of PZA and INH in 30% [D6]ethanol in D2O 

was also studied using [IrCl(COD)(d22-IMes)] as the catalyst. 

Unfortunately, signal enhancements were only 10 and 16-fold 

respectively under 3 bar p-H2 at 298 K and therefore prohibitively 

low for biomedical applications. It is noted that these signal gains 

are much lower than those reported in neat [D4]methanol 

solutions.[25c, 38] The partial deuteration of PZA and INH has 

previously been shown to improve polarization transfer while 

simultaneously extending their T1 relaxation times in 

[D4]methanol and [D6]ethanol solution.[25c] Therefore, we 

repeated the SABRE polarization experiments using the 

deuterated isotopologues. This caused an increase in signal gain 

for d-PZA to 78-fold and to 98-fold for d2-INH. Additionally, this 

isotopic labelling strategy did not influence the outcome of the 

MTT assay for d-PZA (Supporting Information Figure S7). When 

solubilized in 30% [D6]ethanol in D2O, the treated A549 and 

MCF7 cells were >50% viable at concentrations above what is 

normally required for SABRE. Importantly, cell viability obtained 

for d-PZA is almost identical to that of the protio form PZA under 

SABRE reaction conditions (Figure 6) and indicates that 

deuterium labelling did not alter the way in which PZA is 

metabolized. 

Finally, we further expanded the range of substrates to 

include methyl-5-d-pyrazinecarboxylate (5d-MePC), methyl-6-d-

pyrazinecarboxylate (6d-MePC) and 2,5-d2-isonicotinamide (d2-

iNam. SABRE samples were prepared with [IrCl(COD)(d22-IMes)] 

(5 mM)  in 30% [D6]ethanol in D2O and exposed to 3 bar p-H2 in 

a 65 G polarization transfer field. For 5d-MePC, the total signal 

gain was quantified to be 182-fold whereas 6d-MePC yielded 

signal gains of 1284-fold at 9.4 T. This equates to ca. 4% 

polarization and is the largest reported in this study and is 

comparable to that previously reported in pure [D6]ethanol 

solution.[25c] d2-iNam also performed well under SABRE 

Figure 4. Evaluating cytotoxicity of water soluble catalyst: MTT cell viability assay data showing (A) A549 and (B) MCF7 cells treated with various bolus volumes 

of SABRE reaction mixture containing d2-Nam and [Ir(H)2(tmx)(mPTA)](I)(CF3SO3). Data are presented as mean + SD and are from 3 independent experiments 

(n=3).  *P<0.05, **P<0.005 and ns - Not significant vs. the untreated control group; one-way ANOVA. 

 

 

 

Figure 5. Cytotoxicity assessment of 

anti-TB drugs under SABRE: MTT 

viability assay data showing A549 cells 

treated with various volumes of protio 

forms (p) of (A) PZA  and (B) INH prepared 

under SABRE reaction conditions with or 

without the catalyst (d22-IMes). Data are 

presented as mean + SD and are from 3 

independent experiments (n=3). *P<0.05, 

**P<0.005 and ns - Not significant vs. the 

untreated control group; one-way ANOVA. 
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conditions and gave a 612-fold signal gain in the biocompatible 

solvent mixture. 

We therefore exposed A549 cells to the SABRE mixtures 

containing 6d-MePC and d2-iNam in order to determine their 

cytotoxicity profile. The results are depicted in Figure 6. For 

exposure times ≤6 h, no significant reduction in cell viability was 

observed for bolus volumes ≤2.5% when 6d-MePC was used as 

the substrate. However, at higher bolus volumes or longer 

exposure times cell death was seen. Conversely, d2-iNam 

showed no significant cell death for all bolus volumes studied for 

exposure times of up to 6 h. On extending this time to 24 h, cell 

survival was reduced at bolus volumes ≥5%. Nevertheless, it 

would be expected that local exposure in vivo would be only for 

short time periods owing to the comparatively short life time of the 

polarization. 

 

Depleting iridium from final solution 

 

As a final iteration, we wished to quantify the residual metal 

content after the catalyst had been removed either by ion 

exchange chromatography[26] or biphasic catalysis.[27] First, two 

SABRE active samples containing [IrCl(COD)(IMes)] (5 mM) and 

either MN or Nam were quenched by the addition of 1.1 eq. of 

bathophenanthroline sulfonic acid disodium as previously 

reported.[26] Then, after ion exchange chromatography using 

DEAE Sephadex®, the solution was analyzed using ICP-OES. 

For the solution containing MN, 2.6 ppm of iridium was quantified 

in a 10% bolus volume whereas for Nam, 1.7 ppm was detected. 

Alternatively, a biphasic sample containing 

[IrCl(COD)(IMes)] (5 mM) and either Nam  or MN (20 mM, 4.0 eq.) 

in CD2Cl2 (dichloromethane - DCM) and D2O (containing 0.9% 

NaCl) gave rise to final iridium concentration of 0.6 ppm when 

Nam was the substrate while the sample containing MN gave 

iridium concentrations below the detection limits (0.1 ppm). This 

difference in iridium concentration between Nam and MN is likely 

to be due to the increase in water solubility of the active catalyst 

that is formed on reaction with Nam when compared to MN. This 

phenomenon has been previously harnessed to create water 

soluble SABRE polarization.[39] 

Since biphasic SABRE catalysis method allows for rapid 

depletion of iridium, we further explored how alternative 

substrates affected the final iridium concentration and wanted to 

assess the effect of the aqueous fraction from the substrate d-

PZA prepared under biphasic SABRE mixture on cell viability. We 

expected to see similar cytotoxicity patterns as previously shown 

for the substrate d2-MN. First, analysis of the proton spectrum 

under thermal condition showed that d-PZA is distributed 

between both aqueous and organic phase with a greater extent in 

aqueous solution (Figure 7 A). Upon SABRE-derived biphasic 

catalysis, in the presence of NaCl, hyperpolarisation of d-PZA in 

aqueous phase occurs significantly higher (approx. 2000 fold) and 

the signal intensity remained for a longer time (over 2 mins) when 

compared to that of the d-PZA in organic phase (Figure 7 B and 

Supporting Information Figure S10). SABRE hyperpolarisation of 

protio PZA was also notably similar under biphasic conditions 

(Supporting information Figure S11). 

To assess the cytotoxicity of these reaction mixtures we 

then separated the aqueous phase and treated A549 and MCF7 

cells with various volumes of the bolus. Consistent with the other 

substrates reported, cell viability was not altered even when very 

highest volume (10%) of the aqueous solution derived from 

biphasic SABRE was added to the cell culture medium (Figure 8). 

Even over longer exposure times (24 h) of the aqueous fraction 

did not reduce the cell viability. Indeed, the viability profile 

matched that of d-PZA alone under control conditions (Supporting 

Information Figure S12) which clearly indicated that the toxicity is 

negated by the exclusion of the catalyst that is retained in the 

organic phase. Also, when the other anti-TB drug, INH, was 

studied in an analogous fashion, the cytotoxicity followed similar 

patterns with almost no adverse effect on in vitro cultured cells 

when treated with catalyst free solutions prepared by biphasic 

SABRE (Supporting Information Figure S13). These results 

clearly demonstrated that clinically relevant target substrates can 

be further utilized for in vivo imaging by MRI when biphasic 

SABRE method is employed. 

Figure 6. Effect of deuterium labelling on cell viability: MTT assay data showing A549 cells treated with various volumes of the SABRE reaction mixture 

containing d22-IMes and deuterium labelled target substrates d-PZA or 6d-MePC or d2-iNam. Data are presented as mean + SD and are from 3 independent 

experiments (n=3). *P<0.05, **P<0.005 and ns - Not significant vs. the untreated control group; one-way ANOVA. 
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Conclusions 

The ability to produce a biocompatible SABRE hyperpolarized 

bolus or in vivo administration is a key step in advancing the 

technique toward clinical applications. In this study, we have 

shown that changing the ligand on the SABRE catalyst does not 

have a significant influence on the resulting cytotoxicity. When the 

MTT assay was conducted on the SABRE reaction mixture 

containing deuterated isotopologues, d2-IMes, d22-IMes or d24-

IMes, in conjunction with d2-MN, no increase in cell death was 

observed when compared to the protio form. Indeed, at bolus 

volumes <2.5%, a significant reduction in cell viability was shown 

even over short time periods. However, these effects can be 

negated by removing the iridium catalyst by either ion exchange 

chromatography or biphasic catalysis. These methods render a 

biocompatible bolus with <2 ppm iridium content by ICP-OES. 

Moreover, the SABRE induced signal gains improved from 100-

fold when using the IMes derived catalyst to over 200-fold when 

d22-IMes was employed in 30% [D6]ethanol in D2O. 

Interestingly, when the substrate was changed to 

nicotinamide and its isotopically labelled derivate 4,6-d2-

nicotinamide the cytotoxicity of the SABRE reaction mixture was 

negated; even at high bolus volumes and long exposure times. 

We suggest that this could be due to the potential cyto-protective 

features of nicotinamide. Despite limited cell death being 

observed with this substrate, we would not envisage in vivo 

administration of the SABRE reaction mixture without first 

reducing the iridium content to below recommended exposure 

limits.[31] When [IrCl(COD)(d22-IMes)] was used as the catalyst, 

exposing the sample containing d2-Nam to p-H2 in a 65 G 

polarization transfer field gave a 606-fold signal gain in the 

biocompatible solvent mixture. Replacing the IMes ligand with a 

caffeine derivative, the cyctoxicity profile did not change. 

Therefore, we conclude that the ligand identity has minimal effect 

and that the cytoxicity is resulting from residual heavy metal 

content. This catalyst, despite its improved aqueous solubility, 

gave reduced signal enhancements with nicotinamide. 

By expanding the range of substrates to include 

tuberculosis drugs, such as isoniazid and pyrazinamide, we have 

exemplified a route to produce a biocompatible hyperpolarized 

bolus of a clinically prescribed product. This may lead to the 

potential to monitor the drugs uptake and metabolism by in vivo 

MRI. In both cases, cell death was observed for the SABRE 

reaction mixture over 24 h exposure times although at low bolus 

volumes and shorter exposure times cell survival improved. This 

cytotoxicity was shown to be derived from the presence of the 

Figure 7. Biphasic SABRE using d-PZA: The 1H NMR signal intensity of a biphasic solution of [IrCl(COD)(d22-IMes)] (5 mM) and d-PZA (20 mM) in CD2Cl2 (1.5 

mL) and D2O (1.5 mL, 0.9% NaCl) as a function of distance from the bottom of the NMR tube at (A) thermal and (B) SABRE hyperpolarised conditions. Top -

aqueous phase; Bottom - organic phase (see Supporting Information for further details).  

 

Figure 8. Biocompatibility achieved by Biphasic SABRE: MTT cell viability assay on (A) A549 and (B) MCF7 cells treated with various volumes of aqueous 

phase separated from biphasic SABRE reaction mixture that contained d-PZA. Data are presented as mean + SD and are from 3 independent experiments (n=3). 

*P<0.05, **P<0.005 and ns - Not significant vs. the untreated control group; one-way ANOVA. 
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iridium catalyst and could be removed by catalyst elimination. In 

fact, when using biphasic SABRE catalysis with d-PZA a signal 

enhancement of up to 2000-fold was observed with a signal that 

survived for over 2 minutes. These data show that the toxicity 

assessment of each target substrate would be required prior to in 

vivo administration however the predominant cytotoxic feature is 

due to the presence of the iridium catalyst. 

Currently, all catalyst sequestering techniques introduce 

additional variables and time implications to the SABRE 

technique. These may be associated with the addition of chelating 

agents, solid phase scavengers or solvent separation.  

Additionally, we note that the signal enhancements quantified in 

30%[D6]ethanol in D2O are significantly lower than those achieved 

in organic solvents such as ethanol. We suggest that larger 

polarization levels could be accomplished by conducting the 

polarization in 100% [D6]ethanol with subsequent dilution with 

D2O. Therefore we are working towards the goal of creating an 

automated system to provide a reliable route to a delivering 

SABRE hyperpolarized and catalyst free bolus for clinical use. 

Experimental Section 

Chemicals and reagents 

All chemicals were purchased from Sigma-Aldrich, Fisher or Alfa-Aesar. 

Deuterated solvents ([D6]ethanol, deuterium oxide (D2O) and 

dichloromethane (DCM) were purchased from Sigma.  The following 

compounds were prepared according to literature procedures:methyl 4,6-

d2 nicotinate,[25b] 4,6-d2-nicotinamide,[25b] methyl-5-d-pyrazinecarboxylate, 

methyl-6-d-pyrazinecarboxylate, 2,5-d2-isonicotinamide,[25b] 6-d-

pyrazinamide, 2,5-d2-isonaizid, [IrCl(COD)(IMes)][40] [IrClCOD)(d2-

IMes)],[25b] [IrClCOD)(d22-IMes)][25b] and [IrClCOD)(d24-IMes)].[25b]  

Cell culture and treatment 

A549 and MCF7 cells were grown in DMEM supplemented with 10% fetal 

bovine serum (FBS), penicillin (100 U/ml), streptomycin (100 µg/ml) and 

L-Glutamine (2mM) (all from Gibco, Life Technologies). The cells were 

maintained in a humidified atmosphere under standard conditions (37°C; 

5% CO2). For treating cells with SABRE reaction mixture we followed the 

same method as illustrated previously[26]. Before treatment various 

volumes of the SABRE reaction mixture were diluted to a maximum of 10 

µl in the same solvent from which the compounds were originally prepared. 

The final volume of the solvent or reaction mixture was always kept as 10% 

in the total volume of the cell growth medium (i.e. 10 µl in 100 µl). 

Cell viability assay by MTT method 

Viability of the cells post treatment with various reaction mixtures were 

carried out by MTT method[41]. In this method, the reduction of tetrazolium 

to insoluble formazan crystals by the active mitochondrial dehydrogenase 

in living cells allows to quantify cell viability. For this assay, cells (normally 

104 cells per well in a 96-well plate) were taken in triplicates and treated 

with the compound dissolved in solvent or without the compounds (solvent 

alone or untreated controls) in cell growth media. After incubation, at a 

desired time point the cell growth media was replaced with fresh media 

(100 µl) and incubated with 10 µl of MTT (5 mg/ml, dissolved in cell growth 

media and filter (0.22µm) sterilized) for a further 4 h at 37°C. The medium 

with MTT was then carefully aspirated and the resulting formazan crystals 

were solubilized in 100 µl of Dimethyl sulfoxide (DMSO). The absorbance 

was then measured at 570 nm using a microplate reader (MultiskanGO, 

Thermofisher). The absorbance of a series of cells that were exposed to 

the cell growth medium only was taken as 100 % viable (i.e. the untreated 

control sample). The cell viability of the compound treated samples were 

then calculated by normalising to the untreated control sample and are 

expressed as % of control. For statistical analysis of the data each assay 

was repeated a minimum of three times.  

SABRE Hyperpolarization 

SABRE polarization using [IrCl(COD)(NHC)] in 30% [D6]ethanol in D2O 

solution: A 5 mm J. Young’s tap NMR tube containing a 5 mM (unless 

otherwise stated) solution of [IrCl(COD)(NHC)] (5 mM) and substrate (4 

eq.) in 30% [D6]ethanol in D2O (0.6 mL) was degassed prior to the 

introduction of H2. Samples were left to form the active catalyst for 1 h prior 

to the replacement of H2 with p-H2. The samples were then shaken for 10 

s in the specified fringe field of an NMR spectrometer for polarization 

transfer before being rapidly transported into the magnet for subsequent 

interrogation by NMR spectroscopy.  

SABRE polarization using [Ir(H)2(Nam)(solv)(tmx)(mPTA)](I)(CF3SO3) in 

30% [D6]ethanol in D2O solution: 

Biphasic catalysis method  

A solution of [IrCl(COD)(d22-IMes)] (5 mM) and d-PZA or other substrates 

indicated in the text (20 mM, 4 eq.) in DCM (1.5 mL) and D2O (containing 

0.9% NaCl) (1.5 ml) was mixed together and degassed prior to the 

introduction of hydrogen at a pressure of 3 bar. When the two fractions 

(aqueous and organic) separate, aqueous solution was carefully taken out 

and various volumes were used for treatment on cells. Further dilutions 

were made to a maximum of 10 µl in the same solvent. 

Statistical analysis 

All experiments were performed at least three times (n=3) and all data is 

presented as mean and standard deviation (SD) of the mean. Statistical 

significance was set at P values <0.05. 
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