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Paramagnetic agents that utilize two mechanisms to provide physiological informa-
tion by magnetic resonance imaging (MRI) and magnetic resonance spectroscopic
imaging (MRSI) are described. MRI with chemical exchange saturation transfer (CEST)
takes advantage of the agent's exchangeable protons (e.g., -OH or -NH,, where
2 > x > 1) to create pH contrast. The agent's incorporation of non-exchangeable pro-
tons (e.g., -CH,, where 3 2 y > 1) makes it possible to map tissue temperature and/or
pH using an MRSI method called biosensor imaging of redundant deviation in shifts
(BIRDS). Hybrid  probes based upon 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetate  chelate  (DOTA*") and its

(1,4,7,10-tetraazacyclododecane-o, o/, o, o”-tetramethyl-1,4,7,10-tetraacetate,

methylated  analog

DOTMA*") were synthesized, and modified to create new tetra-amide chelates.
Addition of several methyl groups per pendent arm of the symmetrical chelates, posi-
tioned proximally and distally to thulium ions (Tm®*), gave rise to favorable BIRDS
properties (i.e., high signal-to-noise ratio (SNR) from non-exchangeable methyl pro-
ton peaks) and CEST responsiveness (i.e., from amide exchangeable protons). Struc-
tures of the Tm3" probes elucidate the influence of methyl group placement on
sensor performance. An eight-coordinate geometry with high symmetry was
observed for the complexes: Tm-L1 was based on DOTA*~, whereas Tm-L2 and Tm-
L3 were based on DOTMA®*~, where the latter contained an additional carboxylate at
the distal end of each arm. The distance of Tm®* from terminal methyl carbons is a
key determinant for sustaining BIRDS temperature sensitivity without compromising
CEST pH contrast; however, water solubility was influenced by introduction of
hydrophobic methyl groups and hydrophilic carboxylate. Combined BIRDS and CEST
detection of Tm-L2, which features two high-SNR methyl peaks and a strong amide
CEST peak, should enable simultaneous temperature and pH measurements for high-

resolution molecular imaging in vivo.

Abbreviations: BIRDS, biosensor imaging of redundant deviation in shifts; CEST, chemical exchange saturation transfer; DIPEA, diisopropylethylamine; DMF, dimethylformamide; DOTA*",
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate; DOTMA*~, 1,4,7,10-tetraazacyclododecane-a, o, o', " -tetramethyl-1,4,7,10-tetraacetate; DOTP®", 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetrakis(methylenephosphonate); FOV, field of view; HBTU, O-benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate; MRSI, magnetic resonance spectroscopic imaging;
SAP, square antiprism; SNR, signal-to-noise ratio; TSAP, twisted square antiprism; UFF, Universal Force Field.
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1 | INTRODUCTION

MRI is an important non-invasive diagnostic tool in medicine because of its ability to produce high-resolution images of soft tissue, where
image contrast is generated by relaxation times of water protons (i.e., longitudinal T, and/or transverse T,). A critically important aspect for
MRI advancement is using paramagnetic contrast agents to further enhance image contrast (e.g., by causing further T, reduction), resulting in
greater delineation between normal and diseased tissues. The most successful class of MRI contrast agents is derived from gadolinium (Gd**)
in combination with linear (open chain) or macrocyclic chelating agents.2? These agents enhance image contrast by shortening the T, of water
protons, but this enhancement is for the whole body due to non-specific distribution of chelated Gd®* agents. For example, gadoteric acid or
Dotarem (i.e, GADOTA~, where DOTA*" is an FDA-approved macrocyclic and is the abbreviation for 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetate), is used to distinguish lesions through T; enhancement, but it lacks specificity and fails to report on specific physiologi-
cal events.

Alternatively, there is a growing interest in development of smart agents that are responsive to pathology.® Replacing Gd®>* in GADOTA™ with
another lanthanide (Ln®") such as thulium (Tm>*) gives rise to TMDOTA™, which can measure temperature using its chemical shifts with MRSI.4°
Bansal and coworkers used MRI of the H5 proton of TMDOTA™ with chemical shift selective gradient-echo images, but this could not provide
absolute temperature readouts directly. However, MRSI can detect the protons on these agents directly to monitor the absolute temperature,
opening a new avenue for molecular sensing.®

Smart agents are Ln®* complexes with DOTA-based chelates. While paramagnetic hyperfine shifts of the endogenous proton resonances
from the chelating ligands have been explored in classical NMR studies,” utilization of these shifted proton signals from the ligands as responsive
agents has great potential in molecular imaging.® These Ln®* complexes possess well resolved paramagnetically shifted proton resonances

detected far beyond the diamagnetic range of proton NMR shifts,®~1#

and these non-exchangeable protons (e.g., -CH,, where 3 2 y = 1) can be
detected by high-speed MRSI to probe the microenvironment and this method is called biosensor imaging of redundant deviation in shifts
(BIRDS).%*>¢ These Ln®* complexes can also contain exchangeable protons (e.g., -OH or -NH,, where 2 2 x = 1) and/or bound water protons
(exchange rates that are much slower than Gd-based T; agents'”), where chemical exchange saturation transfer (CEST) can be used to generate
MRI contrast from the same agent. MRI and MRSI experiments with CEST and BIRDS techniques, respectively, using a variety Ln®** (e.g., thulium
Tm?3*, europium Eu®* or ytterbium Yb®*) conjugated with various chelate designs is a rapidly growing area of research.28-21 For example,
TmDOTP>~, which is Tm3* complexed with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(methylenephosphonate) (DOTP®), has shown
great potential for pH (and temperature) imaging in various pathological/disease states.??"2”

Among lanthanide complexes for BIRDS, Tm®" complexed with a methylated version of DOTA*~ (i.e, DOTMA?*", which is

" -tetramethyl-1,4,7,10-tetraacetate) shows promise in temperature mapping because the hyperfine-

1,4,7,10-tetraazacyclododecane-a, o, o, o
shifted methyl proton resonance is ~100 ppm away from water proton resonance. These protons also have very short relaxation times (i.e., T, of
4.7 ms and T, of 4.2 ms), and have high temperature sensitivity (i.e., 0.7 ppm/°C at 35 °C).® More recently, Tm®* and Yb®* complexed with
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraaminophosphonate (TmMDOTA-4AmP>~ and YbDOTA-4AmP>~) have been proposed as dual BIRDS
and CEST modalities for pH and temperature imaging.'® It should be noted, however, that dual BIRDS/CEST properties of probes such as
TmDOTA-4AmP>~ and/or YbDOTA-4AmP®~ were discovered serendipitously, since the agents were commercially designed for only enhancing
MRI contrast (i.e., T1, T, or CEST). Regardless, using the chemical shift difference between proton resonances from TmDOTA-4AmP°~ and
YbDOTA-4AmP>~, even higher pH and temperature sensitivities were obtained with BIRDS. In addition, pH values obtained from BIRDS were
correlated with pH-sensitive CEST imaging. An important structural characteristic of these lanthanide complexes is that the non-exchangeable
protons (for BIRDS) are positioned close to the paramagnetic metal ions (5-7 A). Similarly, other work with Tm®" and Eu®* salts of
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate tetraglycinate (DOTA-(gly)s*) show that both TWDOTA-(gly)s~ and EuDOTA-(gly)s~ pos-
sess BIRDS and CEST properties.*>?® Some novel work with Yb3" complexes of a slightly modified DOTP®~ chelate (i.e., 1,4,7-tris
(methylenephosphonic acid)-10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane) develops unique pH sensitive CEST properties.?’ Moreover,
for EUDOTA-(gly)s~, changing the oxidation state from +3 (when it is BIRDS/CEST active) to +2 enables this probe to generate both T, sensitiv-
ity and photoacoustic imaging.*°

Inspired by high-temperature sensitivity of methyl protons in TMDOTMA™ and dual BIRDS/CEST properties in agents such as TmDOTA-
4AmP>~ and YbDOTA-4AmP°~ but also TmnDOTA-(gly),~ and EuDOTA-(gly)s~, we synthesized new tetra-amide probes composed of Tm** com-
plexed with derivatives of DOTA*~ and DOTMA*~ containing several methyl groups per pendent arm (Figure 1). We embark on this task knowing
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well that isomer formation is likely with so many methyl groups added. However, these probe designs and their comparisons could be considered
novel given that there are no current paramagnetic agents with multiple methyl groups per pendent arm. Additionally, this experimental setup
allowed us to test other hypotheses for designing new dual BIRDS/CEST agents. We hypothesized that methyl protons would provide both higher
temperature sensitivities and redundancy for BIRDS, while exchangeable protons (i.e., amide groups) would provide opportunities for pH imaging
with quantitative CEST. However, there were specific checks for dual BIRDS/CEST properties. We examined if placement of the methyl groups
on the chelate (for BIRDS) alters the behavior of multiple exchangeable proton moieties (for CEST). For example, Tm-L1 and Tm-L2 were nearly
identical tetra-amide structures, except that the latter had an additional methyl group. Another feature we wanted to examine was the properties
of BIRDS versus CEST with regard to the probe's charge. For example, Tm-L2 and Tm-L3 were similar tetra-amide structures except that the latter
had an additional carboxylate component, giving this chelate a negative charge. Additionally, comparison of Tm-L2 with Tm-L3 would allow us to

understand if adding carboxylate groups improves solubility.

2 | EXPERIMENTAL

21 | Synthesis of the DOTA-tetraamide chelates

Structures and synthesis schemes of three methylated tetraamide derivatives (i.e., one DOTA-tetraamide derivative, L1, and two DOTMA-
tetraamide derivatives, L2 and L3, where the latter also has carboxylates) are shown in Figure 1.

211 |
(L1)

Tetrakis-(N-iso-propyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracetamide-DOTA-(i-propyl-amide),

The synthesis of L1 follows the steps described previously.3! Briefly, 2-bromo-N-isopropyl-acetamide was first synthesized by reacting iso-
propylamine with 2-bromoacetylbromide in the presence of potassium carbonate. The resulting product was then added to the reaction mixture
of cyclen (1,4,7,10-tetraazacyclododecane) and potassium carbonate in acetonitrile under N, to produce L1. *H NMR (500 MHz, D,O;
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FIGURE 1

Structures and synthesis of Tm®*

Tm-L3

complexes. A, Chemical structures of methylated TmDOTA-tetraamide derivative (Tm-L1) and
TmDOTMA-tetraamide derivatives (Tm-L2 and Tm-L3). B, Synthesis scheme of Tm-L2 and Tm-L3 complexes. See Figures S1 and S2 for
characterization and purity for ligands and complexes
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Figure S1a) 5 (ppm) 3.34 (4H, p, CH), 3.05 (8H, s, CH,) 2.28-2.68 (16H, m, CH), 1.19 (24H, d, CHa); *3C NMR (125 MHz, D,0; Figure S1a) 5 (ppm)
181.01, 59.63, 51.70, 44.36, 21.88.

212 | Tetrakis-(N-iso-propyl)-(1R,4R,7R,10R)-a,0 ,o” o’ -tetramethyl-1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetracetamide-DOTA-(i-propyl-amide), (L2)

The synthesis of L2 follows a similar scheme (Figure 1). DOTMA tetrasodium tetrahydrate salt (4.0 g, 6.6 mmol) was suspended in water (70 mL),
and 6 M hydrochloric acid (6 mL, 36 mmol) was added while stirring. The resulting solution was evaporated under high vacuum to yield the hydro-
chloride salt of DOTMA as a white solid (5.3 g). The solids were suspended in dimethylformamide (DMF, 180 mL), and diisopropylethylamine
(DIPEA) was added (13 mL, 75 mmol) with stirring. O-Benzotriazole-N,N,N’,N’'-tetramethyl-uronium-hexafluoro-phosphate (HBTU) (12.5 g,
33 mmol) was added as a solid to the mixture and stirred for 5 min. After this, isopropylamine (3 mL, 35 mmol) was added to the reaction mixture
and stirred at room temperature for 24 h. The solvent was removed by rotary evaporation under high vacuum and the residue was dissolved in
chloroform (200 mL). The organic layer was washed five times with water (100 mL) and then dried over sodium sulfate. The product precipitated
from solution at this point and was extracted from the drying agent by triturating in methanol (100 mL). The solvent was evaporated under
reduced pressure to yield the product as a white solid (4 g, 97%). m/z (ESI-MS™): 624.9 (IM + H]*, 100%). *H NMR (500 MHz, D,0; Figure S1b) §
(ppm) 3.72 (4H, td, CH), 3.20 (4H, g, CH), 2.81-3.86 (16H, m), 1.62 (12H, s, CH3), 1.34 (24H, dd, CH3). **C NMR (125 MHz, D,0; Figure S1b) §
(ppm) 165.87, 58.37, 49.80, 47.98, 40.09, 37.82, 32.31, 23.24, 17.72.

2.1.3 | Tetrakis-(2-acetoamino-2-methyl-propionic acid)-(1R,4R,7R,10R)-a,o/,o” ;o' -tetramethyl-
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracetamide-DOTA-(Me,Gly), (L3)

The synthesis of L3 follows a similar scheme (Figure 1). DOTMA (6 g, 9.7 mmol) was suspended in water (100 mL), and 6 M HCI (8 mL, 48 mmol)
was added with stirring. The resulting solution was evaporated to dryness under high vacuum and the residue was suspended in DMF (100 mL).
DIPEA (30 mL, 172 mmol) was added while stirring, followed by HBTU (16.6 g, 44 mmol). The mixture was stirred for 5 min and then
2-aminoisobutyric acid ethyl ester hydrochloride (7.8 g, 46.5 mmol) was added to the reaction mixture. The reaction was allowed to stir overnight
at room temperature. The mixture was filtered through a medium-porosity sintered glass filter and the solvents were evaporated under high vac-
uum. The residue was dissolved in dichloromethane (50 mL) and washed three times with 1 M sodium hydroxide solution (50 mL). The organic
layer was dried over sodium sulfate and filtered, and the filtrate was evaporated under reduced pressure. The residue was dissolved in a mixture
of 1:1 ethanol/water (70 mL) and heated to 50 °C with stirring. Sodium hydroxide solution (50% wt) was added to the reaction mixture until the
pH stabilized at 13. The solution was stirred at 50 °C for an additional 3 h then evaporated to dryness under high vacuum. The residue was dis-
solved in ethanol (30 mL) and the solution was stirred at room temperature for 3 d. The solids were filtered and washed with ethanol to yield the
product as a white solid. m/z (ESI-MS™): 800.94 (M + H]*, 100%). *H NMR (500 MHz, D,0; Figure S1c) § (ppm) 3.36 (4H, m, CH), 3.02-3.75
(16H, m, CH»,), 2.86-2.86 (24H, s, CHg), 1.51 (12H, s, CH3). *3C NMR (125 MHz, D,0; Figure S1c) 5 (ppm) 177.50, 167.63, 165.87, 57.47, 54.02,
49.80, 38.92, 37.83, 32.31, 25.11.

2.2 | Preparation and characterization of thulium complexes

An aqueous solution of ligand (0.8 mmol) was stirred at ambient temperature and the pH adjusted to 7. Aliquots of TmCl; (0.5 M standard) were
added while maintaining a constant pH = 7 via addition of NaOH (0.2 M) as required. Reaction progress was monitored using HPLC/MS. When
complete conversion of ligand to complex was confirmed, the reaction mixture was filtered (0.22 pm) and the resulting filtrate lyophilized. The
purity of complexes was above 90% by HPLC (Figure S2).

Tm(lll)Tetrakis-(N-iso-propyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracetamide-DOTA-(i-propyl-amide), (Tm-L1). *H NMR (500 MHz, D,O)
§ (ppm) 43.13 (1H), 32.89 (1H), 22.04 (1H), 2.69 (2H), —9.06 (1H), —16.20 (1H), —25.91 (6H), —76.32 (1H), —87.62 (1H). m/z (ESMS El+):
851 (100% [M + CF3zCO,H]I).

Tm(lll)Tetrakis-(N-iso-propyl)-(1R,4R,7R,10R)-a,a’ ,a" ,o/"' -tetramethyl-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracetamide-DOTA-(i-propyl-
amide), (Tm-L2). *H NMR (500 MHz, D,0)  (ppm) 115.67 (3H), 88.06 (1H), 75.11 (1H), 63.97 (1H), —106.11 (3H), —267.23 (1H). m/z (ESMS El+):
793 (M + HF).

Tm(lll)  Tetrakis-(2-acetoamino-2-methyl-propionic  acid)-(1R,4R,7R,10R)-a,o’," &’ -tetramethyl-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-
cetamide-DOTA-(Me,Gly); (Tm-L3). *H NMR (500 MHz, D,0) § (ppm) 95.49 (3H), 88.42 (3H), 63.65 (1H), 44.89 (1H), 29.40 (1H), —11.94 (3H),
—47.06 (1H), —100.09 (3H), —119.89 (3H). m/z (ESMS EI+): 967 (M + H™).

85U80|7 SUOIWIOD 3AEa.D 3|qedt|dde au Aq peupAob afe sajone VO ‘88N Jo se|ni Joj AIq18UlUO A8]IM UO (SUOTHIPUOD-PUE-SWLBIW0D A8 | 1M AtRIq 1 Ul UO//:SdNY) SUORIPUOD Pue SW | 84} 88S *[2202/TT/¥0] uo Ariqi]auluo Ao ‘Areiql Aisieaunenybus] Aq /89" Wqu/z00T 0T/I0p/W0 A8 | ImAiq 1 jeul|uo'S feuIno ouB 105 oA feue//:sdny wouy papeojumoq ‘9 ‘220 ‘Z6vT660T



ET AL. NMR o)
s N REDCNE=WILEY-L 2

2.3 | Crystallization and X-ray diffraction data collection

Uniform crystals for X-ray diffractions were grown over several days using a vapor diffusion method at room temperature. In this method, each
complex with milligram quantities was placed in the individual vials and dissolved in the minimal volume (~0.5 mL) of acetonitrile. Then these vials
were placed in the larger vials containing 5.0 mL of n-hexane.

Suitable crystals were mounted on glass fibers and the low-temperature diffraction data were collected on a Rigaku MicroMax-007HF dif-
fractometer coupled to a Saturn 994 + CCD detector with Cu K, (A = 1.54178 A) for the molecular structures. The diffraction images were
processed and scaled using Rigaku Oxford Diffraction software (CrysAlisPro; Rigaku OD, The Woodlands, Texas). The structure was solved with

SHELXT and was refined against F 2 on all data by full-matrix least squares with SHELXL.3?

All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included in the model at geometrically calculated positions and refined using a riding model. The isotropic displacement
parameters of all hydrogen atoms were fixed to 1.2 times the U values of the atoms to which they are linked (1.5 times for methyl and water
groups). The full numbering scheme of Tm-L2 (007b-19,047) can be found in the full details of the X-ray structure determination (Crystallographic
Information File, CIF), which is included in the Supporting Information (Tables S1-57), where the CCDC number 2024208 (007b-19,047) contains
the supplementary crystallographic data. The crystal structure of Tm-L1 was unsolvable (007a-19,017, X-ray crystal data not shown) because it
contained a few severely disordered water molecules and chloride ions. For Tm-L1 and Tm-L3, a small single crystal was formed instead of a few
large ones in several crystallization trials. Excessive nucleation could have happened due to the presence of unremovable anions (e.g., CI~, PF4 7).
These small crystals were insufficient for X-ray analysis. Thus, 3D models for Tm-L1 and Tm-L3 were built using IQmol and the 3D crystal struc-
ture of Tm-L2 as input structure. Specifically for Tm-L3 a carboxylic acid functional group was added to the four terminal carbons of the four pen-
dent arms in Tm-L2. The initial structures of Tm-L1 and Tm-L3 were optimized to obtain a stable structure. The Universal Force Field (UFF)*® has
been used to optimize the geometry. The UFF can define almost all of the atoms in the periodic table. Because the structure contains a thulium
(Tm3*) metal ion, the UFF has been utilized to optimize the structure. After the geometry optimization, different structural parameters such as
bond lengths and distances between different atoms were calculated. The calculated structural parameters for Tm-L1 and Tm-L3 were compared
with that for Tm-L2 (Table S1). Structural displays (3D) were produced using Mercury software (Version 4.3.1) available from Cambridge Crystallo-
graphic Database Centre. The chemical formulas for Tm-L1, Tm-L2, and Tm-L3 based on integrating *H and 3C NMR signals are TmC,gHs56NgO.,
TmCsHg4NgO4, and TmCsgHs¢NgO1», respectively.

24 | Sample preparation for imaging experiments

A series of samples of Tm-L1, Tm-L2, and Tm-L3 were prepared with 10 mM sodium phosphate buffer at various pH values (6.6-7.9) and 10%
D,O for BIRDS and PARACEST experiments. Sample pH values were measured using a pH meter (Mettler Toledo, Columbus, Ohio). All NMR

experiments were acquired using an 11.7 T vertical magnet (Bruker, Billerica, Massachusetts).

2.5 | BIRDS characterization

The *H NMR chemical shifts for Tm-L1, Tm-L2, and Tm-L3 samples (4 mM, pH ranges 6.6-7.9) were obtained by acquiring proton spectra at vari-
ous temperatures (27 to 40 °C) and calibrated on a Bruker spectrometer (Billerica, MA) at 11.7 T as previously described®>. All spectra were line
broadened (20 Hz), phased, and baseline corrected. The chemical shifts of proton resonances were measured relative to the water resonance
(0 ppm). Temperature sensitive methyl proton resonances in each complex were chosen for BIRDS detection. The temperature and pH depen-

dences of proton chemical shifts were fitted to second-order polynomial equations:

5=a+bpH+cT+dpH? +eT?+fpHT 1)
where the coefficients a-f were obtained from the fit. The relaxation times (T, and T5,) of these resonances were measured at 35 °C using typical
inversion-recovery and spin-echo methods, respectively.
2.6 | CEST characterization
All CEST experiments for Tm-L1, Tm-L2, and Tm-L3 samples (4 mM, pH range 6.6-7.9) were collected with a continuous wave saturation RF pulse

(53 uT, 4 s) over a range of frequencies (+ 150 ppm, 0.5 ppm each step) followed by a short observe RF pulse to measure the residual water signal

at different temperatures (25 to 40 °C) on a Bruker spectrometer at 11.7 T.2> The CEST properties were analyzed by calculating the Z (or CEST)
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spectra (i.e. plots of normalized bulk water signal intensity [Ms/Mg] as a function of saturation frequency). The CEST effect was quantified as a

decrease in total bulk water intensity according to the following equation:

— MS
CEST=1- (2)

where My is the magnetization for saturation at the frequency of interest and My is the reference magnetization for saturation at a frequency fur-
ther away from resonance of interest.

The second term on the right-hand side of Equation 2 is inversely proportional to (1 + kT4), where k is the exchange rate and T, is the bulk
water longitudinal relaxation time. k was determined by fitting the Z spectra to Bloch equations modified for chemical exchange.®* The agent con-
centration (4 mM), the bulk water (90% H,O or 49.5 M), the T; (1.9 ms for Tm-L1, 2.0 ms for Tm-L2, and 2.0 ms for Tm-L3), and the T, (0.8 ms
for Tm-L1, 1.0 ms for Tm-L2, and 0.9 ms for Tm-L3) were considered fixed parameters, while the exchange rate constant k, the chemical shifts of

the dilute pool and of bulk water, and the T, and T, for bulk water were obtained from the fit.

2.7 | Invitro BIRDS and CEST

The in vitro temperature maps with BIRDS and Z spectra with CEST were obtained in NMR tubes containing 4 mM of each agent on a Bruker
spectrometer at 11.7 T as previously described.?®> The 3D MRSI datasets for BIRDS were obtained using a spectral window of 250 kHz, 1024
points, 389 spherical encoding steps, and 160 averages. The repetition time was TR = 6 ms and the encoding gradient duration was 160 ps. A
500 ps Shinnar-Le Roux (SLR) pulse was used for excitation of various proton resonances. The field of view (FOV) was 15 x 15 x 15 mmS. The
data were reconstructed to a 3D size of 15 x 15 x 15 to yield a voxel resolution of 1 x 1 x 1 mm?>. The temperature maps in each tube were cal-
culated from the chemical shifts of methyl groups for each agent according to Equation 3. The CEST datasets were acquired using echo-planar
imaging (EPI) with TR = 10 s, TE = 8 ms, FOV 20 x 20 mm?, image size 40 x 40, slice thickness 2 mm, and 112 offsets in the range from —60 to
60 kHz.

3 | RESULTS AND DISCUSSION
3.1 | Design and synthesis

Three tetrasubstituted tetraaza-macrocyclic ligands were synthesized (Figure 1) and characterized (Figures S1-S2). The ligand L1 (i.e. a DOTA-
tetramide derivative) was prepared by following the previously reported procedure, which involved the chemical conjugation of 2-bromo-N-iso-
propyl-acetamide with cyclen.®! Subsequent acidification of the sodium salt form of DOTMA*~ was used for both ligands L2 (ie a DOTM-
A~ tetramide derivative) and L3 (ie similar to L2 but with carboxylates). The ligand L2 was synthesized by reacting the protonated DOTMA*~ with
isopropylamine, while the ligand L3 was prepared by using the protonated DOTMA®*~ with 2-aminoisobutyric acid ethyl ester followed by hydro-
lysis of the ester bond. The identity and homogeneity of the three ligands were confirmed by *H NMR, chromatography, and mass spectroscopy.
Tm3* was chosen for complexation because it allows the most prominent hyperfine shifts for the non-exchangeable proton resonances.>®> The
corresponding metal complexes were prepared by addition of stoichiometric amounts (1:1) of the ligand and the chloride salts of Tm®* in aqueous
solution at pH 7.0 (see Section 2 for details). The identity and homogeneity of thulium complexes was confirmed by NMR and mass spectroscopy.
A xylenol orange assay was carried out to confirm complete metal complexation and ensure that there was no free detectable Tm®*. The H
NMR spectra of the complexes showed no chemical shift drifting, loss of intensity, or line broadening after several years with similarly sharp pro-
ton resonances, demonstrating their great thermodynamic stability. Integration of *H and **C NMR peaks depicts the chemical formulas for Tm-
L1, Tm-L2, and Tm-L3 (Figure S1) in agreement with the high purity of the complexes (Figure S2).

Tm-L1 has two methyl groups in each pendent arm generating a single methyl *H peak (see CH322 in Figure 2A). A modified Tm-L1, in which
another methyl group was incorporated at position H6 of TNDOTMA™, results in Tm-L2 with an additional methyl *H peak (see CH3! in
Figure 2B). These three methyl groups are also present in Tm-L3 but are shifted by the carboxylate and due to the twisted square antiprism
(TSAP)/square antiprism (SAP) isomers there are several detectable methyl *H peaks (see CH3® and CH32? in Figure 2C). Regardless, these methyl
1H peaks of Tm-L3 show higher temperature sensitivities than those of CH322 in Tm-L1 (Table 1). All agents showed presence of amide proton
signals (see -NH in Figure 2). The additional methyl proton resonance observed in Tm-L2 and Tm-L3 provides redundant information for BIRDS

to report changes in the same molecular event (i.e., temperature) but with different sensitivities (Table 1).
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FIGURE 2 'H NMR spectra of 4 mM Tm-L1 (A), Tm-L2 (B), and Tm-L3 (C) at pH 7.4 and 35 °C. Methyl protons are indicated with isomers as
well as the -NH protons. See Figure S3 for all peak assignments. The H,O peak in each spectrum is quite small because the majority of the water
signal was suppressed by selective saturation with a block pulse for 100 ms. The amide NH protons are still visible, being in slow exchange with
the bulk water, kex < Sni — Swater, Where key is the exchange rate of the NH protons in s72, and Sni and Swater are the Larmor frequencies in Hz of
NH and water protons, respectively

TABLE 1  Properties of -CH3 protons for Tm-L1, Tm-L2, and Tm-L3 compared with TmDOTMA™. See Supporting Information for further
details on structures of Tm-L1, Tm-L2, and Tm-L3 (Figures S3 and S4, Tables S1-57). *from Reference 6; **from Reference 36

Temperature

Specifics of Chemical shift of sensitivity Average Tm®+-C T, of -CH3 T of -CH3
Complex -CH3 protons -CH3 protons (ppm) (ppm/°C) (CH3) distance (A) protons (ms) protons (ms) To/T,
Tm-L1 CH42® -28.6 0.183 + 0.002 5.781 14.9 £ 0.6 6302 0.42
Tm-L2 CHg! —96.2 0.373 + 0.005 4764 3.6+02 3101 0.86

CH423 85.5 —0.372 + 0.006 5.808 15+0.1 12+0.1 0.80
Tm-L3 CH3! -99.6 0.607 + 0.003 4.765 28+01 1.7+01 0.61

CH3? 63.2 —-1.31+0.03 6.685 09+0.1 07%0.1 0.78

CH;® 72.8 0.41£0.01 5.310 1.5+01 1.1£01 0.73
Tm-L2 CH423-CHg! —0.74 £ 0.01 - - -
Tm-L3 CH3%-CH3! -1.93+0.03 - - -

CH3%-CH3® -1.72£0.04 - - -
TmDOTMA~"  CHj3 —99.2 0.7 £0.1 4.854" 47+0.41 42+02 0.89

3.2 | Structural properties of Tm** complexes

We defined the structural properties of the three Tm3* complexes in solution together with the solid-state structure that are important for BIRDS
(Tables S1-S7). We obtained the crystal structure for Tm-L2 and 3D model-based structures for Tm-L1 and Tm-L3 (Figure 3; see Section 2.3 for
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FIGURE 3 Molecular structures of Tm-L1, Tm-L2, and Tm-L3 in 2D (A, B, and C) and 3D (A’, B, and C’) models, where hydrogen atoms,
solvent molecules, and counter-ions are omitted for clarity. The Tm-L1 and Tm-L3 structures were obtained from theoretical 3D modeling, while
the Tm-L2 structure was obtained from X-ray crystallography. See Table 1 and Supporting Information (Figures S4-S5, Tables $1-S7) for details

details). We also discuss the coordination geometry of Ln®* complexes that are now well understood.®”-*8 In DOTA-based symmetric complexes,
the Ln®* coordinates with the four nitrogen atoms on the cyclen (defines the N4 plane) and the four oxygen atoms—one on each of the four pen-
dent arms (defines the O, plane). Depending on the type of chelate and Ln®", an additional coordination position could be occupied by a bound
water molecule capping the O,4 plane. Torsion of both N4 and O4 planes results in two possible cyclen ring conformations (8888 and AA\) and two
pendent arm orientations (A and A). Thus, four diastereoisomers are possible, which are observed as two enantiomeric pairs. One enantiomeric
pair is TSAP: A8888, AAMAL. Another enantiomeric pair is SAP: A58588, AAMM. The abundance of TSAP and SAP forms is affected by both the Ln3*
and the chelate structure, where steric hindrance from the pendent arms increases TSAP abundance and SAP abundance depends on Ln®* size.
However, regulating the TSAP/SAP ratio in solution (at a given temperature) is important for applications of these DOTA-based symmetric
complexes.

Two out of four stereoisomeric structures (TSAP, AAMAA, and SAP, A88556) are observed in the 1H NMR spectrum of a-substituted DOTA
derivatives such as LnTCE-DOTA,**%? LnNB-DOTA,*® and LnDOTMA,*! indicating that the other two (TSAP, A5555, and SAP, AMA\) are
unreachable due to unfavorable pendent arm rotation. In addition, the introduction of a substituent onto the pendent arms leads to preference
for the TSAP coordination geometry.42 Similar phenomena could be seen in Tm-L1, Tm-L2, and Tm-L3, where we observed TSAP form domi-
nance at room temperature. However, the two favorable species TSAP (AMAA) and SAP (A88383) are observed in 1H NMR spectra of Tm-L3 where
TSAP exhibits a higher intensity than SAP (Figure S3), and under the same conditions Tm-L1 and Tm-L2 are comprised of the TSAP form primarily
(Figure S3). From the crystal structure data, the N4-O,4 torsion angle (o) of Tm-L2 is 25.5°, while from the 3D optimized model of Tm-L3 and Tm-
L1 they are 29.2°, and 20.5° respectively, consistent with reported results and demonstrating a relationship between coordination geometry and
substitution of the pendent arms.

The structural information of the complexes shows eight coordination bonds, four for the nitrogen atoms of the cyclen ring and four for
the oxygen atoms of the pendent arms, which demonstrates the high symmetry and rigidity of these complexes, resulting broadly in dispersed
proton (-CH5¥) resonances. The average distances between the central atom Tm®* and the methyl carbon correlates with the temperature
dependence of the chemical shifts. In Tm-L1, the average distance between Tm®* and the carbons CH3? and CH32 is 5.78 A, and the CH32®

proton resonance is closer to the bulk water signal compared with Tm-L2 and Tm-L3, also demonstrating the lowest temperature sensitivity
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(Tables 1 and S1). In contrast, the CH3* proton resonances of Tm-L2 and Tm-L3 complexes are more versatile. In Tm-L2, the average Tm®*-C
(CH3) distances of two separate methyl carbon, CH3® and CH323, are 4.76 and 5.81 A respectively (Table S1). In Tm-L3, the average dis-
tances of Tm3"-C (CH5") for the three separate methyl carbons, CH3', CH52, and CH,®, are 4.77, 6.69, and 5.31 A respectively (Table S1).

Among the three methyl protons, CH3? shows the highest temperature sensitivity, potentially due to a steric effect and a hyperfine

pseudocontact (through space), resulting from introducing CH3* at the Hé6 () position and the carboxylic functional group on the terminal car-
bon, and the highest average distance from Tm®*. Moreover, introducing a methyl group CH3® at the H6 position makes a crucial difference
in the coordination sphere among the Tm-L2 and Tm-L3 complexes. As a result, the average thulium-oxygen (Tm-O) pendent arm bond
lengths for Tm-L2 and Tm-L3 are 2.271 and 2.289 A, respectively, which are higher than that of 2.207 A measured in Tm-L1 (Table S1). This
indicates that the methyl group on the H6 position elongated four Tm-O coordination bonds, resulting in the steric effect in entire complexa-
tion in Tm-L2 and Tm-L3 (Table S1). The phenomena are also reflected in the 1H NMR of these complexes (Table 1, Figure 2). The chemical
shift of CH32® in the Tm-L1 complex is closer to the water signal than for Tm-L2 and Tm-L3. The average Tm-C (CH3%®) distances for Tm-
L2 and Tm-L3 are 4.99 and 5.22 A, respectively, which are higher than the 4.88 A for Tm-L1 (Table S1). Moreover, the average M-CH3? and
M-CH3® distances for Tm-L2 are 26.43 and 25.19 A, respectively, while those for Tm-L3 are 26.69 and 25.31 A, respectively. These are
higher than the 6.51 and 5.05 A measured for Tm-L1 (Table S1). Interestingly, the longer distances of Tm-C (CH32%) in Tm-L2 and Tm-L3
blended with the steric effect of CH3® contribute to deshielding of the terminal protons, resulting in higher chemical shifts. However, intro-
ducing the carboxylic group on the terminal carbon in Tm-L3 disturbs the combined resonance of CH3%%, resulting in two distinct well

resolved resonances for CHs2 and CH3® (Table 1, Figure 2).

3.3 | NMR spectroscopy

1H NMR spectra of all three Tm3* complexes demonstrate sharp paramagnetically shifted proton resonances. The hyperfine-shifted proton reso-
nances of the Tm®* complexes span a range from —160 to 90 ppm with linewidths of 50-450 Hz in 10% deuterium oxide (Figure 2). *H spectra
of the Tm-L1 complex show seven non-exchangeable proton resonances, six of which have the same integrated intensities while one demon-
strated a sixfold higher intensity corresponding to the two methyl groups at the terminus of each pendent arm at —28.6 ppm (Figure 2A). The
Tm-L2 complex has six non-exchangeable proton resonances, two of which have higher intensities corresponding to the dimethyl protons of
CH32® resonating at 85.5 ppm, while the methyl protons of CH3? resonate at a chemical shift of —96.2 ppm (Figure 2B). This is similar to the Tm-
L3 complex, where the dimethyl protons resonate slightly apart from each other (i.e., at 63.2 and 72.8 ppm), while the single methyl protons reso-
nate at —99.6 ppm (Figure 2C). This effect could be due to the charged pendent arm of Tm-L3, which segregates methyl group (CH32°) having dif-
ferent orientations.

The relaxation times (T4, ms) and chemical shifts of methyl protons are correlated well with crystal structures, and are consistent with the lit-
erature reported,*>*® supporting the assignments of proton resonances. In Tm-L1 (Figure 3A), the most remote C-H (dimethyl proton, average
Tm-CHs;2 and Tm-CHj2 distance of 5.78 A) demonstrates the smallest chemical shift at —28.6 ppm and the longest T, value (T; = 14.9 + 0.6 ms)
(Figure S4). The assignment of the methyl proton (-CH3) of TNMDOTMA™ is also consistent with that of Tm-L2 in terms of the highest T, value
with a similar distance of Tm-CHj;* (see Table 1, but additional details can be found in Figure S5 and Table S1). For Tm-L2 (Figure 3B), the single
methyl proton (CH5?, average Tm-CH,* distance of 4.76 A) shows a higher T, value (3.60 + 0.2 ms) compared with the dimethy! proton (CH52%,
average Tm-CH;2 and Tm-CH5? distance of 5.81 A), with T; = 1.5 + 0.1 ms. For Tm-L3, the results indicate a consistency with the values mea-
sured for Tm-L2 and TnDOTMA™. In this case, the highest shifted single methyl (CH3?) resonance at —99.6 ppm has similar Tm-CHj;* distance of
4.76 A and the longest T; (2.8 + 0.1 ms), comparable to that of TNDOTMA™. In addition, Tm-L3 has the smallest T value (0.9 + 0.1 ms), with
chemical shift at 63.2 ppm (Figure 3C, Table 1, Figure S4). In agreement with our hypothesis for Tm-L1, Tm-L2, and Tm-L3 (see Section 1), all
methyl protons have very short relaxation times because of dipolar interactions at the level of 5-7 A (Table $1) between the non-exchangeable
protons and the unpaired Tm®* electrons. Overall, the T, value of methyl protons is higher in Tm-L1 than in Tm-L2 and Tm-L3 because of poten-
tial rotational freedom restrictions caused by the presence of four additional methyl groups in the Tm-L2 and Tm-L3. Similarly, the T, values of
CH32?2 in Tm-L2 and Tm-L3 are smaller than that of CH3! in the same complex.

Prediction of chemical shifts of methyl protons in these Tm3* complexes is difficult because of competing effects of electronic shielding, ori-
entation relative to local By, field, and orientation and proximity to the Tm3* ion.***> Bansal and colleagues®® demonstrated that the hyperfine
shifts of a single methyl proton group in DOTMA®*~ can be dramatically switched on opposite sides of the water peak when different Ln®* ions
are used for complexation. Chemical shifts of methyl protons were assigned by comparing with the methyl proton resonance of TnDOTMA~.43>
TmDOTMA™ has a methyl group in position R1 (Figure S4), which resonates upfield of water (negative chemical shifts), similar to Tm-L2 and Tm-
L3. Note that Tm-L1 does not have a methyl group in position R1, whereas all ligands have methyl groups in position R2. Based on this observa-
tion we assigned the negative chemical shifts observed in Tm-L2 and Tm-L3 to the CH; groups (similar to TnDOTMA™). The CH32 and CH3> res-
onance assignments were made by choosing the highest MR signals from the remaining unassigned resonances in each spectrum, since the

methyl groups produce higher signals due to a larger number of non-exchangeable protons.
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3.4 | BIRDS characterization

BIRDS is an ultra-high-speed 3D MRSI method, which has several advantages over conventional techniques, including higher sensitivities to
molecular events, overlap-free *H hyperfine shifts, and favorable relaxation properties (short T; and T,) for detection.*® Molecular imaging with
BIRDS using paramagnetic complexes relies on their superior sensitivities to changes induced by molecular events (e.g., pH and temperature).
Thus, improved molecular sensitivity is a key factor when designing contrast agents for BIRDS imaging. For example, TmMDOTMA™ is an excellent
probe for temperature mapping using the chemical shift of its methyl protons.®>> The methy! proton resonance of TNDOTMA™ has a tempera-
ture sensitivity of 0.7 ppm/°C and T,/T; ratio of 0.88.° The four methyl groups on the pendent arms of TNDOTMA™ are chemically equivalent.
For each molecular agent, due to the C2 symmetry of the molecule, 12 molar methyl protons contribute to the same chemical shift resonance. As
much as a fivefold increase in signal-to-noise ratio (SNR) was observed compared with TnDOTP®~, due to four methyl groups replacing four *H
atoms (at the H6 position) and thus providing 12 magnetically equivalent protons. The measured fivefold increase in SNR is due to a threefold
increase in the number of contributing protons, but also because the resonance has a smaller linewidth due to its shorter correlation time. Similar
results were suggested by Parker et al when a tert-butyl group was added to one pendent arm of the macrocyclic complexes to increase the
redundancy, achieving increased SNR and higher sensitivity.*”

The temperature and pH dependences for the chemical shifts of methyl protons in Tm-L1, Tm-L2, and Tm-L3 were characterized in the range
of 25-40 °C and pH 6.6-7.9, and are plotted in Figure Sé6. The coefficients a-f determined from the fit using Equation 1 are shown in Table S8. For
methyl protons in Tm-L1, Tm-L2, and Tm-L3, absolute temperature sensitivities varied from 0.183 to 1.31 ppm/°C (Table 1, top three rows). The
methyl proton in Tm-L1 was less temperature sensitive than the methyl protons in Tm-L2 and Tm-L3. The dimethyl protons in Tm-L2 showed
almost the same temperature sensitivities (i.e., 0.373 and —0.372 ppm/°C) but with opposite signs. The largest temperature sensitivity was
observed for CH32 in Tm-L3 (i.e., —1.31 ppm/°C), while those for CHz* and CH3® were lower (0.607 ppm/°C and 0.41 ppm/°C, respectively). The
T, and T, values for methyl protons in each Tm®* complex was measured to estimate the T,/T; ratio, which is an important factor determining
the SNR. The T; and T, for CH322 in Tm-L1 were larger than those for methyl protons in Tm-L2 and Tm-L3. Methy! protons in Tm-L2 exhibited
an optimal T,/T4 ratio (close to 1), whereas the methyl proton in Tm-L1 had a less favorable T,/T; ratio (0.42).

Since the chemical shifts of methyl protons in the three Tm®* complexes investigated are pH insensitive (Figure 4), these complexes are good
BIRDS probes for absolute temperature measurements. Thus, for temperature calibration of each methyl proton, the absolute temperature (T)

was calculated using the change in the chemical shift &, according to
T =A+B(8¢— o) +C(8x — b0)* 3)

where o was set to the mean of the chemical shifts measured in the temperature range investigated, and the coefficients A, B, and C were
determined from a linear least-square fit of the measured temperature as a function of the chemical shift. The 6o and the coefficients A, B,
and C for each chemical shift (or for the chemical shift difference between two methyl protons) are summarized in Table 2. For dimethyl pro-
tons investigated in Tm-L2 and Tm-L3, absolute temperature sensitivities increased dramatically from —0.74 to —1.93 ppm/°C, comparing well
with TmnDOTMA™ (with a single methyl group), which has a temperature sensitivity of 0.7 ppm/°C (Table 1, bottom three rows). The compar-
ative sensitivities of the individual methyl protons of Tm-L1 and the dimethyl protons of Tm-L2 and Tm-L3 are shown in Figure 4 and
Figure Sé.

As suggested by results in our and other laboratories, using chemical shift difference between two resonances is very helpful for BIRDS imag-
ing.>1¢ In both Tm-L2 and Tm-L3, multiple methyl proton resonances are observed at different chemical shifts and are differently affected by the
same molecular event (i.e., temperature).>*® For example, CH3* and CH322 in Tm-L2 show almost the same absolute temperature sensitivities but
with opposite signs; thus, the chemical shift difference between these two resonances shows a sensitivity of 0.74 ppm/°C (Table 1). Higher tem-
perature sensitivities were observed using the chemical shift differences between methyl proton resonances in Tm-L3 (temperature sensitivities
for CH32-CH5t and CH32-CH3® are —1.93 ppm/°C and —1.72 ppm/°C, respectively; see Table 1, bottom three rows). To our knowledge, Tm-L3
provides the highest temperature sensitivity so far amongst all known BIRDS agents. Another advantage of using the chemical shift difference
between two proton resonances arising from the same agent is to circumvent the errors generated by B, field inhomogeneity or susceptibility dif-
ferences that might affect the chemical shift of the water resonance often used as a reference.>*® Furthermore, similar to the methyl proton reso-
nances in TMDOTMA™, the chemical shifts of methyl proton resonances of the three Tm®* complexes investigated here are not sensitive to pH
(Figure 4). The pH independence of these agents simplifies the temperature determination with BIRDS.

The introduction of methyl groups yields neutral ligands L1 and L2; however, Tm-L1 and Tm-L2 are cationic species, though their water solu-
bility decreases due to the long uncharged arms and hydrophobic cyclen ring. While the hydrophobic feature of these molecules might lower their
translational potential, approaches that allow incorporation of these agents within nanospheres (e.g., micelle and liposome) and/or coating them
with nanostructures would help their delivery to the targeted site.*” We anticipate that encapsulation of Tm-L2 inside liposomes would increase

local concentration, while chemical shifts would not be affected, as previously shown.>®
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FIGURE 4 Temperature and pH dependences of chemical shifts for CH322 of Tm-L1 (A) and chemical shift differences between protons
CH3?® and CH3? of Tm-L2 (B), CH52 and CH3* of Tm-L3 (C) and CH5® and CH5? of Tm-L3 (D). See Supporting Information (Figure S6, Table $8)
for details

3.5 | CEST characterization

The Tm®* complexes were designed to include exchangeable protons on the pendent arms so that they can be used for CEST imaging. The tem-
perature and pH dependences of the CEST effect were investigated for each complex (Figure 5). While only a small CEST effect was detected for
Tm-L3, a much larger CEST effect was observed for exchangeable pools in Tm-L1 and Tm-L2. In contrast to BIRDS properties, the CEST effect in
these complexes was responsive to both temperature and pH. A larger CEST effect was observed at higher temperature and pH values. Tempera-
ture and pH effects in CEST were largest in Tm-L1 and smallest in Tm-L3. The offsets of the CEST profiles were shifted towards the water reso-
nance upon increasing temperature, while the offsets of the CEST profiles were not shifted when pH was changed, indicating that the exchange
rates are pH dependent as expected, while the structures of these complexes were not affected by pH changes in this range. The temperature
sensitivities for the CEST peaks in Tm-L1, Tm-L2, and Tm-L3 were 0.60 + 0.01, 0.47 £+ 0.01, and 0.34 + 0.02 ppm/°C, respectively. However, the
pH sensitivities for the chemical shifts of CEST peaks in Tm-L1, Tm-L2, and Tm-L3 were not significant (i.e., less than 0.01 ppm/pH unit). There-
fore, these three Tm®* complexes can also be used for pH imaging with CEST, where the temperature could be measured with BIRDS.*¢

The strong pH dependence of CEST peak heights suggests that these exchangeable peaks are probably amide peaks. We calculated their rate
constants (9925 s~ for Tm-L1; 7815 s~ for Tm-L2; 864 s~ for Tm-L3) using Bloch equations modified for chemical exchange.®* Because most
of the previously published exchange rate constants were measured in non-Tm-based agents, we compare our measurements with those of Eu-
based agents, such as EUDOTA-(gly)~ 19 000 s~!, EuDOTA-(AmPO,0Bu)~ 14 085 s~1, EUDOTA-(glyOEt) 10 000 s~ %, and EuDOTA-(Me,gly)™
35 714 s~ 1.351-55 However, exchange rate constants for Tm-L2 and Tm-L3 are closer to those for TnDOTA-(gly),~ (i.e., 1703 s71).28 This com-
parison indicates that the three Tm3* complexes investigated here have slower exchange rate constants. We hypothesized that the main sources
for CEST peaks in these agents will be amide protons and/or bound water. Previous work with DOTA-(gly)*~1>28 has shown that EUDOTA-(gly)™
possesses both amide proton and bound water signals (the latter and former at +60 ppm and —5 ppm, respectively), whereas TmDOTA-(gly)™ has
only the amide proton signal (at —60 ppm). Based on the exchange rates estimated for a range of CEST agents (see above) and the fact that no
bound water signal was visualized at the lower temperature of 10 °C, we conclude that the CEST peaks are all of amide origin, where Tm-L3 has
additional smaller peaks arising from the SAP isomer, and this is much less in Tm-L2 (Figure 5).

Lanthanide-based cyclen agents have attracted attention for CEST applications, for measuring changes in various molecular events, such as

15,57 58,59

pH,*¢>¢ temperature, metabolites, or metal ions.®° The main advantage of CEST with paramagnetic agents is the larger offset differences

between the exchangeable pools and the bulk water resonance.'®! The CEST effect is generally observable when the exchange rate is not larger
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FIGURE 5 pH dependences of CEST spectra of 4 mM Tm-L1 (A), Tm-L2 (B), and Tm-L3 (C) at 35 °C, and temperature dependences of CEST
spectra of 4 mM Tm-L1 (D), Tm-L2 (E), and Tm-L3 (F) at pH 7.4 using a B4 value of 53 uT for 4 s. The amide proton exchange rate constants
calculated using Bloch equations modified for chemical exchange were 9925 s~ for Tm-L1, 7815 s~ for Tm-L2, and 864 s~ for Tm-L3

than the chemical shift difference between the two pools. Unfortunately, no CEST effect is detected for TMDOTA™ and TmDOTMA™ at physio-
logical conditions, probably because the exchange of the bound water in these agents is too fast. Thus, TmMDOTMA™ is mainly used for tempera-
ture measurements in BIRDS, although it could be used as a shifting agent to generate a CEST effect when it is encapsulated inside the
liposome.®?

Note that the CEST effect in Tm-L1 and Tm-L2 is much larger than that in Tm-L3, possibly due to the hydrophobicity of the structures. The
enhanced hydrophobicity could be responsible for repelling the free water molecules, thus slowing down the exchange to bring the exchange rate
into an optimal regime for enhanced CEST effect.?* These probes still have great potential in translational temperature and/or pH imaging if they
are encapsulated in nanocarriers (such as liposomes and micelles). The CEST effects of Tm-L1, Tm-L2, and Tm-L3 are linearly dependent on pH
and temperature, making them good candidates for dual BIRDS and CEST imaging, as suggested in our previous study.® The pH-sensitive CEST
profiles of Tm-L1 and Tm-L2 can be used for pH-contrasted imaging, while the temperature readouts could be provided by BIRDS. Overall, based
on solubility and BIRDS/CEST performances, Tm-L2 is the best candidate for future in vivo work.

3.6 | Invitro temperature mapping with BIRDS and Z spectra with CEST

We used samples containing 4 mM of each of Tm-L1, Tm-L2, and Tm-L3 to demonstrate the capability of each agent to generate temperature
mapping with BIRDS and Z spectra with CEST (Figure 6). It should be noted that both Tm-L1 and Tm-L2 could dissolve in water at 10 mM con-
centration. Thus, the agents' solubilities are at least 4mM for Tm-L3, and at least 10 mM for Tm-L1 and Tm-L2. Regardless, the in vitro data
shown in Figure 6 feature the high BIRDS/CEST imaging sensitivities of these agents.

We obtained BIRDS datasets in 6 min at 1 pL spatial resolution (1 x 1 x 1 mm? voxel size) for each agent using 3D MRSI and we calculated
the corresponding temperature maps using the chemical shifts of methyl group resonances according to Equation 3 and Table 2. For Tm-L1 we
used the difference between the CH322 and the bulk water resonances (Figure 6A), for Tm-L2 the difference between CH;%2 and CH,? reso-
nances (Figure 6B), and for Tm-L3 the difference between CH32 and CHs! resonances (Figure 6C). Since each of these samples was measured
separately, the average temperature was different for each: 26.1 + 0.5 °C for Tm-L1, 24.7 £ 0.3 °C for Tm-L2, and 23.8 + 0.2 °C for Tm-L3
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FIGURE 6 Temperature mapping with BIRDS and corresponding Z spectra for CEST in samples of Tm-L1 (A), Tm-L2 (B), and Tm-L3 (C). Each
sample had a concentration of 4 mM. The temperature was calculated using the chemical shifts of methyl groups indicated for each agent
according to Equation 3 and Table 2. The negative component at —108 ppm in the MR spectrum for Tm-L3 corresponds to the exchangeable
amide proton, which partially overlaps with the CH3* methyl resonance but has a different phase due to its fast exchange with the bulk water.
The CEST datasets were obtained with a By of 25 pT for Tm-L1 and Tm-L2, while for Tm-L3 a higher B; of 40 uT was used, to enhance the CEST
signal of exchangeable peaks

(Figure 6). The temperature variation observed in these experiments most likely reflects the temperature variation inside the magnet bore and the
relatively long duration required for temperature equilibration between the sample and its environment. BIRDS-based pH mapping with these
agents is not feasible because the chemical shifts of their methyl resonances are not pH dependent in the pH range 6 to 8 observed for in vivo
measurements in tumors or normal tissue. Regardless, the coalesced signals of methyl groups in each complex provide high BIRDS sensitivity for
molecular imaging.

To demonstrate the feasibility of using these agents for various CEST applications, we obtained average Z spectra (see Section 2) in the same
experimental sessions for each of the Tm-L1, Tm-L2, and Tm-L3 agents (Figure 6, right). The CEST datasets were obtained with a B; of 25 uT for
Tm-L1 and Tm-L2, while for Tm-L3 a higher B4 (40 uT) was used to enhance and better visualize the CEST signal of exchangeable peaks. The dif-
ferences between the CEST signal amplitudes in the Z spectra shown in Figure 5 and those in Figure 6 is due to different sample temperatures

(85 °Cin Figure 5, 23-26 °C in Figure 6) which affects the chemical exchange rate of exchangeable protons.

4 | CONCLUSIONS

In this work we introduce three heavily methylated tetra-amide Tm®* complexes for absolute temperature/pH mapping with BIRDS and CEST.
While variations in structure are subtle between the complexes, the impact on biosensing is actually quite large because of where the methyl
groups are located in relation to the metal center (i.e., both proximal and distal). Thus, the temperature and pH sensitivities from BIRDS and CEST,
respectively, are quite impressive. While Tm-L3 is an excellent temperature sensor with sensitivity of —1.93 ppm/°C and quite high SNR for
BIRDS (i.e., To/T ratio of ~0.8), it has low CEST performance. However, it seems that Tm-L2 has a similar temperature sensitivity to TnDOTMA™
(i.e., —0.74 ppm/°C) but much higher SNR for BIRDS (i.e., To/T; ratio of ~0.9) and it has high CEST contrast, similar to previously reported lantha-
nide agents with slow exchange rates that have linear pH dependence. Based on the in vitro molecular imaging results for Tm-L2, which has two
visible CEST peaks and prominent BIRDS features, we expect that this probe would be a good candidate for BIRDS/CEST hybrid imaging. In the
future, temperature mapping with BIRDS using these complexes can be employed to determine the saturation frequency offset for CEST imaging

and to correct the temperature induced effects to provide more accurate pH mapping with CEST.
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SUPPORTING INFORMATION

Additional supporting information may be found in the online version of the article at the publisher's website.
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