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In recent years, the significance of the radicisotope *Ga (b, =
68 min; Ey. ;.= 1.89 MeV) for positron emission tomography
(PET) has been widely recognized,™ particularly in light of the
success of ®Ga-labeled somatostatin analogues, such as *Ga-
DOTATOC, in neuroendocrine tumor imaging.” The main ad-
vantages of *Ga are easy handling, quick and uncomplicated
labeling procedures, and cyclotron-independent on-site pro-
duction in radioisotope generators. In such devices, ®Ga is
constantly generated by the decay of *Ge (n,—270.8 days,
EC), similar to *"Tc production in *Mo/*™Tc generators. This
facilitates the implementation of global coverage of PET, an
imaging modality which, in view of its high sensitivity and spa-
tial resolution relative to scintigraphy, is considered an ex-
tremely valuable tool in functional molecular imaging and per-
sonalized healthcare.

Targeted **Ga radiopharmaceuticals, e.g., for peptide recep-
tor imaging, are usually bioconjugates that consist of one or
more bioactive vectors and a chelating unit for ®*Ga®* binding.
As the inherent complexation properties of the chelator readily
determine the labeling efficiency and thus the specific activity
of the tracers, chelator optimization is a pivotal issue in tracer
improvement.”

About two decades ago, 1,4,7-triazacyclononanes with phos-
phinic acid side chains were found to be good chelators for
various metal ions, including Ga**™ More recently, our re-
search groups reported a novel bifunctional triazacyclononane
triphosphinic acid chelator (TRAP), which complexes ®Ga*'

q
/'LOH
5 D‘“p -
HOOC "OH
o OH 71(':
N HO
N
o G0 Tt
R
ey 0 ﬁ k P;O
0 o] HC™
HO ™ o
NODAGA TRAPF o

[a] J. Simecek, Prof. Dr. H-J. Wester, Dr. J. Notni
Pharmazeutische Radiochemie, Technische Universitat Miinchen
Waither-Meif3ner-Str. 3, 85748 Garching (Germany)
E-mail: johannes.notni@tum.de
Homepage: http ://www.prc.ch.tum.de

(bl J. Simecek, O. Zemek, Prof. Dr. P Hermann
Department of Inorganic Chemistry
Faculty of Science, Charles University in Prague
Hlavova 2030, 12840 Prague 2 (Czech Republic)

E Supporting information for this article is available on the WWW under

http://dx.doi.org/10.1002/cmdc.201200261.

ChemMedChem 2012, 7, 1375 - 1378

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

much more efficiently than the established bifunctional chela-
tor NODAGA and also constitutes an ideal framework for the
preparation of trimeric bioconjugates.*™® Pursuing this ap-
proach, we devised the NOPO (see
Scheme 1), which possesses only one site for bioconjugation, It
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Scheme 1. Synthesis of the NOPO chelator. Reagents and conditions:
a) H;PO,, H,C=0, 6 m HCl, RT, 24 h; b) Pd/C in H,0, H,, RT, 12 h; ¢) (2-carboxy-
ethyl)phosphinic acid, H,C=0, 6m HCI, 70°C, 24 h. Overall yield: 18-30%.

is therefore ideally suited for synthetic tasks in which strictly
monoconjugation is desired, such as for conjugates of soma-
tostatin receptor agonists which internalize into cells after
binding. NOPQ therefore perfectly complements the portfolio
of TRAP-like chelators in terms of synthetic strategy.

NOPO was synthesized by a multistep Moedritzer-Irani reac-
tion,”” as shown in Scheme 1 (see the Supporting Information
for details). As expected, owing to the lower basicity of phos-
phinate-containing ligands relative to those featuring carboxy-
lates, the stability constant of the [Ga(NOPO)]” complex
(log K=25.01, determined by potentiometry) is lower than that
of [Ga(NOTA)] (logK=29.60)"" but similar to that of [Ga-
(TRAP)I*~ (logK =26.24)." Nevertheless, the [Ga(NOPO)]~ com-
plex was found to possess pronounced kinetic inertness
against acid-promoted decomplexation. No disintegration of
the complex was observed in 6 M HCIO, over a period of three
months at room temperature.

For proof-of-concept studies, two well-investigated peptidic
receptor ligands, cyclo(RGDfK) (“RGDfK", targeting of a3, in-
tegrins)'” and Nal-octreotide (“NOC”, targeting of somatostatin
receptor subtypes 2 and 5),"" were conjugated to the carbox-
ylic acid moiety of NOPO by amide formation (see also Sup-
porting Information). Because chelator conjugates of these tar-
geting groups are very well investigated, their choice allows
comparison with a sound basis of prior data. Conjugation of
NOPQ is particularly convenient, as no protection of the phos-
phinate moieties is required during the reaction.
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In line with previous studies that outlined the superior ®Ga
labeling efficiency of 1,4,7-triazacyclononane phosphinate Ii-
gands relative to their carboxylate analogues,”® NOPO was
shown to incorporate *®Ga at very low ligand concentrations,
which is typical for TRAP-type chelators. Moreover, bioconju-
gation does not significantly change **Ga labeling perfor-
mance; Figure 1 shows that the radioactivity incorporation into
NOPO and NOPO-RGDfK is essentially identical within the mar-
gins of error. For both compounds, near-quantitative (> 95%)
labeling can be achieved at chelator concentrations as low as

190
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Figure 1. Radioactivity incorporation (%) by NOPO and NOPO-RGDfK as
functions of precursor concentration (T=95°C, t=5 min, pH 2.8).
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0.1 um. *Ga-NOPO-RGDfK showed no loss of activity, neither
over a period of 3 h in PBS or 0.25m EDTA at 37°C, nor in vivo.

Due to competition with ®Ga’* for the chelator, contamina-
tion of %Ge/*Ga generator eluates with various metal ions
originating from the column matrix or the eluents was recog-
nized earlier as being responsible for considerably decreased
radiochemical yields during **Ga labeling. In view of the very
similar coordination behavior of Ga’* and Fe”, the latter ion
is considered particularly problematic. Moreover, the presence
of Zn*" in the eluate cannot be circumvented, as ®Zn is con-
stantly formed as a stable daughter of *Ga. To avoid potential
problems caused by these metal ion contaminants during sub-
sequent complexation, various strategies for eluate purifica-
tion, i.e., removal of non-Ga’* cations, have been devel-

oped."*'" However, Figure 2 shows a pronounced selectivity
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Figure 2. Radioactivity incorporation (%) by NOPO as a function of concen-
tration of added metal ions (eyore=3 pm, T=95°C, t="5 min, pH 3.3); @:
none added; *: [NOPO/[M*1=1 (3 um).

of NOPO for Ga*'. Almost quantitative ®Ga binding is ob-
served even in the presence of 30 um Zn?" or 10 um Fe* (ie.,
10 and 3.3 equiv of NOPO, respectively), which exceeds by far
the single-digit ppm concentration range in which these ions
are maximally present in generator eluates."*""" For NOPO, the
usual contents of Fe** and particularly Zn?* in eluates can
therefore be considered irrelevant, rendering the removal of
these ions unnecessary.

GMP-compliant production of radiopharmaceutical formula-
tions of *®Ga-NOPO-peptides was performed in a fully auto-
mated process as described before.*'® Exceptionally high spe-
cific activities can be achieved reproducibly; for example, label-
ing reactions with 100 pmol NOPO-RGDfK and 970460 MBq
®®Ga (=10 pmol) yielded formulations of **Ga-NOPO-RGDfK

ChemMedChem 2012, 7, 1375- 1378
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with radiochemical yields of 77.24+2.1% (decay-corrected),
while specific activities (calculated for t=30 min after the start
of synthesis)™ reached 5600500 GBqumol~'. For a typical
dose used in small-animal imaging, such as 15 MBg, this results
in a total injected amount of both labeled and unlabeled
NOPO-RGDfK of ~2.7 pmol or 3.1 ng, which is impressively
low. Accordingly, a hypothetical patient dose of 185 MBq
(5 mCi) would contain only ~33 pmol or 38 ng of RGDfK conju-
gates. **Ga-NOPO-peptides can therefore be cansidered ideal
radiotracers and even meet concentration requirements far
below the microdosing approach. Due to their extremely high
specific activity without the need for a purification step,
NOPO-peptide conjugates allow convenient adjustment to an
ideal specific activity by the addition of cold reference and
thus are very useful for studies of the influence of the specific
activity of %*Ga-labeled peptides on specific tracer uptake
in vivo.

The suitability of **Ga-NOPO-peptides for molecular imaging
was proven in preliminary PET studies. **Ga-NOPO-RGDfK was
used for mapping of o,f; integrin expression in a nude mouse
bearing human melanoma xenografts M21 (high a,f3; expres-
sion) and M21L (low o 3; expression) on the right and left
shoulders, respectively. Figure 3 (left) shows that M21 is clearly

Figure 3, PET images (MIP, 75 min p.i.) of nude mouse tumor xenografts.
Left: **Ga-NOPO-RGDfK (M21 human melanomal); right: ®Ga-NOPO-NOC
(AR42J rat pancreas carcinoma). Accumulation of activity is observed in the
urinary bladder (indicated by outline arrows) due to renal excretion.

delineated in the PET image. In accordance with previous stud-
ies, we also observed considerable uptake in the abdominal
region.” "% However, all of this uptake was shown to be in-
tegrin-specific, as nearly complete blocking was achieved by
co-injection of excess NOPO-RGDfK (5 mgkg™'; see Supporting
Information figure S5). PET imaging of an AR42J-xenografted
mouse using *Ga-NOPO-NOC (Figure 3, right) shows low back-
ground and high tracer uptake in the tumor, while only insig-
nificant amounts of activity remain in the kidneys. Again, spe-
cificity of binding was proven by complete extinction of tumar
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uptake by administration of a blocking dose of 5mgkg’
NOPO-NOC (see Supporting Information figure 56).

We conclude that our novel chelator NOPO is highly appro-
priate for the preparation of *®Ga PET radiopharmaceuticals. Its
radiochemical properties, namely excellent efficiency and selec-
tivity in ®Ga** complexation, are of outstanding value for clini-
cal daily practice. In addition, due to the eradication of unde-
sired pharmacological or saturation effects, the high specific
activity achievable for NOPO peptides is of high importance
for preclinical studies in rodents. In view of the convincing re-
sults of the proof-of-concept PET study, we assume that NOPO
has a bright future in the design of next-generation monomer-
ic ®Ga PET tracers.
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1. Materials & Methods

Instrumentation: NMR spectra were recorded using Varian Unity Inova (400 MHz), VNMRS
(300 MHz) or Bruker Avance-III (600 MHz) NMR systems. 'H and “C NMR shifts are referenced
to feri-butancl signal (intemal standard; 1.25 and 30.29 ppm, respectively), *'P NMR shifts are
referenced relative to 85 % aq. H3PO; solution as external standard (0.0 ppm) and "'Ga NMR shifts
are referenced to 0.2 M aq. [Ga(OH),]™ (222 ppm) or [Ga(H,0)s]*" (0 ppm) solutions as external
standards. ESI-MS spectra in positive and/or negative modes were measuwred on Bruker
Esquire 3000 or Varian Ion-trap 500 spectrometers. Ultrafiltration was performed using an Amicon
(Millipore) apparatus (50 mL stirred cell model 8050, CDS10 selector valve and RC800 mini-
reservoir), in combination with cellulose acetate membranes (Ultracel, filter code YCOS5, cut-off
500 Da). Elemental analysis was performed using a Perkin Elmer CHN/S Elemental analyser 2400
II. The thermodynamic stability constant of the [Ga(NOPO)|” complex was determined by
potentiometry as described before.'

Starting materials: The solvents and reagents used for syntheses were commercially available.
1-Benzyl-1,4,7-triazacyclononane was purchased from Chematech (Dijon, France). (2-carboxy-
ethyl)phosphinic acid was prepared as described before.” Peptides were synthesized according to
standard Fmoc protocol on solid phase support.

HPLC, TLC: Bioconjugates were purified using preparative HPL C, consisting of a Sykam system
with two separate solvent pumps, on a YMC C18ec column (250 x 30 mm, 5 pm particle size) and
UV detection (220 nm and 254 nm), flow rate 20 mL/min. Analytical HPLC was performed using a
Sykam HPLC system with low-pressure gradient mixer, equipped with a Nucleosil C18-RP column
(100 x 4.6 mm, 5 pm particle size) and UV detection (220 nm), flow rate 1 mL/min. Radio-HPLC
was performed on a Sykam system using a Chromolith column (Merck, 100 x 4.6 mm) with
radioactivity and UV detection (220 nm), flow rate 2 mL/min, eluents were water and acetonitrile,
both containing 0.1 % TFA (isocratic elution with 3 % MeCN for 2 min followed by a gradient to
60 % MeCN in 6 min and isocratic elution with 95 % MeCN for 3 min). Radio-TLC was done on
silica gel 60 with 0.1 M aqueous sodium citrate as mobile phase (TLC1) and on Varian silica
impregnated chromatography paper with a 1:1 (v/v) mixture of 1 M aqueous NH,OAc and MeOH as
mobile phase (TLC2).
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2. Synthesis of NOPO and its gallium(lll) complex

1,4,7-triazacyclononane-1,4-bis[methylene(hydroxymethyl)phosphinic  acid]-7-[methylene(2-
carboxyethyl)phosphinic acid] (NOPO): 1-benzyl-1,4,7-triazacyclononane (1.28 g, 5.88 mmol)
and paraformaldehyde (0.44 g, 14.7 mmol) were suspended in 50% aq. H;PO, (6.60 mL,
60.3 mmol) and water (5 mL). Reaction mixture was stirred for 12 h at ambient temperature and then
purified on cationic exchanger (Dowex 50 in H* cycle). The column was washed with water and the
triazacyclononane-containing compounds were eluted with a 1:1 (v/v) mixture of 6 M aq. HCI and
EtOH. The eluate was evaporated and crude product was dissolved in 6 M aq. HCl (20 mL),
paraformaldehyde (0.73 g, 24.3 mmol) was added and solution was refluxed for 5 h. Then the
solvent was evaporated and the residue was purified on silicagel with a 3:1:2 mixture (by volumes)
of MeCN, MeOH, and NH,OH as mobile phase. Fractions containing pure product (as monitored by
3'P NMR spectroscopy) were collected and the eluent evaporated in vacuo to give 1.20 g of a dark-
yellow solid. This was dissolved in water (5mL), 10 % Pd/C (0.10 g) was added and the mixture
was stirred under H, atmosphere at ambient temperature for 12h. **P NMR reaction monitoring
showed that after this time, deprotection was quantitative. The catalyst was filtered off with a fine
glass fiit, and the solvent evaporated in vacuo, resulting in 0.90 g of crude intermediate. This was
dissolved in 6 M aq. HCI, 2-(carboxyethyl)phosphinic acid (0.53 g, 3.80 mmol) was added, and the
mixture heated to 75 °C. Paraformadehyde (0.35 g, 11.7 mmol) was added in small portions during
24 h. Then, the solvent was removed in vacuo, the residue repeatedly co-evaporated with water in
order to remove HCI, and loaded on cation exchange resin (Dowex 50 in H' cycle). The resin was
eluted with water and the fractions containing the product were identified by 'P NMR. These were
collected, the eluent removed in vacuo, the residue dissolved again in water and lyophilized, yielding,

0.53 g (18 %) of amicrocrystalline, pale yellow solid (NOPO-0.6 H;O).

'H NMR (600 MHz, D,0), &/ppm: 3.58 (s, ring CH,, 4H), 3.61 (s, ring CH,, 2H), 3.495 (d, 2pu =
6.4 Hz. N-CH,-P, 2H), 3.83 (d, “Jp = 5.8 Hz, P-CH,—OH., 4H), 3.50 (d, Jpz = 5.5 Hz, N-CH,-P,
4H), 2.09 (n, P-CH,—CH,, 2H), 2.69 (n, P-CH,—CH,, 2H); “C{'H} NMR (150 MHz, D,O),
&/ppm: 52.29 (s, ring CH,, 2C), 52.39 (s, ring CH,, 4C), 53.82 (d, 'J°° = 86.6 Hz, N-CH,-P, 2C),
60.20 (d, 'Jpc = 112.9 Hz, P-CH,-OH, 2C), 55.38 (d, 'Jpc = 90.4 Hz, N-CH, P, 1C), 25.51 (d, 'Jec
=94.7 Hz, P-CH,CH,, 1C), 27.52 (d. "Jpc = 3.5 Hz, P-CH,—CH,, 1C), 17791 (d, *Jpc = 12.6 Hz,
C=0, 1C), *'P{'H} NMR (121 MHz, D,0), 8/ppm: 34.7 (s, 2P), 40.3 (s, 1P). ESI-MS(+): m/= =496
(M+H+)+. Elemental analysis calculated (%o) for C;;H3,N30,0P5:0.6 H,O: C 33.22, H 6.61, N 8.30;
found C 32.31, H 6.67, N 8.22.

[Ga(NOPO)] solution for NMR: Solutions of NOPO and Ga(NO); (2 mL of 2 mM of each) were
mixed in NMR tube. *'P{'H} NMR (121.4 MHz, D,0), &ppm: 37.3 (s, P-CH,—OH, 2P), 41.6 (s, P-
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(CH,).CO-H, 1P). "Ga NMR (122 MHz, D,0), 8/ppm: 136 (s). ESL-MS(-): m/= = 560 (M-H'), 596
(M+K"2H")". ESI-MS(+): m/== 562 (M+H"), 584 (M+Na")", 600 (M+K")".

3. Synthesis of the NOPO peptide conjugates

NH,

cyclo{ RGDTK)(Bu, Pbf) NOC(Dde)

Figure S1: Structures of the protected peptides used as starting compounds for synthesis of

conjugates.

NOPO-RGDfK: NOPO-0.6 H,O (24.8mg, 49 pmol) and cyclo(RGDIK)(Pbf,/Bu) (50.0 mg,
mnknown TFA content, ca. 50 pmol) were dissolved in dry DMSO (0.5 mL), and DIPEA (86.0 pL,
63.8 mg, 494 pmol) was added. Then HATU (57.2 mg, 150 pmol) was added and the solution was
stimed for 10 min at ambient temperature. The precipitate obtained by addition of the reaction
mixture to sat. aq. NaCl solution was separated by centrifugation, the solid was dissolved in water
and subjectied to diafiltration with water (ca. 200 mL). The retentate was lyophilized, and TFA
(80 %, 1 mL) was added for removal of acid-sensititive protecting groups Pbf and /Bu. The product
was precipitated by addition into diethyl ether (10 mL), the precipitate centrifuged off and purified
by preparative HPLC (gradient: 27 % to 37 % MeCN in water, both containing 0.1 % TFA, in
30 min). Fractions containing the product were collected, the organic solvent evaporated in vacuo

and the remaining aqueous solution lyophilized to give 21 mg (40 %) of NOPO-RGD1K.

Analytical HPLC: gradient 20 % to 80 % MeCN in water, both containing 0.1 % TFA, in 24 min.
fx = 6.5 min. ESI-MS(+): m/= =1081 (M+H")", ESI-MS(-): m/= = 1079 (M-H')".

[Ga(NOPO-RGDfK)] solution: Solutions of Ga(NOs); and NOPO-RGDK (0.1 mL of 2mM of
each) were mixed. The complex was identified by ESI-MS(-+): m/z = 1147 (M+H").

NOPO-NOC: This compound was prepared as described for NOPO-RGD{K, staiting out from
NOC(Dde) (10.0 mg, unknown TFA content, ca 7.5 pmol), NOPO (5.5 mg, 11.1 umol) and using
DMSO (0.5mL), DIPEA (143 mg, 193 puL, 111 pmol) and HATU (21.1 mg, 55.5 umol).
Deprotection (removal of Dde) was done with 2 % hydrazine in DMF. Purification was done by
preparative HPLC (gradient 25 % to 45 % MeCN in water, both containing 0.1 % TFA, in 60 min),
yield 5.9 mg (51 %o).
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Analytical HPLC: gradient 20 % to 60 % MeCN in water, both containing 0.1 % TFA, in 16 min.
tx =8.5 min. ESI-MS(+): m/= = 1528 (M-H,0+H")", 774 (M-H,O+2H")*"

[Ga(NOPO-NOC)] solution: Solutions of Ga(NO;); and NOPO-NOC (0.1 mL of 2 mM of each)
were mixed. ESI-MS(+): mv/= = 1612 (M+H")", 806 (M+2H"y*".

4. Automated **Ga labeling

8Ga-labeling was performed using a synthesis module (GallElut” by Scintomics, Fiirstenfeldbruck,
Germany) as described before, the synthetic procedures being carried out in full automation,
controlled by a computer program. Briefly, **Ga was obtained from a generator with SnO, matrix
(IThemba LABS, South Affica, distributed by IDB Holland) which was eluted with 1 M aq. HC1.
NOPO-RGD{K or NOPO-NOC (0.1-1 nmol) and HEPES (0.4 mL of solution resulting from mixing,
7.2 g of HEPES with 6 mL of water) were placed in a 5 mL conical reaction vial (AllTech). For
labeling, a 1.25 mL fraction of the generator eluate, containing the highest activity (between 900 and
1000 MBq) was added, resulting in pH of 1.8. The vial was heated to 100 °C for 5 min. Then, the
reaction mixture was passed through an SPE cartridge (Waters SepPak C18 classic), the cartridge
was purged with 10 mL of water in order to remove non-complexed ®Ga®", other ions, and HEPES,
and purged with air. The product was eluted with ethanol (1 mL) into a 10 mL flask. In order to
obtain a formulation suitable for animal experiments, water (2 mL) and PBS (1 mL) were added and
the solution concentrated in vacuo until a final volume of 1 mL was reached, the solution thus
possessing suitable pH and osmolality for injection. Product purity was determined by radio-TLC
and radio-HPLC.
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Figure S2: Radio-TLC of ®*Ga-NOPO-RGDK (TLC1).
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Figure S3: Radio-TLC of ®*Ga-NOPO-RGDK (TLC2).
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5. Manual radiolabeling and radiolabeling in the presence of Zn?*
and Fe*

A 1.25mL fiaction of the ®Ga eluate was mixed with 800 uL of HEPES solution (7.2 g of HEPES
dissolved in 6 mL of water) resulting in pH 2.8. 90 uL of that solution was added to 10 uL. of NOPO
or NOPO-RGD{K (0.01-10 uM stock solutions), which resulted in total labeling volume of 0.1 mL
(0.001-1 pM solutions containing 100 pm-0.1 nmol of a ligand). Such solution was heated to 95 °C

for 5min and then cooled down in a water bath. ®Ga’* incorporation was evaluated by radio-TLC.

Labeling in the presence of Fe* or Zn*" was done at a constant ligand concentration of 3 pM and
PH 3.3. Stock solutions of ZnCl, (3.63 mM) or FeCl; (72.7 mM) were prepared in 1 M aq. HC1 in
order to prevent formation of colloidal hydroxides, keeping the pH constant after mixing with the
generator eluate. A fraction of the elnate was “contaminated” with these solutions, resulting in a total
volume of 1.25 mL. Then, 930 pL of standard HEPES solution (see above) was added. The labeling
procedure and analysis were identical as described above. For example, labeling in the presence of
Fe*" in concentration of 30 pM was done as following: FeCl; stock solution (10 pL) was mixed with
1M aq. HCI (990 pL). 100 pL of that solution was mixed with generator eluate (1.15 mL) and
HEPES solution (930 pL). 90 puL of that solution was added to a 30 uM solution of NOPO (10 pL)
(resulting in exopo =3 pM and epe3+ = 30 pM). This mixture was heated to 95 °C for 5 min, the
reaction stopped by cooling in a water bath, and the radioactivity incorporation assessed by radio-

TLC.

6. Stability studies
Stability studies in vitro were done with approximately 10 MBq of **Ga-NOPO-RGD{K solution

formulated for injection into the animals (see below). A sample was mixed with PBS or 0.25 M aq.
disodium EDTA (0.5 mL) and incubated at 37 °C for 3 h. Radio-HPLC was done at 0.5, 1, 2,and 3 h
after mixing. For in vivo experiments, mude mice (see below) were administered approximately
30 MBq of *Ga-NOPO-RGD{K or ®*Ga-NOPO-NOC and sacrificed after 30 min. Dissected organs
were frozen in liquid nitrogen, homogenized using a ball mill, and suspended PBS (0.5 mL)
containing 10 pg of the precursor. The solid and liquid phases were separated by centrifugation at
1500 rpm for 5 min. The suspension was washed with PBS and subjected to ultrafiltration (30 kDa
MWCO). Both pellet and supernatant were measured in a y-counter (1480 WIZARD™, PerkinElmer
Wallac) in order to determine the extraction efficiency. The extracts of liver, kidney, tumour, blood
and the urine sample were chromatographed on silica-impregnated chromatography paper (Varian)
using 1M aq. ammonium acetate as mobile phase. Chromatograms were analyzed by
autoradiography (using BAS-IP MS 2025 Imaging Plates by Fujifilm, a Dtiur Medical CR35BIO for
readout and Aida image analyser v 4.24 program for data analysis). No decomposition of the tracer

was observed in any of the experiments.
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7. Animal models and PET imaging

All animal experiments were performed in accordance with general animal welfare regulations in
Germany, and necessary permissions were obtained from the responsible authorities (approval
#55.2-1-54-2531-35-06). CD-1 nude mice (Charles River, Germany) were injected subcutaneously
with M21 and M21L cells (human melanoma) to the right and to the left shoulder, respectively, as
the tumor xenograft models for evaluation of NOPO-RGD1K. For evaluation of NOPO-NOC, the
animals were injected with AR42J cells (rat pancreatic carcinoma) to the right shoulder. The animals
were anaesthetized with isoflurane, and ~15 MBq of #8Ga-NOPO-RGDK or *Ga-NOPO-NOC
(prepared as described above) were injected into the tail vein. Anaesthesia was interrupted between
injection and imaging. PET scans were recorded 75 min p.i. for 15 min. For blockade, 100 pg of the
respective unlabeled compounds in 100 pL. PBS were injected 10 min prior to tracer administration.
The images were reconstructed using a 3D ordered subsets expectation maximum (OSEM3D)

algorithm without scanner and attenmation correction.
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#Ga-NOPO-RGDIK blocking dose

Figure S5: PET images (maximum intensity projections, 75 min p.i.) of nude mouse tumor
xenografts (M21 human melanoma) using *Ga-NOPO-RGD{K (left) and with a blocking dose of
excess unlabeled (5 mg per kg body weight) (right).

8Ga-NOPO-NOC blocking dose

Figure S6: PET images (maximum intensity projections, 75 min p.i.) of nude mouse tumor
xenografts (AR42J rat pancreas tumor) using *Ga-NOPO-NOC (left) and with a blocking dose of
excess unlabeled (5 mg per kg body weight) (right).
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ABSTRACT: The bifunctional chelator NOPO (1,4,7-triazacy-
clononane-1,4-bis[ methylene (hydroxymethyl)phosphinic acid]-
7-[methylene (2-carboxyethyl )phosphinic acid]) shows remark-
ably high Ga™ complexation efficiency and comprises one
carboxylic acid moiety which is not involved into metal ion
coordination. An improved synthetic protocol affords NOPO
with 45% overall yield. Stepwise protonation constants (log K,),
determined by potentiometry, are 11.96, 5.22, 3.77, and 1.54;
the stability constant of the Ga(IIT) complex is log K, = 25.0.
Within 5 min, ®Ga(Ill) incorporation by NOPO is virtually
quantitative at room temperature between pH 3 and 4, and at
95 °C at pH ranging from 0.5 to 7, at NOPO concentrations of
30 uM and 10 uM, respectively. During amide bond formation

at the distant carboxylate using the HATU coupling reagent, an intramolecular phosphinic acid ester (phosphilactone) is formed,
which is cleaved during %Ga complexation or in acidic media, such as trifluoroacetic acid (TFA). Phosphilactone formation can
also be suppressed by complexation of Zn®* prior to conjugation, the resulting zinc-containing conjugates nevertheless being
suitable for direct ﬁGa—labeling. In AR42] (rat pancreatic carcinoma) xenografted CD-1 nude mice, %Ga-labeled NOPO—Nal*—
octreotide conjugate (**Ga—NOPO—NOC) showed high and fully blockable tumor uptake (13.9 + 5% ID/g, 120 min p.i,
compared to 0.9 £ 0.4% ID/g with § mg/kg of nonlabeled peptjde). Uptake in other tissues was generally below 3% ID /g, except
appearance of excretion-related activity accumulation in kidneys. NOPO-functionalized compounds tend to be more hydrophilic
than the corresponding DOTA- and NODAGA-conjugates, thus promoting fast and extensive renal excretion of **Ga-NOPO-
radiopharmaceuticals, NOPO-functionalized peptides provide suitable pharmacokinetics in vivo and meet all requirements for
efficient “*Ga-labeling even at room temperature in a kit-like manner.

KEYWORDS: gallium-68, radiopharmaceuticals, phosphinic acid, positron emission tomography, peptides

B INTRODUCTION

*Ga is a positron-emitting radionuclide, which is increasingly
used in positron emission tomography (PET).' Tts physical
properties (t,, = 67.9 min, 89% f'-decay, E(f") ., = 1.9 MeV)
are suitable for use with targeting vectors possessing fast
biokinetics, for example, small molecules and particularly
peptides.”™® Similarly to *™T¢, which is widely used in
scintigraphy and single photon emission computed tomography
(SPECT), “*Ga is generator-produced and therefore readily
accessible without an on-site cyclotron.® Such a generator can
be used for up to one year due to the long half-life of the parent
nuclide ¥Ge (271 days), and ®Ga can be eluted several times a
day. Hence, it represents a constant source of the nuclide,
rendering it particularly attractive for routine supply of PET
radiopharmaceuticals at facilities with limited access to
cyclotron-produced (i.e., radiofluorinated) tracers.”

Clinical implementation of ®Ga-PET requires robust and
reproducible radiolabeling procedures, which enable a reliable,
automated production of *Ga-radiopharmaceuticals according

<7 ACS Publications  © 2013 American Chemical Society
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to standards of good manufacturing practice (GMP).#
However, protocols developed for the established nuclides
F or ''C cannot be simply applied to **Ga, as incorporation of
%Ga* into radiopharmaceuticals is done by complex formation
instead of covalent bonding, requiring targeting vectors to be
decorated with dedicated chelate ligands. As a result, recent
years have seen an increase in research activities directed at
efficient bifunctional chelators for *Ga* (see Chart 1).9—7_1
In this respect, macrocyclic hexadentate ligands, derived from
1,4,7-triazacyclononane (TACN) by N,N’,N”-trisubstitution,
have proven particularly valuable. Above all, their Ga™
complexes are of extraordinarily high stability, effectively
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Chart 1. Structural Motifs of Some Bifunctional Chelators That Have Recently Been Used in Novel %8Ga-
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preventing loss of the radiolabel in vivo. This is because such
ligands provide almost optimal octahedral coordination
geometry on Ga™ centers and fully encapsulate the metal
ion. In contrast, the hexacoordinate coordination mode of
inherently octadentate ligands of the 1,4,7,10-tetraazacyclono-
nane-1,4,7,10-tetraacetic acid (DOTA)™ type is less suitable for
smaller metal ions, resulting in less Erunuunced kinetic
inertness of the respective complexes.”** However, TACN-
triacetic acid (NOTA)*® and its many bifunctional derivatives
(such as NODASA,"* NODAGA,"® NODAPA," or NOTGA,"”
see Chart 1) show significantly slower complex formation
compared to open-chain ligands (such as DEDPA'" or HBED-
CC™), since the complexation reaction of the first involves a
higher activation barrier than observed for the latter. In terms
of “Ga-radiochemistry, this translates to higher chelator
concentration or temperature required for radiolabeling of the
macrocycles, which is detrimental either to achievable specific
activity of the radiotracers, or to compatibility with heat-
sensitive biomolecules. On the other hand, metal complexes of
open-chain ligands generally show a lower degree of kinetic
stability, compared to their cyclic analogues.

To overcome the only disadvantage of NOT A-like chelators,
which is their comparably slow Ga™ complex formation,
exchange of the pendant arm carboxylates by phosphinates has
proven a successful approach. TACN-N,N',N"-tris-
(methylenephosphinic acid) chelators (TRAP, see Chart 2)
were recognized to possess not only much faster Ga'l
complexation kinetics, but the resulting complexes show higher
resistance to acid- and particularly base-catalyzed demetala-
tion.'**” Although TRAP chelators with simple P-substituents,
for example, TRAP-H and TRAP-Ph (Chart 2), have been
synthesized and characterized more than two decades :1gu,7'ﬂ the
potential of tailored TRAP ligands for application in *Ga-PET
was reported just recently.”'3**3° Their most remarkable
feature is a pronounced selectivity for “*Ga™ in presence of
certain contaminants typically found in BGe/®Ga generator
eluates, namely, Zn**, Fe¥, and Cu®*,*! which is rooted in the
fact that TRAP complexes of many metal ions are able to
undergo swift metal exchange to form the thermodynamically
most stable Ga™ chelates.*
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Chart 2. 1,4,7-Triazacyclononane-1,4,7-
tris(methylenephosphinic acid) (“TRAP”) Chelators
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A comparison of a small series of TRAP chelators revealed
the advantages of presence of additional hetercatoms in the
side chains; those featuring 2-carboxyethyl- and hydroxymethyl-
P-substituents (TRAP—Pr and TRAP—OH, respectively, see
Chart 2) showed the best ®Ga-labeling characteristics upon
variation of experimental conditions like pH, temperature, time,
and precursor concentration.”® As the three terminal carboxylic
acid functions of TRAP-Pr allow for facile functionalization via
amide coupling, this structure is a particularly suitable scaffold
for conjugates comprising three targeting vectors or other
functional molecules.**** By decorating the TACN backbone
with the side arm motifs of both TRAP-Pr and TRAP—OH, we
obtained NOPQO (1,4,7-triazacyclononane- 1,4-bis[methylene-
(hydroxymethyl)phosphinic acid]-7-[methylene(2-
carboxyethyl)phosphinic acid], see Chart 2)," which possesses
one pendant arm with a carboxylic acid moiety for
bioconjugation, and two hydroxymethyl-end-capped pendant
arms. As a complement to the trimer-scaffold TRAP-Pr, NOPO
has been specifically designed for applications where mono-
conjugation is preferred and presence of more than one
functional group for conjugation would be disturbing, but at the
same time, maximal ®Ga labeling performance is required.
Here we report an improved synthesis as well as detailed
chemical and radiochemical investigations of NOPO.

dx.doiorg/10.1021/mpa00642s | Mol Phamaceutics 2014, 11, 38933903
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B EXPERIMENTAL SECTION

General Methods. If not denoted otherwise, all reactants
and solvents were commercially available analytical grade
chemicals. 1-Benzyl-1,4,7-triazacyclononane was purchased
from Chematech (France), 2-[(t-butyloxycarbonyl)ethyl]-
phosphinic acid, and NOPO-NOC were prepared according
to published pmcedures.l“"“ NMR spectra were recorded on
VARIAN UNITY Inova (400 MHz), VNMRS (300 MHz), and
Bruker AVANCE-III (600 MHz) NMR systems. 'H and “C
NMR shifts are referenced to t-butanol (1.25 and 30.29 ppm,
respectively), *'P NMR shifts are referenced to 85% aq H;PO,
solution as external standard (0.0 ppm), and "'Ga shifts are
referenced to 0.2 M aq [Ga(OH),]” (222 ppm) or [Ga-
(H,0)5]** (0 ppm) solutions as external standards. Mass
spectra were measured on Bruker Esquire 3000 and Varian Ion-
trap 500 spectrometers with ESI as an ion source and ion trap
as a detector in positive or negative modes. pH was measured
with a SevenEasy pH-meter (Mettler Toledo). ®*Ga—NOPO—
NOC for preclinical studies was prepared in a fully automated
procedure as described in refs 13, 30, and 33.

1,4,7-Triazacyclononane-1-benzyl-4,7-bis[methylene-
(hydroxymethyl)phosphinic acid] (2). 1-Benzyl-1,4,7-triazacy-
clononane (1.28 g, 5.88 mmol) and paraformaldehyde (0.44 g,
14.6 mmol) were dissolved in a mixture of $0% aq H,PO, (6.6
mL, 60.6 mmol) and water (5 mL). The reaction mixture was
stirred for 12 h at r.t, then three times coevaporated with water
and chromatographed on strong cation exchanger (DOWEX
50, H"-form). Triazacyclononane-based products were eluted
with a mixture of 6 M aq HCl and EtOH, 1:1 by volume. The
eluate was evaporated and the crude product dissolved in 6 M
HCl (20 mL). Paraformaldehyde (0.73 g 24.3 mmol) was
added, and the solution refluxed for $ h, then evaporated and
purified on silica gel (mobile phase: acetonitrile—MeOH—[25%
aq NH;], 2:1:3 by volume). Fractions containing the pure
product were identified by *'P NMR, collected, and evaporated
in vacuo, yielding 2 (1.20 g, 96%) in form of a dark-yellow
solid. 'H NMR (300 MHz, D,0): & = 2.61—3.25 (m, ring-CH,,
12H and N—CH,—P, 4H), 3.47 (d, ¥ = 6.00 Hz, P—CH,—
OH, 4H), 4.24 (s, N—CH,—CH;, 2H), 7.37—7.47 (m, —C4H;,
SH). *C{'H} NMR (75 MHz, D,0): & = 4824 (s, ring-CH,,
2C), 50.81 (s, ring-CH,, 4C), 52.27 (d, 'Jpc = 94.0 Hz, N—
CH,-P, 2C), 58.89 (s, N—CH,—CH,, 1C), $9.96 (d, Jpc =
§2.2 He, P-CH,—OH, 2C), 129.35 (s, CH(Ar), 2C), 130.69 (s,
CH(Ar), 2C), 129.82 (s, CH(Ar), 1C), 13110 (s, CH,—-
CH(Ar), 1C). *'P{'H} NMR (121 MHz, D,0): § = 35.22. 3P
NMR (121 MHz, D,0): & = 35.65. MS (ESI, negative): m/z] =
434 [M + H'].

1,4,7-Triazacyclononane-1,4-bis[methylene-
(hydroxymethyi)phosphinic acid] (4). 2 (1.20 g) was dissolved
in glacial acetic acid, 0.12 g of 10% Pd/C was added, and a
hydrogen atmosphere was maintained overnight. The mixture
was filtered and the filtrate evaporated in vacuo, yielding 4
(0.90 g, 93%) as a colorless solid. "H NMR (300 MHz, D,0): §
=2.00 (s, N=H, 1H), 2.92 (s, ring —CH,—, 4H), 3.05 (d, *Jou
= 7.2 Hz, N—CH,—P, 4H), 3.12 (t, YJyy = 5.7 Hz, ring-CH,,
4H), 3.25 (t, *Jyn = 54 Hz, ring-CH,, 4H), 3.68 (d, Yy = 6.30
Hz, P—CH,—OH, 4H). *C{'H} NMR (75 MHz, D,0): § =
43.59 (s, ring-CH,, 2C), 48.46 (s, ring-CH,, 2C), 52.28 (d, *Jpc
= 6.0 Hz, ring-CH,, 2C), 52.27 (d, 'Jpc = 94.0 Hz, N—CH,—P,
2C), 6 59.74 (d, YJpe = 1067 Hz, P—CH,—OH, 2C). *'P{'H}
NMR(121 MHz, D,0): § = 35.61. *'P NMR (121 MHz, D,Q):
& = 35.64. MS (ESI, positive): m/z = 346 [M + H'].
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1,4,7-Triazacyclononane-1,4-bis[methylene-
(hydroxymethyl)phosphinic acid]-7-[methylene(2-
carboxyethyl)phosphinic acid] (NOPQ). 4 (0.90 g) and (2-
carboxyethyl)phosphinic acid (0.63 g 4.6 mmol) were
dissolved in 6 M aq HCI and heated to 75 °C.
Paraformadehyde (0.35 g, 11.6 mmol) was added during 24
h in small portions. The reaction mixture was three times
coevaporated with water (S mL) to remove HCl and loaded on
cation exchange column (DOWEX 50, H*-form). The column
was eluted with water. Fractions containing pure NOPO were
identified by 3Ip NMR, collected and evaporated in vacuo, and
dried in a vacuum desiccator over P,Q5. NOPO-0.6 H,0 (091
g, 50%) was obtained as a pale-yellow oil which solidifies upon
standing,

Potentiometric Measurements. Potentiometric studies
were carried out using a titration system consisting of PHM
240 pH-meter, 2-mL automatic piston buret ABU 900, and
combined glass AgCl electrode GK 2401B (Radiometer).>
Ga(NO,), stock solution was stabilized by addition of a known
amount of nitric acid to prevent hydrolysis. Titrations were
performed at 250 + 0.1 °C under argon saturated with water
vapors, pK,, = 13.81, at ionic strength I = 0.1 M NMe,Cl, pH
range 1.8—12.0 for ligand and 1.5-12 for Ga™:NOPO system.
The initial volume was V,; = 5 mL. The ligand concentration in
titrated solutions was 4 mM. The ligand titration (“in-cell”) was
repeated four times in parallel (each titration curve consisted of
approximately 40 points). “Out-of-cell” method was used for
titrations of Ga":NOPQ. Solutions for “out-of-cell” titrations
were kept in tightly closed tubes (pH < 6) or in flame-sealed
ampules (pH > 6) to avoid contamination with atmospheric
CO, during standing over two weeks. The pH of each solution
for “out-of-cell” titration was measured with a freshly calibrated
electrode. The protonation and stability constants were
calculated using OPIUM. The calibration function used was
E=Ey+ 8 xlog[H'] + j, x [H'] + j, x [OH"], where E,
stands for standard potential of the electrodes and contains a
contribution of inert ions to the liquidjunction potential, §
corresponds to the Nernst slope, and j, X [H*] and j, X [OH™]
=j, X K,,/[H"] are the contributions of H* and OH™ ions to
the liquid/junction potential (j, and j, comprise a deviation
from linear potential —log[H"] dependency in strongly acidic
or alkaline regions, respectively). The electrode calibration
parameters were determined from titration of standard HCI
solution with standard NMe,OH solution before each titration
to give a pair calibration-titration that was then used for
equilibrium constant determination. Stability constants of
gallium(11I) hydroxo complexes were taken from literature.?”
The constants determined are concentration constants.

Conjugation. Investigation of the coupling reaction was
performed in NMR tubes, while each step was monitored by
3'P NMR and ESI-MS. NOPO-0.6H,0 (20 mg, 40 gmol) and
equimolar amounts of the respective amine component (10.3
mg 1-phenylalanine #butyl ester hydrochloride or 2.7 mg
MeNH, HCl) were dissolved in dry DMSO (dimethyl
sulfoxide, 0.3 mL), whereafter dry DIPEA (diisopropylethyl-
amine, 52 mg, 404 gmol) and subsqequently HATU (O-(7-aza-
1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate, 46 mg, 120 umol) were added.

Manual Radiolabeling. A ®Ge/*Ga generator with SnO,
matrix (iTHEMBALabs, South Africa), was eluted with 1 M aq
HCI (prepared from Ultrapur water and conc. HCl, Merck,
Darmstadt, Germany), using automated module (GallElut”,
Scintomics, Fiirstenfeldbruck, Germany). A fraction of 1.25 mL,
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containing the highest activity (=~ 900 MBq), was used for
labeling purposes without further purification. A pH of 2.8 was
adjusted by addition of aq 2-[4-(2-hydroxyethyl)-piperazin-1-
yl]-ethanesulfonic acid (HEPES, 2.7 M, 800 uL). 90 uL of this
solution was mixed with 10 uL of chelator stock solution (0.3—
30 M) in 1.5 mL Eppendorf cups (total reaction volume was
0.1 mL). The labeling mixtures were incubated at r.t. for $ min
or placed in a water bath (95 °C) for § min and subsequently
cooled down in another water bath (20-25 °C). ®Ga
incorporation was evaluated by TLC (Varian chromatography
paper, mobile phase: 1 M agq NH,;OAc—MeOH, 1:1 by
volumes). The adjustment of different pH values for assessment
of pH dependence was completed as follows: pH 0.5 and 1
were achieved by diluting neat eluate with appropriate amounts
of water; pH 2—4 were adjusted solely with HEPES, higher pH
with further addition of 1 M aq NaOH.

Determination of Octanol-Water Distribution Coef-
ficients (log D). n-Octanol—water distribution coefficients
were determined by addition of 1-2 MBq of ®*Ga-labeled
compound, pre ared in automated procedure as described
previously,'** to an Eppendorf cup containing #-octanol
(0.5 mL) and isotonic phosphate-buffered saline (PBS, 0.5
mL). After 2 min of vigorous stirring, the phases were separated
by centrifugation at 11500 g, and the activities in 100 uL
aliquots of each phase determined with a y-counter. Each
experiment was repeated 8 times.

Animal Models. All animal experiments were performed in
accordance with current animal welfare regulations in Germany.
Permission was obtained from the responsible authorities
(Regierung von Oberbayern, Germany, no. 55.2-1-54-2531-35-
06). The AR42] xenograft models were produced as described
before.*® In short, athymic CD-1 nude mice (Charles River,
Germany) were injected subcutaneously with AR42] cells (rat
pancreatic carcinoma, 5—10 million) to the right shoulder,
whereupon tumors grew to a size of 3—5 mm in diameter
within 7—10 days.

PET Imaging and Biodistribution. The animals were
anaesthetized with isoflurane, and ®*Ga—NOPO-NOC (=~ 15
MBq) was injected into the tail vein. Anaesthesia was
interrupted between injection and imaging. PET scans were
recorded 75 min p.i; the acquisition time was 15 min. The
images were reconstructed using a 3D ordered subsets
expectation maximum (OSEM3D) algorithm without scanner-
and attenuation correction. Biodistribution and metabolite
studies were performed as described before,*?

B RESULTS AND DISCUSSION

For the sake of brevity, charge and protonation state of NOPO
and its Ga'" complex is not denoted, unless a particular species
is addressed and distinction is necessary for comprehension. In
all other cases, we refer to any protonated or ionic form that
may apply.

Synthesis. The synthesis of NOPO employing the
Moedritzer—Trani®” (Mannich-type) reaction according to
Scheme 1 was optimized to afford NOPO with 45% yield
based on 1-benzyl-TACN (1), which constitutes a significant
improvement of the 18% obtained by the previously reported
procedure.”® Reaction monitoring of reaction step a and d by
3P NMR and mass spectroscopy revealed that the main side
reaction responsible for lowering the overall reaction yield is
reductive N—rruet'hylat'icunw“m resulting in compounds 3 and
particularly 5, the respective phosphinic acid component acting
as a reductive agent.
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Scheme 1. Synthesis of NOPO“
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“a: Hy,C=0, HyPOy H,0, rt, 12 hy b H,C=0, 6 M aq HCI, 100
°C, § b, 96% of 2; c: H,, 10% Pd/C, H,0, 1., 12 h, 93%; d: 6,6 Maq
HCl, 75 °C, 24 h, 50%; e: (i) 7, HMDS, H,C=0, Ar atmosphere, 130
°C, 12 h; (i) MeOH, ion exchanger chromatography, 47%; £
hexamethyldisilazane, Ar atmosphere, 130 °C, 24 h, quantitative
according to *'P NMR.

After an almost quantitative reaction according to path a,
followed by chromatographic purification and deprotection
(step c) of 2, the intermediate 4 was obtained with 89% yield
based on 1. Contrary to step a, a higher temperature of 75 °C is
necessary for the second amine phosphomethylation in step d,
because 2-carboxyethylphosphinic acid (6) is less reactive than
phosphinic acid. Thus, a significantly higher amount of N-
methylated byproduct 5 (22% determined by P NMR
spectroscopy, compared to 3% of 3 for reaction a) was formed.
After final purification on strong cationic exchanger (DOWEX
50), NOPO was obtained with yields of 50% or 45%, based on
compounds 4 and 1, respectively.

As an alternative to step d, reaction path e was evaluated (for
details see Supporting Information), employing the fully
silylated phosphite derivative 7. However, we found that the
reaction according to d is to be preferred, because for path e,
the necessity of working under inert gas considerably increases
expenditure of work, but the yield actually was not superior to
path d. Notwithstanding this, syntheses along path e could be
well-suited for functionalization of acid-sensitive substrates with
methylene(2-carboxyethyl)phosphinic acid moieties, since path
d inevitably affords strongly acidic conditions and elevated
temperatures.

Equilibrium Studies. Stepwise protonation constants of
NOPO (Table 1 and Supporting Information, Table S1) were
determined by potentiometry, and a protonation sequence is
proposed in analogy to other TACN-based chelators. Table 1
shows that the first protonation constant of NOPO is
somewhat higher compared to its parent ligands TRAP—OH
and TRAP—Pr'*” but much lower than that of NOTA.*' The
second protonation occurs at another ring nitrogen, while the
third (log Ky = 3.77) occurs at the terminal carboxylate and is
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Table 1. Stepwise Protonation Constants (log K,) of NOPO
and Comparison with those of TRAP—OH, TRAP—Pr, and
NOTA (25 °C, I = 0.1 M Me,NCl)

no. protons NOPO TRAP-OHY TRAP-Pr'2 NOTA
1 11.96 1147 1148 13.17
2 522 385 544 574
3 377 L30 484 322
4 L54 423 1.96
5 345
6 166

within the range of carboxylate acidities of TRAP-Pr (log K;_s

= 4.84—3.45). The last protonation, which we assume to occur

on one of the phosphinates, shows that acidity of the

phosphinic acid moieties of NOPO (logK, < 1.54) represents

an intermediate of the values found for TRAP-Pr (log K, <
1.66) and TRAP—OH (log K; < 1.30).

Since potentiometry only delivers information about
protonation states of certain species, *'P NMR spectroscopy
was employed to obtain additional structural information about
—NOPO system. Figure 1 shows that, at pH

the equimolar Ga™

3, two signals in 1:2 ratio are observed, corresponding to the
two structurally nonequivalent phosphorus atoms of NOPO.

Furthermore, the "'Ga-NMR spectrum (see Supporting
Information, Figure 52) displays one narrow singlet, indicating

that Ga'™ possesses a highly symmetrical coordination environ-
ment, with a shift of d;, = 135 ppm which is very similar to

A NN L PH3 .
40 35 30 25
# #
® ) * ” *
1
#j‘-'”'\x.gn_.'h_;lw‘ LS pH 7 e
db 3‘|5 3“0 ZIS
L3 * *
Ml eHo I
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A A pH 12
&(ppm) 40 35 10 25

Figure 1. Equilibrium *P{'H} NMR spectra of [Ga(NOPO)] at
different pH (cyopo = 100 mM in H,0). #: signals of [Ga(NOPO)];
*: signals of [Ga(NOPO)(OH)]*"; O: signals of metal-free NOPO.
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previously reported “in-cage”-Ga"' complexes of TRAP-type

ligam:ls.1 27 Altogether, we thus assume that Ga™' ion,
comprised in [Ga(NOPO)] species below neutral pH, adopts
a pseudo-octahedral (or trigonal-antiprismatic) geometry,
coordinating three ring nitrogen atoms and three phosphinate
oxygen atoms in an “in-cage” manner.

Apart from formation of tetrahydroxogallate due to
decomplexation in the highly basic region, the distribution
diagram of the Ga"'~NOPO system shows the release of two
additional protons between pH 7 and 11 (Figure 2), with
corresponding pK, values of 743 and 946 (Table 2).
Unfortunately, potentiometry only determines the number of
protons released. It does not allow to distinguish whether these
protons originate from dissociation of H,O enforced by
complexation of the hydroxide ion, or from ligand deprotona-
tion, for example, of a side arm hydroxyl group. However,
Figure 1 shows that, at pH 7, the formation of a second species
can be observed by *'P NMR, which is the prevailing one at pH
9. The spectra display three signals with equal intensity (labeled
with asterisks), corresponding to three different P atoms.
Hence, a substantial change of coordination geometry can be
assumed. In addition, the aforementioned narrow "'Ga NMR
signal is lost, indicating a more asymmetrical coordination
sphere,* which is not consistent with further presence of the
“in-cage”-complex.

For the closely related equimolar Ga™—(TRAP—OH)
system, a similar distribution of species was observed by
potentiometry, and possible structures have been elucidated by
density functional calculation.”” In analogy to these results, we
assume that the species with highest abundance at approx-
imately pH 9 (see Figure 2) is an “out-of-cage”-complex with
the formula [Ga(NOPO)(OH)]*, wherein Ga™ is not bound
by the ring nitrogen atoms anymore. The rearrangement also
involves a proton shift from a side arm OH-group to a highly
basic, free ring amine. The deprotonated hydroxyl group, the
three phosphinate oxygen atoms, and one monodentate
hydroxide ligand are coordinating Ga™ ion in a pentadentate
manner (see Scheme 2). This interpretation is well in
accordance with ¥P{'H} NMR spectrum recorded at pH 9.
As required, the proposed structure comprises three different
phosphorus atoms, consistent with the three distinct singlets
observed. Of these, the signal at approximately 25 ppm most
likely corresponds to the hydroxymethylphosphinate side arm
with deprotonated hydroxyl group, since the additional negative
charge entails an enhancement of electron density at the
adjacent phsophorus atom, resulting in high-field shift.

Release of another proton, observed upon further increase of
pH, most likely occurs on the second side arm hydroxyl group,
which subsequently engages into Ga™ mmplemticun.27 Since
this last deprotonation goes beyond the common conception of
NOPO as a tetra-basic ligand, the corresponding species,
[Ga(H_,NOPO)(OH)]*7, is denoted with a negative proton
index for NOPO. The *'P NMR signals with low intensity,
which are observed at pH 9, are probably related to presence of
several conformers of this species.

However, it must be noted that that all of these substantial
changes of the Ga" coordination mode upon pH variation
occurred within a time scale of days and thus are not pertinent
to “*Ga radiochemistry due to the short halflife of the nuclide.
Most importantly, at pH 7, no measurable out-of-cage complex
formation was observed by *P NMR within one day. The
equilibrium between [Ga(NOPO)]™ and [Ga(NOPO)-
(OH)]*" was reached after 11 days. Therefore, potentiometric
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Table 2. Stability and Stepwise Protonation Constants for
the Ga™—NOPO System (25°C, I = 0.1 M Me,NCl)

equilibrinm log Key or log K,

Ga** + NOPOY « [Ga(NOPO)] 250
[Ga(NOPO)]~ + H + [Ga(HNOPO)] 44
[Ga(HNOPO)] + H® < [Ga(H,NOPO)]* 12
[Ga(NOPO)OH)]*™ + H™ « [Ga(NOPO)]™ + H,0 74
[Ga(H_,NOPO)(OH)]*" + H" « [Ga(NOPO)(OH)]*" 938

Scheme 2. Proposed Change of the Solution Structure of the
Ga"'-Complex of NOPO at Slightly Alkaline pH, as Inferred
from Potentiometric and *'P NMR Data as well as Previous
DFT Calculations®”
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determination of the equilibrium constants of the equimolar
Ga-NOPOQ system (Table 2) had to be done by out-of-cell
titration, allowing the equilibration of titrated samples for two
weeks. The thermodynamic stability constant of [Ga(NOPO)],
log K¢y = 25.0, is between those of [Ga(TRAP—Pr)] and
[Ga(TRAP-OH)] (logKg, = 26.24 and 233, respec-
tively)'>*” and supports the perception of NOPO as a hybrid
of its parent ligands, TRAP—Pr and TRAP—OH. Values of the
stability constants of the Ga™ complexes of NOTA like ligands
show a linear correlation with ligand basicity (see Supporting
Information, Figure S1). In addition, [Ga(NOPO)] chelates
were found inert toward acid-promoted hydrolysis, as even in 6
M aq HCIO,, no decomposition could be detected by *'P
NMR after three months.

Conjugation Chemistry. In our pilot study on first NOPO
bioconjugates, we reported preliminary in vivo imaging of the
somatostatin-receptor (sstr) status using %¥Ga—NOPO—
NOC." For the conjugate of NOPO with the sst2-targeting
cyclic octapeptide NOC (Nal*-octreotide), the molecular peak,
detected by ESI-MS, possessed a lower mass than expected
(m/z = 1528 instead of 1546). Since the difference of 18
indicates loss of water, which is very common in MS and which
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can have a plethora of causes, we did not pursue this issue
further at that time. However, this phenomenon was also
observed upon coupling of other amines using HATU, and a
detailed study revealed an unexpected reactivity of NOPO,
namely formation of intramolecular phosphinic acid esters
(phosphilactones).

The regio- and stereochemistry was investigated on the
example of the reactions with methylamine, 1-O-t-butyl
phenylalanate, and without addition of amine, that is, upon
addition of only the coupling reagents, as negative control. We
found that generally, the phosphilactone A according to Chart 3

Chart 3. Possible Regioisomers of Intramolecular
Phosphinic Acid Esters (Phosphilactones)”

Ou R 0. R
o /0—)5:0 HO—)PZO
HO/F’\_N(\ N o O
j \\F;/—N :l
k\/N\\ GH Ho—" Y L\/N\
fzp \—ﬁ'—OH
A OH B O

“Chiral phosphorus atoms are marked with asterisks. Isomer A is
quantitatively formed in the course of the reaction of NOPO with
amines, HATU, and DIPEA in DMSO.

is formed quantitatively within minutes of addition of the
coupling reagents, with one chiral phosphorus center being
formed in the course of the reaction. With chiral substrates,
such as L-amino acids, two diastereomers were formed in equal
amounts, meaning that no chiral induction occurs on the
phosphorus atom.

Figure 3 illustrates, on the example of methylamide
formation, how *'P NMR shifts and *J;, coupling constants
allowed for unambiguous identification of the products. In the
course of the reaction, the singlet of the (2-carboxyethyl)-
substituted phosphorus atom disappears, and two novel
doublets show up, the value of 164 Hz for the coupling
constant being characteristic for a 3pp interaction. In addition,
the *'P NMR shift of 53 ppm is characteristic for phosphinic
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Figure 3. *'P{'H} NMR spectra of NOPO in DMSQ with addition of DIPEA (lower) and after subsequent addition of methylamine hydrochloride
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Figure 4. Left: ®Ga incorporation into NOPQ (t = § min) as functions of pH (solid line: T =95 °C, ¢ = 10 pM; dashed line: T = 25 °C, ¢ = 30 uM).
Right: Labeling of phosphilactone-NOPO-NOC as function of precursor concentration (t = § min, T = 95 °C, pH 2.8).

acid esters, which are usually found in the range of 50—55 ppm.
Hence, formation of only the isomer A can be concluded;
corresponding spectra are shown in Supporting Information,
Figures S3—S85.

Substantial amounts of the isomer B are formed only with
substoichiometric amounts or in absence of an amine. No
evidence for formation of intramolecular esters involving the
terminal carboxylic acid was observed. Furthermore, the
addition of only DIPEA to a DMSO solution of NOPO did
not result in any reaction, indicating the phosphilactone
formation is effected by HATU. However, upon addition of
DIPEA a shift of the *'P NMR signals of NOPO is observed,
because these are sensitive to the protonation state of the ligand
(see Supporting Information, Figure S$6).

The free phosphinic acid moiety can be restored easily by
addition of trifluoroacetic acid (TFA) or HCL The cleavage
reactions with neat TFA or 50% and 10% aqueous TFA
solutions were monitored by MS and showed that cleavage is
quantitative at 25 °C after ~45, 180, or 720 min, respectively.
In 1 M aq HCI, full cleavage takes around 2 h, whereas in 0.1 M
aq HCI or weaker organic acids (acetic or formic acid) the
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reaction was not finished after 48 h. A control sample of a
neutral aqueous solution of A was found unchanged after 48 h.

As an altemnative, the formation of the phosphilactone can be
elegantly avoided in the first place by addition of one equivalent
of Zn** to the solution of NOPO in DMSO. Formation of the
Zn"=NOPO complex engages all phosphinate moieties into
zinc(Il) coordination, which effectively prevents ester for-
mation with the hydroxymethyl groups during amide coupling
using DIPEA and HATU. In this manner, the conjugate will of
course be obtained as the zinc(II) complex (for an example, see
Supporting Information, Figure S7). However, it has been
shown earlier that Zn''-NOPO complexes can be efficiently
labeled with **Ga as well (that is, by Zn"—%**Ga™ trans-
metalation).”’ Hence, protection of NOPO by Zn"complex-
ation can be considered a useful method with practical
relevance, immediately yielding precursors suitable for 5Ga-
labeling. Moreover, distribution diagrams of Zn-TRAP
systems show the presence of free Zn®** below pH 2."* Thus,
Zn"-NOPO conjugates can be demetalated under these
conditions, provided an excess of suitable scavenger ligand
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Figure 5. Distribution of ®*Ga—=NOPO-NOC (15 MBq, ~ 500 GBq/umol) in AR42J rat pancreatic carcinoma xenografted CD-1 nude mice, 60
min (N =7) and 120 min (N = 5) post injection. Blockade (60 min p.i, N = 4) was done by administration of ™'Ga—NOPO—-NOC (5 mg/kg body

weight ).

capable of forming highly stable Zn"-complexes (for example,
NOTA) is added.

%8Ga Radiochemistry. In a preliminary experiment, “Ga-
labeling of NOPO and NOPO-conjugates was already proven
to proceed extraordinarily efficiently. Full ®*Ga incorporation
was achieved at 0.1 M concentration of the chelator, labeling
at pH 2.8 and 95 °C for § min, allowing routine production of
NOPO radiopharmaceuticals with specific activities of >5000
GBq/pmol."? In order to complement these data, ®Ga-labeling
was investigated at room temperature, where NOPO can be
labeled virtually quantitatively at pH 3—4 (Figure 4). At 95 °C,
quantitative ®Ga incorporation is observed between pH 0.5
and 7. In contrast to carboxylate chelators, labeling in highly
acidic media is possible due to the low pK, of the phosphinic
acid moieties (see Table 1 and Figure 2). At pH < 1, these are
still present mainly in deprotonated form and therefore able to
form complexes with metal ions. However, a particularly
interesting feature of NOPO is the ability to readily label at pH
values substantially higher than S. In this pH region, formation
of colloidal Ga(OH)," or Ga(O)OH' is usually favored,
particularly at temperatures around the boiling point of water,
which seriously hampers formation of *Ga'” chelates. NOPO is
apparently capable of largely inhibiting hydroxide polymer-
ization and/or dehydration, either due to very fast chelation of
hexaaqua-Ga™ complex, or due to an ability of ligand exchange
with initially formed, monomeric Ga™-hydroxido species.

In view of the formation of phosphilactones during NOPO
conjugation, we were interested whether these structures are
suitable for ®Ga-labeling as well. Apart from cleavage of the
intramolecular ester during labeling, Ga™ complexation by an
intact phosphilactone also appears a plausible scenario, because
in this structure, five of the six major coordination sites are
unchanged and available. However, our previously published
data already indicated that, at conditions commonly employed
for automated “*Ga-labeling, Ga™ complexation by NOPO-
NOC in its phosphilactone form (for structure see Supporting
Information, Scheme §1) readily occurred with simultaneous
cleavage of the intramolecular ester; formation of the Ga'™-
complex of regular NOPO-NOC was confirmed by MS."* For
more detailed characterization, the concentration dependency
of ®Ga-labeling of phosphilactone-NOPO-NOC was deter-
mined. Figure 4 reveals that labeling efficiency of this precursor
is comparable to NC)DAGA—p(-3pt'icl(-35,?'1 which allows for the
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conclusion that formation of intramolecular esters of NOPO
never constitutes a fundamental problem for Ga™' complexation
because functionality of the precursors is always granted.

Preclinical Studies. Proof-of-concept for applicability of
NOPO in **Ga-peptides was delivered using aforementioned
®Ga—NOPO-NOC," a conjugate of NOPO with the
octreotide-analogue Nal*-octreotide (for structure, see Sup-
porting Information, Scheme $1).% In form of its ®Ga-labeled
DOTA conjugate *Ga—DOTA-NO C,* the latter is currently
being successfully apglied for clinical PET imaging of
neuroendocrine tumors.

Especially when compared to the corresponding NODAGA
analogues, NOPO conjugates tend to display a higher
hydrophilicity, because unlike DOTA conjugates, the NOTA
motif in NODAGA conjugates does not retain a non-
coordinating, hydrophilic carboxylate upon Ga™ complexation.
The inherently higher polarity of phosphinates compared to
carboxylates is further enhanced by the two noncoordinating
hydroxyl groups. A striking example is provided by *Ga-
NODAGA-¢(RGDfK)" and ®Ga-NOPO-c(RGDK),** where-
in the metal chelates have a particularly pronounced impact on
overall polarities due to the small size of the cyclic pentapeptide
¢(RGDfK), resulting in markedly different log D values of
—3.27 and —4.64, respectively. Although not being statistically
significant, a similar trend is observed for %8Ga—NOPO-NOC
and ®*Ga—DOTA-NOC (log D = —1.82 #+ 0.11 and —1.75 +
0.16 at pH 7.4, respectively).

#Ga~NOPO-NOC was prepared in a fully automated
GMP-compliant synthesis as described before' and evaluated
in CD-1 athymic nude mice bearing AR42] (sst2-over-
expressing rat pancreatic carcinoma) xenografts. The biodis-
tribution profile shows high tumor uptake of ®*Ga—NOPO—
NOC and low uptake in other organs and tissues (Figure 5).
The intermediate kidney uptake is considered to be excretion-
related; however, it might also result partly from reabsorption
in microtubuli,® since no kidney protection was performed.
Specificity was proven by administration of a blocking dose of
"Ga—NOPO—-NOC (§ mg per kg body weight) 10 min prior
to the tracer injection, which markedly reduced uptake in the
tumor, pancreas, and stomach (for complete experimental data
in numerical form, including tumor-to-organ ratios, see
Supporting Information, Tables S3 and $4).
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Figure 6. PET images (MIP, 75 min p.i) of AR42] (rat pancreatic
carcinoma) xenografts, dorsal (left) and sagittal (right) views. Top:
Ga—NOPO-NOC, bottom: “*Ga—NOPO—NOC + blocking dose
(5 mg of ™Ga—NOPO—-NOC per kg body weight). “Bld.” = bladder.

Both the biodistribution pattern (Figure 5) and the results of
microPET imaging at 75 min p.i. (Figure 6) demonstrate clear
tumor visualization and a very low background. In addition,
#Ga—NOPO-NOC can be considered metabolically stable as
only intact tracer was found in blood, liver, kidneys, and urine
at 30 min p.i (see Supporting Information, Table 85 and Figure
59).

M CONCLUSION

In summary, the bifunctional trdazacyclononane-based triphos-
phinate chelator NOPO was characterized in terms of
protonation constants, solution structures of its Ga'!
complexes, bioconjugation by amide formation, and 5Ga
labeling properties. An improved synthesis is reported, yielding
the compound in 45% overall yield based on benzyl-TACN.
Interestingly, an intramolecular phosphinic acid ester (a
phosphilactone) is formed during amide functionalization on
the single distal carboxylic acid moiety; this reaction can be
prevented by previous formation of the zinc(Il) complex.
Cleavage of the phosphilactone occurs spontaneously during
55Ga labeling, but it can also be hydrolyzed under moderately
acidic conditions, for example, using TFA at ambient
temperature. “*Ga-labeling of NOPO is virtually quantitative
at room temperature between pH 3 and 4 (30 4M) and at 95
°C over the range of pH 0.5—7 (10 uM). The ®Ga-labeled
Nal*-octreotide conjugate **Ga—NOPO—NOC proved suitable
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for preclinical imaging of sst2-receptor-positive tumors,
showing high tumor and low organ uptake. In addition,
NOPO-functionalized compounds tend to be more hydrophilic
than corresponding DOTA- and NODAGA-conjugates.

We conclude that NOPO is a highly useful bifunctional Ga™
chelator, particularly for application in “Ga-labeled PET
radiopharmaceuticals, notwithstanding the fact that phosphi-
lactones, which are obtained as primary conjugation products,
could occasionally require further treatment to release the free
NOPO conjugate. The excellent ®Ga-labeling properties of
NOPO facilitate implementation of kit-like labeling protocols at
room temperature. Moreover, the hydrophilicity of NOPO-
conjugates, fostering renal excretion, and the high in vivo
stability of the corresponding ®Ga complexes render NOPO an
outstanding chelator for future ®Ga-labeled radiopharmaceuti-
cals.
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Appendix B

1. Synthesis of NOPO via reactions e and f (Figure 3)

2-(carboxyethyl)phosphinic acid (6, 0.13 g, 0.9 mmol) was dissolved in hexamethyldisilazane (HMDS,
5mL), the glassware was purged with argon, and the solution was heated to 130 °C for 24 h. Strictly inert
atmosphere and moisture-free conditions are the crucial criterion for quantitative conversion of 6 to 7. The
reaction was monitored by *'P NMR (a doublet at 3= 37 ppm disappears, and a singlet belonging to 7 is
observed around & = 160 ppm). 4 (0.10 g, 0.29 mmol) was dissolved by heating with HMDS at 130°C
under argon atmosphere and the reaction mixture containing 7 was added in one portion with a syringe.
Paraformaldehyde (30 mg, 1.0 mmol) was added in one portion, the reaction mixture was stimred for 24 h
and then cooled to r.t.. Methanol (5 mL) was added dropwise. Then the reaction mixture was dissolved in
water and loaded onto a column filled with cation exchanger (DOWEX 50, H'-form). NOPO was eluted
with water in neutral fraction, which was evaporated and freeze-dried. Yield 70 mg, 47%.

2. Potentiometry

Water ionic product pK, (13.81) and values of stability constants for the metal-hydroxide complexes were
taken from literature.’ During potentiometric titrations, Ga®" ion was complexed with NOPO immediately
after mixing of the reactants and the complex was fully formed even in the beginning of titration in acidic
solution (pH ~1.6) similarly to other TRAP ligands. Thus, the complex stability constant was determined
by competition with tetrahydroxidogallate in alkaline region. The determined overall constants, Pyy,q,.. are
presented in Table S2 together with errors as given by the fitting. Stability constant values of the TACN-
based ligands correlate well with basicity of the ring nitrogen atoms (given as logK, + logk,), Figure S1.
Protons in the protonated species should be attached to the pendant arm oxygen atoms similaily to other

Ga™ complexes with TR AP ligands.

Table S1: Experimentally determined overall protonation constants (log Pe) of NOPO (25°C, 71=0.1M
(MesN)CL).

Constant NOPO

log P 11.967(7)
log Prar. 17.19(1)
log Pros 20.96(1)
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Table S2: Experimentally determined overall stability constants, logPmnmis (Puamum = [HiMuL/] /
[EH]"<[M]"<[LT), for Ga™ complexes of NOPO (25 °C, I=0.1 M (Me,N)CL).

Coefficients Constant
011 25.0(1)
111 29.4(2)
211 30.6(2)
-111 17.58(8)
-211 7.8(2)
2]
1 u  |ogK(Gal) NOTA =
24 | — Linear Fit of logK(GaL) P
28 e
4 ‘/'/
27 ‘ //
: ] TRAP-Pr w
o -
9 254 .~ = NOPO
- 21 e g
E -
2 W TRAP-OH
» TRAP-H -~
]
21 T T T T T T
13 14 15 16 17 18 19
logK, + logK,

Figure S1: Correlation between ligand basicity and thermodynamic stability of Ga-complexes.
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3. NMR studies of Ga-NOPO at different pH

The [Ga(NOPO)] complex was prepared by dissolving equimolar amounts of NOPO and GacCl; in water.
For characterisation, the complex was puiified on weak cation exchanger (Ambeilite CG-50). The
aqueous solution of the complex possessed pH 1.7.

A sample of complex, dissolved in 6 M HCIO,, showed no signs of decomposition over the period of three
months, monitored by *'P and " Ga NMR. Base-promoted hydrolysis was assessed from aq. solutions of
the complex, adjusted to pH 7.5 and 10.0 by addition of 2 M aq. NaOAc and 2 M aq. NaOH, respectively.
Complex concentration in NMR tubes was approximately 0.1 M. Interpretation of NMR data was done by
qualitative comparison with the chemical model obtained from potentiometry. A rigorous quantitative
comparison is not possible due to presence of buffers and different ionic strength. However, we found that
presence of buffers is necessary, because protons are released during slow rearrangement processes of the
complex (formation of “out-of-cage” structures, see main text), resulting in a decrease of the initial pH.
These rearrangements were found to be fully reversible; acidification of the samples with HCI resulted in

formation of the original "in-cage" [Ga(NOPO)] complex.
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Figure S2: "Ga NMR spectra of [Ga(NOPO)] at pH 3, 7.5 and 10, referenced to 0.1 M Ga(NO;);
([Ga(H,O)¢] at 8 =0 ppm) and 0.1 M [Ga(CH),] in 1 M NaOH (& = 222 ppm).
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4. Coupling chemistry and intramolecular ester formation

In order to explain the observed molecular masses after coupling reactions of NOPO with peptides,
resulting in comjugates showing not only loss of m/z = 18 on ESI-MS (water molecule released from
peptide bond formation) but another m/z= 18, we employed P NMR spectroscopy. We found that
treatment of such intermediate with trifluoroacetic acid (TFA) resulted in conjugates with the expected
molecular weight.

The chemical shifts were measured relative to 85% aqueous H3PO, (0 ppm) as an external standard. The

following *'P NMR experiments were conducted (see Figures S3—-S6):

(1) Measuring the chemical shifts of NOPO only in DMSO.

(2) Measuring the same with addition of a non-coordinating base (DIPEA).

(3) Acquisition of *'P NMR spectra after addition of HATU.

(4) The same experiments (1)-(3) with addition of methylamine or L-Phe(CtBu) together with DIPEA.

Furthermore, formation of phosphilactons was inhibited by addition of one equivalent of solid ZnCl,
hexahydrate to NOPO in DMSO prior to the coupling reaction. Figure S7 shows *'P NMR spectra for this
reaction sequence on the example of MeNIH,. For demetallation, Zn" can be released at pH 2, using excess

NOTA as a scavenger, resulting in neat NOPO-conjugates.
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Figure $3: *'P NMR spectra of NOPO, DIPEA and HATU in DMSO, 5 min after mixing (bottom); the
same mixture at 5 minutes after addition of MeHN, (top) with detail on peak pattern.



Appendix B

3357
ARRD
23.043
1ARM
10430

J

ﬂ
A ,.J\m o

54.00 53.50 5300 2000 20,00 prl 1£.00 10.50 cono
ppmIT) prm (111 pom (it
A
T T T — — ——T— —
EQ =0 40 0 20 10
apT (1)

Figure S4: bottom: *'P NMR spectra of NOPO and MeNH, in DM SO with addition of DIPEA; middle:
the same mixture at 5 minutes after addition of HATU; top: peak details. The observed coupling constant

of *Jpp = 16 Hz is characteristic for a P-CH,O-P interaction, e.g. in the intframolecular esters.
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Figure S5: bottom: *'P NMR spectra of NOPO and L-Phe(O:Bu) in DMSO with addition of DIPEA;
middle: the same mixture at 15 minutes after addition of HATU, top: peak details, showing presence of

two diasteromers.
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Figure S6: *'P NMR spectra of NOPO in DM SO without (black) and with (red) addition of DIPEA.
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Figure S$7: From bottom to top: *'P NMR spectra of NOPO in DM SO with addition of DIPEA; the same
mixture after addition of ZnCl,; after addition of MeNH; and HATU; after demetallation from Zn", which
was done by addition of 10 eq. NOTA at pH 2. The coupling product and its Zn" complex were identified
by ESI-MS.
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5. Structures of NOPO-NOC and its phosphilactone form
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Scheme S1: Structures of NOPO-NOC and the cormresponding, phosphilactone, which is formed as the

primary product in the course of the coupling reaction.



6. ®*Ga-NOPO-NOC analysis
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Figure S8: Quality control of ®Ga-NOPO-NOC for injection. TLC on silica-coated paper developed with

NH.,OAc/MeOH, 1:1 by volumes (top) and 1 M aq. sodium citrate (middle). Bottom: Radio-HPLC using a

C18 column (Chromeolith 100 % 4.6 mm); flow rate 2 mL/min; eluents were water and acetonitrile, both

containing 0.1% TFA (isocratic elution with 3% MeCN for 2 min, followed by a gradient to 60% MeCN in

6 min and isocratic elution with 95% MeCN for 3 min).
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7. Biodistribution

Table S3: Distribution of ®¥Ga-NOPO-NOC in AR42J xenografted mice at 60 and 120 min p.i. and upon
blockade (60 min p.i.) with ™'Ga-NOPO-NOC - 5mg/kg body weight.

60 minp.i., N=7 120 minp.i., N=5 blockade, N =4

Tissue ID-g /% sD ID-g /% sD ID-g /% sD
tumour 11.56 + 492 13.87 £+ 493 0.87 + 038
blood 042 = 0.10 020 = 0.05 1.08 + 0.46
heart 023 = 0.06 015 = 0.04 058 + 027
lung 219 = 064 183 = 022 391 £ 259
liver 113 = 047 0.86 =+ 0.18 1.62 = 0.69
spleen 075 + 023 051 = 007 063 + 0.16
pancreas 181 =+ 052 216 = 0.62 029 + 013
stomach 262 = 103 248 = 077 055 + 026
small intestine 061 = 012 058 =+ 013 0.84 =+ 052
large intestine 131 = 035 157 = 059 063 + 032
kidney 632 = 129 904 =+ 191 1059 + 322
adrenal gland 097 = 030 218 = 179 090 + 039
muscle 018 = 0412 011 = 006 028 + 005

carcass 023 = 006 020 = 005 044 + 0.16
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Table S4: Tumowr to background activity uptake ratio calculated from biodistribution of **Ga-NOPO-
NOC in AR42J xenografted mice at 60 and 120 min pi. and upon blockade.

60 minp.i.,, N=7 120 min p.i., N=5 blockade, N =4

Tissue ratio SD ratio SD ratio sD
tumour 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00
blood 27.36 = 847 7993 + 5468 0.81 = 0.10
heart 4963 + 1559 10639 + 71.18 154 + 023
lung 555 + 243 750 + 218 029 = 0.16
liver 1141 + 505 1764 + 10.98 056 = 027
spleen 1596 + 591 2843 + 1423 133 + 042
pancreas 665 + 250 745 £ 540 298 =+ 044
stomach 472 + 182 664 + 492 165 + 035
small intestine 1890 + 597 2496 = 1275 116 = 037
large intestine 879 + 229 979 + 490 144 + 032
kidney 1.81 + 0.59 170 £ 1.09 0.08 = 0.02
adrenal gland 1223 + 430 964 + 662 099 =+ 036
muscle 8515 + 4898 19454 + 177.48 310 =+ 138

carcass 4857 = 1212 80.30 + 56.07 197 <+ 038
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8. In vivo stability

Table S5: Activity extraction efficiencies from tissue homogenates

Mouse1l DMouse2 Mouse3d Moused

extracted activity / %

blood 84 82 86 92
liver 36 21 41 68
kidney 43 64 51 73

*
L]
s & 9 N .o
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Figure S9: Example of metabolite analysis of ®*Ga-NOPO-NOC in mouse 4 (Table S5); 30 min p.i. in
blood, liver, kidney and urine (TLC autoradiography). The asterisks marks activity spots placed for
indicating start and front of the mobile phase (1M NH,OAc/MeCH, 1:1 by volume).
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P-120 ®*Ga-labeling via metal-induced de-esterification of NOPO-peptides

Simec":elg Jakub'”, Zemek, Ond:”rejl, Wester, HaJ]s-JﬁIgenl; Notni, Johannes'

1 Pharmaceutical Radiochemistry, Technische Universitdt Miinchen, Garching, Germany; 2 Inorganic Chemistry,
Charles University in Prague, The Czech Republic

Objectives: The recently introduced hydroxymethylphosphinic acid bifunctional chelator NOPO [1] shows unique *Ga
labellabeling properties. Here we report on the consequences of the high selectivity of NOPO for %Ga even in high
excess of Zn*" and Fe' [2] and compare the labellabeling efficiency of peptide-conjugates of NOPO, their Zn(II)
chelates and intramolecular phosphinic acid esters labeled via ®*Ga-induced deesterification.

Methods: NOPO-c(RGDfK) and NOPO(ester)-NOC were prepared via standard coupling methods using DIPE A,
HATU and DMSO. Zn-NOPO-¢(RGD{K) was prepared by mixing the conjugate with solution of ZnCl,. A—C were
labeled using fractionated eluates from *®Ge®Ga generator with SnO, matiix (iThemba Labs, SA). Fully aufomated
GMP-compliant preparation of **Ga-NOPO-peptides was done using a Gallelut” module (SCINTOMICS, Germany).
Chemical and radiochemical purity was assessed by HPLC and radio-TLC/HPLC, respectively.
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Figure 1. Generic structures of a NOPO-peptide conjugate (A), an intramolecular ester (B) thereof, a Zn(II)
complex (C), and a ®Ga-labeled NOPO-peptide (D).

Results: NOPO and NOPO-peptides (A) showed more than 50 times higher labeling efficiency for ®Ga’" compared to
NOD AG A-peptides. Quantitative %Ga incorporation was reached already at 30 nM concentrations (3 pmol) of NOPO-
peptides. As a consequence of NOPO's high affinity to Ga*, complexes C underwent transmetallation with *Ga*,
resulting in D, even at r.t. No comparable ®Ga-labellabeling was achieved with Zn(II}NODAG A-peptides. Duting
standard coupling reaction, intramolecular esters B were obtained whose structures were confirmed by multinuclear
NMR and MS. Despite the primary complexation sites, i.e, the phosphinates, are partly blocked by this ester formation,
presence of %Ga®" induces de-esterification, quantitatively yielding D at 1 pM concentration of B. At the same time,
presence of the ester structure in B protects the chelator‘s cavity from complexation of other cations. 1 nmol of both
Z1(II)-NOPO-cyclo(RGDIK) and NOPO(ester)"-Nal*-octreotide could be labeled in our fully automated procedure with
quantitative radiochemical yield Inferestingly, Zn(Il) is not easily transchelated from NOPO-peptides in presence of
other chelating agents, such as NOTA or EDTA. Although esters B were found to be stable under labeling conditions
(pH=> 3), they are easily cleaved at lower pH, e.g. upon addition of TFA or AcOH, yielding the corresponding NOPO-
peptide A.

Condusions: Efficient labeling of NOPO-esters and NOPO-Zn(II) complexes is combined with unprecedented
selectivity of this chelator for ®*Ga®". The reported techniques of transcomplexation and de-esterification broaden the
current spectrum of labeling methods and open the field for new structures that can be considered as motifs in metal-
chelate design.

Acknowledgements: Financial suppoit by DFG (SFB 842, projects Z1/B5), is gratefully acknowledged.

References: [1] Simecek J, et al. (2012) ChemMedChem, 7, 1375-8. [2] Simecek J, et al. (2013) ChemMedChem, 8,
95-103.
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A new facile synthetic strategy was developed to prepare bifunctional monophosphinic acid Ln-DOTA
derivatives, Gd-DO2AGAP™®" and Gd- DO2AGAP*®", The relaxivities of the Gd-complexes are enhanced
compared to Gd-DOTA. Monophosphinic acid arm of these Gd-complexes affords enhancement of inner
sphere water exchange rate due to its steric bulkiness. The different functionalities of DO2ZAGAP™E" were
appended in trans positions and are designed to conjugate identical or different vectors according to the
potential applications. The conjugation of Gd-DO2AGA
was successfully performed and in vivo MRI allowed cell death detection in a mouse model.

PA" with E3 peptide known to target apoptosis

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Magnetic resonance imaging (MRI) is an effective tool in
biomedical research for understanding biological processes in liv-
ing organisms as well as in clinical diagnosis due to its excellent
spatial resolution, its non-invasiveness and its limitless tissue pen-
etration. The resolution and tissue specificity can be further
enhanced by paramagnetic lanthanide complexes due to their
exceptional magnetic properties.' Nowadays, MRI contrast agents
(CA) can provide detailed information at sub-cellular level resolu-
tion,” In multimodal imaging a single multimodal probe could be
sufficient to address the same pharmacokinetics and co-localiza-
tion of the signal in each modality, allowing the correlation of
the information obtained by the different methods and avoiding
multiple dose injections of agents.” However, the sensitivity of
each modality can be different by several orders of magnitude
and obtaining a single molecule efficient in each imaging modality
is not trivial.

# Corresponding authors at: Department of General, Organic and Biomedical
Chemistry, NMR and Molecular Imaging Laboratory, University of Mons, Avenue
Maistriau, 19, Mendeleiev Building, 7000 Mons, Belgium (S. Laurent).

E-mail addresses: satya.chilla@umons.ac.be {S.N.M. Chilla), modrej@natur.cuni.
cz (0. Zemek), sophielaurent@umons.ac.be (S. Laurent).

http://dx.doiorg/10.1016/j.bmc.2017.06.008
0968-0896/© 2017 Elsevier Ltd. All rights reserved.

Gadolinium(1ll) complexes of polyaminopolycarboxylates are
widely used as CA in MRL* The efficacy of a paramagnetic CA is
assessed by its relaxivity (r;). Relaxivity enhancement can be
achieved by fast water exchange rate (usually expressed as water
residence time, Tm) and slow molecular tumbling rates character-
ized by the rotational correlation time t.** Most of the commer-
cially used MRI contrast agents are low-molecular-weight
compounds and generally have too fast molecular tumbling, i.e.
short 1. In general, they have also a relatively slow water
exchange rate” (e.g. Tw'® of Gd-DOTA = 122 ns, (DOTA = 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid).®’ It has been
reported that increasing the negative charge of the complex and
bulkiness around central metal atom facilitates the fast exchange
of the coordinated water molecule due to sterical reasons.” Exten-
sive research about the relationship between water exchange rates
and solution structures have been related to the structural isomers
of lanthanide(Ill) DOTA complexes. It is well-known that DOTA-
like ligands wrap around a lanthanide(Ill) ion yielding two coordi-
nation geometries, namely square antiprismatic (SA) and twisted
square-antiprismatic (TSA)."*# It was observed that the TSA iso-
mers had 10-100 times faster exchange rate of the coordinated
water molecule.” In general, increased steric repulsion around
the paramagnetic center favors the TSA isomers.”

In the present work, we designed a suitable ligand for different
modalities, the complexes of which can exhibit favorable
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characteristics for both optical imaging and MRI techniques. This
system consists of a kinetically inert macrocyclic ligand covalently
linked to an aromatic phosphinate moiety. Through this approach,
complexes suited for magnetic and optical imaging and with iden-
tical bio distributions could be used in MRI and optical imaging
techniques and should enable better interpretation of in vivo
molecular imaging experiments.'” We prepared DO2AGAPMEM
(Scheme 1), a DOTA derivative with two different arms: p-nitro
benzyl phosphinic acid and pentanedioic acid arms in trans-posi-
tion. Consequently, the nitro group will serve as good precursor
of amine function for further conjugation of the probe. The
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hexapeptide E3 was previously selected as a phosphatidylserine
(PS)-specific peptide using the phage-display method.'' PS is a
membrane phospholipid that is externalized by cells undergoing
apoptosis, which is a natural genetically programmed cell death
process occurring in several normal (e.g. embryonic development),
pathologic (e.g. neurodegeneration) or therapeutic (e.g. anti-cancer
treatment) conditions.'> Apoptosis can be induced in thymus by
intra-peritoneal injection of the synthetic glucocorticoid dexam-
ethasone (DEX)."” This cell death model was set up in mice for pre-
liminary MRI testing of the here-presented compounds, conjugated
or not to the E3 peptide.

0 OBn

OBn OBn

/_\ OBn

dibenzyl-2-bromoglutarate N

[ j _CH,COONe, ACN E jo
0%
NH N,

0
[s]
1 3 o 4 o
Ol 0. oH
0, o
0, OH H
Ton cach
Famnt (4-nitrobenzyl) phosphinic acid, / \ 0 pH 6.2-6.7
PAC, Hafe) OH paraformaldehyde, 6M HC1 N N 90%
MeOH A
OH
and TbCly, pH 7 Gfp___‘_/ \
2%

30% vield based on 4 oH

N N
NH N,
/

Gd-DO2AGAPA™™, 9

Rhodamine isothiocyanate

+
5 pyridine, Hy0

Gd-DO2AGAP*P"-Rhod, 12

6 O Lo* = Gd* and R =NO,, 8
= Tb** and R = NOy, 10
PA/C, Hy,(g) 8, E3-Peptide
MeOH, 92% DEPBT, NMM
o ok DMEF, 70%

(TLVSSL)
f‘“‘ ook
7N H

DO2AGAPAB® 7

Gd-DO2AGAP™™™. E3pep, 11

Scheme 1. Synthesis of monophosphinic acid derivatives and their conjugations with peptide and chromophore rhodamine isothiocyanate.
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2. Results and discussion
2.1. Synthesis, complexation and conjugation of contrast agents

The controlled synthesis of ligand DO2ZAGAP"E" 6 was obtained
by a multi-step synthetic route starting from preparation of two
pendant arms (Scheme 1). The key intermediates 4-nitroben-
zylphosphinic acid'* and dibenzyl 2-bromodipentanoate'” were
obtained according to literature procedures. The trans-DO2A 3
was synthesized by selective protection of nitrogen atoms N-1
and N-7 with Boc-O-succidimyl and further alkylation and depro-
tection as previously described.'™'” Trialkylated product 4 was
obtained by alkylating 3 with dibenzyl 2-bromopentanedioate in
acetonitrile and sodium acetate used as a base. At this stage, we
tried several bases for alkylation. Among them sodium acetate
allowed to obtain a majority of trialkylated product even though
we could not avoid the formation of minor tetraalkylated product.
The second arm introduction was envisaged (after hydrogenolysis
of compound 4 to intermediate 5) by Mannich type reaction with
formaldehyde and 4-nitrobenzylphosphinic acid in 6 N HCl, lead-
ing to the macrocyclic ligand 6 (DO2AGAP™™"). As the secondary
amine of 5 has low reactivity, a large excess of precursor and
formaldehyde was used and in addition, a long reaction time was
required. Ligand 6 DO2AGAP™®™ was isolated by ion exchange
chromatography in good yields and the structure was confirmed
by 'H, '°C, *'P NMR and high-resolution mass spectrometry. Com-
plexation of the ligand 6 DO2AGAP™E™ with Gd*" or Tb*" ions was

1e+6

Gd-DO2AGAP™ BR
®  Gd-DO2AGAPEP
4 Gd-DOZAGAP

1e+5 NBn

- E3 Pep

00023 00030 00031 00032 00033 00034 00035 00036 0.0037
T (k™)
Fig. 1. Temperature dependence of the reduced transverse relaxation rate of 70 at

11.75 T of Gd-DOZAGAP"®" 8 (28.13 mM), Gd-DOZAGAP*®" 9 (20.12 mM) and Gd-
DO2AGAPME™_E3Pep 11 (26.032 mM).

Table 1

performed under standard procedure. High-resolution mass spec-
trometry reveals peak corresponding to the molecular ion with
the correct isotopic pattern for each complex. In order to prepare
multimodal contrast agent, the conjugation efficiency of carboxylic
acid of the Gd-DO2AGAP™®" 8 complex was tested by using pep-
tide-coupling reaction with a small hexapeptide under peptidic
coupling methods at room temperature by using DEPBT and N-
methyl morpholine (NMM) as a base. The compound 11 was
obtained with good yield and purified by reverse phase chromatog-
raphy. Our trials for conversion of nitro group of the compound 8
to amino group by catalytic hydrogenation were not successful.
The ligand 6 was thus treated under hydrogenolysis to obtain 7
and Gd-DO2AGAP"®" 9 was obtained after complexation in condi-
tions similar to those used to complex 6. Conjugation with rho-
damine isothiocyanate depicted the availability of aniline group
of complex 9 for further conjugations. The complex was purified
by reverse phase chromatography and the corresponding mass
confirms the formation of thiourea. (Scheme 1, see SI Fig. S1).

2.2, Inner sphere hydration number (q) determination

A previous method for the determination of g by 70 chemical
shifts'® used the dysprosium complexes, mainly because the con-
tact contribution to its induced shift, is predominant as compared
with its pseudo-contact shift and because Dy** causes a relatively
small broadening of the 70 signal. However, despite the quite
large broadening of the 'O signal induced by Gd*', this ion is bet-
ter suited for such measurements since it induces only contact
shift and no pseudo-contact shift. As previously reported,'” we
compared the "0 chemical shift induced by the new Gd complex
with well described Gd complexes, such as Gd-DOTA (Dotarem)
and Gd-DTPA (Magnevist), for which g=1 has been validated.
The value obtained for Gd-DO2AGAPM" was estimated to be 0.74.

2.3. 70 and 'H NMRD measurements

The variable temperature dependence of the reduced 'O trans-
verse relaxation rates (1/T,) (Fig. 1) is typical of a water residence
time lower than 100 ns at 310K.”° The observed Ty values of Gd-
DO2AGAP™™ 8 and its derivatives (Table 1) show improvement
compared to Gd-DOTA and to other phosphinate based DO3A com-
plexes (Table 1).'

Proton relaxivity measurements in water revealed that the Gd-
DO2AGAP™™ 8 and its derivatives are stable in the pH range
extending from 3 to 8. The magnetic field dependence of the pro-
ton longitudinal water proton relaxivities (r; NMRD profile) mea-
sured at 310K shows higher relaxivities for our new complexes
as compared to those of the parent compound Gd-DOTA.*" At

Parameters obtained from 70 transverse relaxometry and 'H NMRD of Gd-DO2AGAPM®" 8, Gd-DO2AGAP*™" 9, Gd-DO2ZAGAP™™ - E3Pep 11 Gd-DO2AGAP**™-Rhod 12 and Gd-

DOTA complexes in water at 37 °C.

Parameters Gd-DO2ACAPE™ 8 Gd-DOZAGAP*™ g Gd-DO2AGAPYE"_E3peptide’ 11 Gd-DO2AGAP**"_Rhod 12 Gd-DOTA™"
° [ns] 20314 158 £0.1 10.8£0.4 16° 12210
AH™ [l mol™'] 62.6+0.1 54,0+0.1 449 +0.05 - 50.1+£02
AS™ [Jmol ' K] 104.0£ 0.3 78503 522402 - 48.7+02
A [10°rads~'] ~2.50 +0.02 2801 ~2.82£0.02 - 342 £0.03
B[10°°57%] 16.2+0.4 165 +0.5 82+03 - 1.94 +0.09
2% [ps] 12.1+037 184 +05 13.5+0.6 - 11.4+05
Ey [kJ mol '] 200+124 200+ 160 01+133 - 40+04
'Y [ps) 13.6+3.0 242 %5 17.2+27 25221 Tx1

'Y [ps) 773430 903+2.4 1153+ 4.0 180 £4 531

.o [ps] 247 £22 206+ 10 202:9 162 £3 404 24

2 The following parameters were fixed: (D is the diffusion coefficient=3-10"" m?s™', d is the distance of closest approach = 0.36 nm, r is the distance between the proton
of the inner-sphere water molecule and Gd ion = 0,31 nm, g is fixed to 1 and 1,; was fixed to the value determined by 70 NMR).

P Ref. 21c T, was fixed at the value obtained for Gd-DO2AGAP™" (16 ns).
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60 MHz and 310K, the relaxivities of Gd-DO2AGAP™E" 8, Gd-
DO2AGAP*®™ 9 and Gd-DO2AGAPME"-E3Pep 11 are enhanced
respectively by 39% (r, = 4.93 mM~' s7'), 56% (r; = 545 mM~' s71)
and 29% (r;=428mM 's') as compared to Gd-DOTA
(r;=3.06mM~ s~ "),

The NMRD profiles were fitted using the inner sphere and outer
sphere theories (Fig. 2). As expected, considering the molecular
weight of Gd-DO2AGAP™®" 8 and its derivatives, the value of
is increased as compared to that of Gd-DOTA (Table 1). In addition,
the temperature dependence of the proton longitudinal relaxivity
at 20 MHz of complexes 8, 9, 11 and 12 confirms the fast water
exchange for all the complexes (see SI Fig. S1). The ry value of
Gd-DO2AGAP™®" 9 at 25°C and 20 MHz (r; = 7.2 5" ' mM™") is lar-
ger than the value reported for Gd-DO3AP*®" at 25°C and
10 MHz (6.7 s~'mM~")"* as could be expected from the larger
molecular weight of 9. In addition, the 13;® values are in the same
range, 16.2 ns for Gd-DO3AP**"'* and 38 ns for Gd-DO2AGAP*®" 9,

2.4. *'P NMR measurement

The interaction of the phosphinate with the Th* center could be
confirmed by 3'P NMR spectroscopy (Fig. 3). For the complex Tb-
DO2AGAPYE™ 10, two broad shifted peaks could be observed at a
range of frequencies from 400 to 500 ppm. The direction and mag-
nitude of the shifts are in agreement with what is observed for lan-
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Fig. 2. "H NMRD relaxivity profiles of Gd-DO2AGAP™®" 8, Gd-DO2AGAP*#" 9, Gd-
DO2AGAP""_E3Pep 11 and Gd-DOTA in water at 37 °C.
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Fig. 3. >'P spectrum of Th-DOZAGAP™ 10 (D,0).

thanide complexes where the phosphinate group is in close
proximity to the paramagnetic center. The two peaks correspond-
ing to two isomeric forms SAP and TSAP of 10 are observed at
~468 ppm and ~413 ppm respectively with a 4:6 ratio. The large
proportion of TSAP isomer is in good agreement with the fast water
exchange of the Gd complex.

2.5. Photophysical measurements

The emission experiments were performed in H.O at 25 °C
After excitation of Tb-DO2AGAP™®" 10 at 267 nm, no {-f transition
of Tb** was observed showing no antenna effect probably because
of the distance between the benzyl group and the central metal
ion. In addition, the photo-physical properties of Gd-DO2AGAPA®"-
Rhodamine 12 was examined by recording the excitation and
emission spectra of 1 mM solution in H,0 (see SI Fig. 52). For this
complex a strong absorption could be observed at 556 nm and
excitation at this wavelength resulted in broad emission band cen-
tered at 581 nm.

3. In vivo results

Thymus is a primary lymphoid organ in which T-lymphocytes
(or T cells) develop for immune response capability. It is composed
of an outer zone called cortex and an inner zone called medulla. T
cell maturation (CD4+CD8+) from immature thymocytes occurs
during their migration from cortex to medulla.”” Dexamethasone
(DEX) promotes thymocyte apoptosis and vessel permeability
increase in the cortical region of thymus.'*** Immunohistochem-
istry of activated caspase-3 demonstrated ongoing apoptotic phe-
nomenon in thymic cortex of mice 18 h after injection of DEX at
a dose of 30 mgfkg (see SI Fig. S3). MRI showed signal intensity
enhancement in thymic region corresponding to cortex in DEX-
treated mice after injection of Gd-DO2AGAP"®"-E3pep, suggesting
specific targeting of PS on apoptotic thymocytes (see SI Fig. S3).
Cortex/medulla signal intensity enhancement ratio was shown to
be significantly increased (p<0.01) in DEX-treated mice after
injection of Gd-DO2AGAP"®"-E3pep, regarding control groups (no
DEX treatment +injection of Gd-DO2AGAPN®™_E3pep or injection
of Gd-DO2AGAP™" and DEX-treated +injection of Gd-
DO2AGAPME™) (see Fig. 4 and SI Fig. S3).
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Fig. 4. Percentage of change of the cortex/medulla signal intensity ratio as a
function of time after injection of Gd-DO2AGAPM™_E3pep in DEX-treated mice
(n=3, blue line), Gd-DO2AGAP™®™" in DEX-treated mice (n=2, gray line), Gd-
DO2AGAP**E3pep in untreated mice (n=2, orange line), Gd-DO2AGAP"®" in
untreated mice (n=2, yellow line). “p<0.01 for DEX-treated mice+ Gd-
DOZAGAP™ E3pep regarding control groups,
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4. Conclusion

In summary, a facile synthetic route was developed to prepare
monophosphinic acid DOTA derivatives with two different func-
tional groups such as carboxylic acid and nitro or amine. These
new ligands DO2AGAP™®" 6 and DO2AGAP*™ 7 were easily com-
plexed with lanthanides. Their relaxivities are enhanced due to
the presence of phosphinic moiety that induces a 1y increase and
a significant molecular crowding which results in fast water
exchange rates. The complexes were conjugated with small pep-
tide on carboxylic acid arm or with a chromophore on amine of
the phosphinate arm. Both functionalities were proved to be
enough reactive to obtain multimodal contrast agent. The 3'P
NMR of Tb-DO2AGAPME" 10 complex showed that the phosphinic
acid moiety is coordinated to metal center but photophysical stud-
ies have not shown luminescence properties. In vivo experiments
showed promising results in molecular MRI of cell death by conju-
gating PS-specific E3 hexapeptide to Gd-DO2AGAPE" 8 and target-
ing PS exposed by thymocytes in a mouse model of thymus cortex
apoptosis induced by dexamethasone.

5. Experimental
5.1. General procedures

The chemicals were purchased from different companies: Acros,
Aldrich, Fluka, Merck, Strem, Chematech, Polypeptide, TCl and
VWR. All reagents were used without further purification. All sol-
vents were distilled and/or dried prior to use by standard method-
ology except for those, which were reagent grades. Unless and
otherwise mentioned, all the reactions were carried out under a
nitrogen atmosphere and the reaction flasks were pre-dried by
heat gun under vacuum. Pure water (18 MQcm™!) was used
throughout.'# 'H, '*C and *'P NMR spectra were recorded on Bru-
ker 300 or 500 spectrometers. Chemical shift scale was referenced
by following ways: 'H - internal reference CDCl; at 7.27 ppm,
MeOH at 3.33 ppm or Dz0 at 4.75 ppm or TMS at 0.0 ppm; C -
internal reference CDCl; at 77.0 ppm, MeOH at 50 ppm or TMS at
0.0 ppm; *'P - external reference 85% H,PO,4 0.0 ppm and experi-
ments were performed at 25 °C. ESI low-resolution mass spectra
(ESI-MS) were recorded on Waters micromass ZQ system (Waters,
Belgium) with full spectral detection mode in positive and negative
ion modes. For HR-MS all experiments were performed on a
Waters QToF 2 mass spectrometer. The analyte solutions (10* M
methanol/water, 80:20) were delivered to the ESI source. Analyti-
cal thin layer chromatography (TLC) was performed on silica gel
60 Fi54 plates (E. Merck, Germany) using different mobile phases.
The compounds were visualized by UV3s4 light and TLC plates were
developed in lodine chamber. The purification of the compounds
was performed on KP-silica, KP-C,5 cartridges from Biotage over
Biotage flash chromatography instrument (Uppsala, Sweden) and
by using silica gel 60 (70-230 mesh) from Merck. Reversed-phase
analytical HPLC was performed in a stainless steel Xbridge (length
250 mm, internal diameter 4.6 mm, outside diameter 9.5 mm and
particle size 5 pm) C18 column. Preparative HPLC was performed
in a stainless steel Xbridge (length 250 mm, internal diameter
41,4 mm, outside diameter 50.8 mm and particle size 5 pm) C18
column (Varian). The compounds were purified using a gradient
with the mobile phase starting from 95% solvent A (water) and
5% of solvent B (ACN) to 70% B in 10 min, 100% B in 18 min, 100%
B isocratic till 24 min and decreased to 5% B in 28 min. The flow
rate generally used for analytical HPLC was 1 mL/min and for
preparative HPLC was 12 mL/min. All the solvents for HPLC were
filtered through a Nylon-66 Millipore filter (0.45 pm) prior to
use. Hexapeptide-E3 was synthesized on Libertyl automated

microwave peptide synthesizer with synthesis scale of 0.02-
5 mmol by Fmoc chemistry. The microwave operating power was
120 V(60 Hz.

5.2. Synthetic procedures of the compounds

5.2.1. Di-tert-butyl 4-[2-(benzyloxy)-2-oxoethyl]-10-[(3-phenyl
propanoyl)oxy]-1,4,7,10-tetraazacyclododecane-1,7-dicarbo-xylate
(2)

To a solution of 1,4,7,10-tetraazacyclododecane free base 1
(714 mg, 4.067 mmol) in chloroform (35 mL), N-(tert-Butoxycar-
bonyloxy) succinimide (8.134 mmol) was added. The reaction mix-
ture was stirred at room temperature for 28 h. Solvent was
removed by rotary evaporation and 30 mL of NaOH 3 M was added
to the remaining residue. The aqueous phase was extracted with
chloroform (3.3 mL). The extracts were combined and dried (over
K;COj3). The solvent was removed by rotary evaporation and the
residue was dried in vacuum for several hours. 513 mg of the
unpurified compound from the preceding reaction (1.3761 mmol)
was solubilized in acetonitrile, 0.67 mL (2,87 mmol) of benzyl bro-
moacetate and 0.474 g (3.412 mmol) K;CO; were added to this
solution at room temperature, after which the mixture was heated
under reflux for 8 h. The solids were discarded by filtration over
Celite and the solvent was removed under vacuum. Chromato-
graphic purification (alumina, 98/2 DCM/MeOH) yielded 2 as a
slowly solidifying colourless oil (736 mg, 87% over all for two
steps). '"H NMR (500 MHz, CDCl5) & (ppm): 7.31 (m, 10H), 5.11 (s,
4H), 3.54 (s, 4H), 3.49 (m, 8H), 2.86 (m, 8H), 1.41 (s, br 18H). *C
(500 MHz, CDCl5) é (ppm): 171.48, 157.11, 136.02, 79.33, 66.04,
55.04, 54.51, 46.68, 28.46. ESI-MS (C35HsoN40y); m/z = 668 [M+H]".

5.2.2. 2-(4,10-Bis-benzyloxycarbonylmethyl-1,4,7,10 tetraaza-
cyclododec-1-yl)-pentanedioic acid dibenzyl ester (4)

Trifluroacetic acid (14 mL) was added to the solution of 2
(10.21 g, 0.015 mol) in dichloromethane (100 mL) and the mixture
was stirred at room temperature for 16 h. The reaction mixture was
evaporated under reduced pressure. Diethyl ether was used to pre-
cipitate the crude oil. The precipitate was washed with excess of
ether followed by filtration and dried to obtain 3. This product
was directly used in the next step without further purification.
7.0 g(0.0149 mmol) of deprotected product and 2.64 g(0.03 mmol)
of CHsCOONa were added to a solution of 5.8 g (0.015 mol) of
dibenzyl 2-bromopentadioate in 100 mL of ACN and stirred for
48 h. The solid was discarded by filtration over a pad of Celite and
the solvent was removed under reduced pressure to recover brown-
ish oily crude mixture. Chromatographic purification (silica gel,
98/1.5/0.5 EtOAc/MeOH/TEA) of this mixture yielded 4 as slight yel-
low viscous oil. (8.1 g, 70%) 'H NMR (300 MHz, CDCls) & (ppm):
7.38-7.28 (m, 20H), 5.28-5.04 (m, 8H) 3.6-3.55 (m, 1H), 3.43 (s,
br 4H), 3.1-3.0 (m, 6H), 2.6 (m, 4H), 2.52-2.5 (m, 6H), 2.22-1.97
(m, 4H). ®C NMR (300 MHz, CDCls) & (ppm): 177.75, 174.55,
172.8, 170.8, 135.73, 1354, 12872, 128.67, 12859, 128.50,
128.45, 128.25, 128.17, 71.16, 67.16, 67.00, 66.54, 66.5, 59.89,
55.84, 55.21, 50.91, 49.60, 46.37, 30.59, 29.72, 26.18, 22.75, 20.52.
ESI-MS (CysHs 4N, Og); mfz =779 [M+H]*.

5.2.3. 2-{4,10-Bis-carboxymethyl-7-[hydroxy-(4-nitrobenzyl)
phosphinoy-lmethyl]1,4,7,10 tetraazacyclododec-1-yl}-pentanedioic
acid (6)

10% Pd/C (1.0 g) was added to a solution of 4 (8.0 g, 0.01 mol) in
MeOH (100 mL) and the resulting suspension was shaken for 4 h
under Hz atmosphere. After filtration of the suspension over a
Celite pad and after evaporation of the solvent under reduced pres-
sure, 3.2g of 5 were obtained. The crude product (3.2g,
8.13 mmol) was dissolved in 6 N HCl (20 mL). 1.95 g (0.065 mol)
of paraformaldehyde and 6.5 g of 4-nitrobenzylphosphinic acid
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(0.03 mol) were added to the latter solution and stirred at 50 °C for
2 days. Reaction mixture was cooled to 0 °C and all solvents were
evaporated under vacuum. The product was purified using strong
cation exchanger chromatography (Dowex 50, H'-form,
6 x 25 cm, elution with water followed by 5% aq. ammonia). After
evaporation of the solvents, the product was collected as a yellow
oily NHj-salt. The mixture was again subjected to anion exchanger
(Dowex 5, CI form, 15 = 3.8 cm elution with water 5% HCI). Eva-
poration of the solvents provided HCI salt of ligand. The chloride
salt was dissolved in water, poured onto a column of a strong
cation exchanger (Dowex 50, H'-form, 4 x 25 cm) and the column
was eluted with 10% aq. pyridine. After evaporation of the excess of
pyridine from the eluate, the Hpy'-salt was dissolved in a mini-
mum amount of water and subjected to reverse phase flash chro-
matography, eluted with water/acetonitrile and yielded 6 (0.82 g,
30% based on 4). '"H NMR (500 MHz, D,0) é (ppm): 8.12-8.1 (d,
J=10Hz, 2H), 7.43-7.41 (d, J = 10 Hz, 2H), 3.75-3.64 (m, 5H),
3.48-2.85 (m, 20H), 2.63-2.61 (m, 2H), 1.96 (s br, 2H). "*C NMR
(500 MHz, D,0) é (ppm): 177.3, 174.9, 173.5, 173.2, 146.5, 138.9,
131.1, 130.0, 122.1, 122.0, 66.5, 58.9, 58.2, 54.6, 54.1, 52.7, 52.4,
52.3, 51.1, 50.5, 41.2, 31.3, 30.2, 25.2. 3'P (500 MHz, D,0) 4§
(ppm): 38.22 (S). HRMS (ESI): caled for CpsHsgNsO,,P; [M+H]"
632.2333; found 632.2334.

5.2.4. 2-{7-[(4-Aminobenzyl ))hydroxyphosphinoylmethyl]-4,10-bis-
carboxymethyl-1,4,7,10 tetraaza-cyclododec-1-yl}-pentanedioic acid
(7)

10% Pd/C (0.1g) was added to a solution of 6 (0.15g,
0.23 mmol) in EtOH (10 mL) and the resulting suspension was sha-
ken for 4 h under H, atmosphere. The suspension was filtered over
a celite pad, and after evaporation of the solvent under reduced
pressure 7 was obtained (0.13 g, 92%). 'H NMR (500 MHz, D,0) &
(ppm): 6.82-6.8 (d, /= 10Hz, 2H), 6.33-6.3 (d, /= 10 Hz, 2H),
3.75-3.64 (m, 5H), 3.4-2.80 (m, 20H), 2.65-2.61 (m, 2H), 1.96 (s
br, 2H). *C NMR (500 MHz, D,0) & (ppm): 177.3, 174.9, 173.5,
173.2, 1455, 138.9, 138.3, 129.1, 116.1, 122.0, 66.5, 58.9, 58.2,
54.6, 54.1, 52.7, 52.4, 52.3, 51.1, 50.5, 41.2, 31.3, 30.2, 25.2. *'P
(500 MHz, D,0) & (ppm): 37.22 (s). ESI-MS (CasHaoN50,0P); m/
z=602.6 [M+H]"

5.3. Preparation of Gd*" complex of DOZAGAP™®" (8)

The complex was obtained by adding portion wise GdCl;-6H,0
to a solution of 6 (0.26 g, 0.69 mmol) in H,0 (5 mL), maintaining
the pH between 6.2 and 6.7 by addition of 1 N Pyridine. The final
pH of the solution after stirring 24 h was 6.3. The excess of the free
lanthanide was removed as Gd(OH)s precipitate, which appeared
at pH 9. The resulting solution was treated with chelex-100 to
remove free Gd** ions. The absence of free Gd*" ions was confirmed
by an Arsenazo 11l test* (in 0.1 M NaAc/HAc buffer solution, pH
5.2). The pH of the supernatant was decreased to 7 and the solution
was freeze-dried. The complex was dissolved in water, purified by
reverse phase flash chromatography and freeze-dried, yielding Gd-
DO2AGAPYE™ (8) as a white powder (450 mg, 90%). The compound
was purified by preparative HPLC as mentioned above. HPLC:
Ry =9.5 min, purity (215 nm): 96% HRMS (ESI): calcd for CosHsa-
GdNs0,2P; [M+Na]" 805.1126; found 805.1090.

5.4. Preparation of Gd®* complex of DO2AGAP*®" (9)

Gadolinium(I11) complex of DO2AGAP*®" was prepared by mix-
inga 1:1.1 M ratio of GdCls-6H;0 (0.054 g, 0.14 mmol) and ligand 7
(0.08 g 0.13 mmol) in water followed by addition of 1 N pyridine to
adjust the pH to 7. The reaction mixture was briefly heated to 50 °C
and then stirred at room temperature overnight. The complex was
purified on Amberlite CG-50 with water elution. The solution was

tested negatively for the presence of free lanthanide(lll) ions by
using arsenazo Il test as an indicator (in 0.1 M NaAc/HAc buffer
solution, pH 5.2). The complex was dissolved in water, purified
by reverse phase flash chromatography and freeze-dried, yielding
Gd-DO2AGAP*®" 35 a pale off white powder (80 mg, 75%). The con-
centration of gadolinium(Ill) ions in solution was determined by
relaxometric measurement. HRMS (ESI): calcd for C35H37GdN50y o~
P; [M+Na]" 775.1530; found 775.1534.

5.5. Preparation of Th>" complex of DO2AGAP™®" (10)

Terbium(111) complex of DO2AGAP™®" was prepared by mixing a
1:1.1 M ratio of ThCls-6H20 (14.2 mg, 0.004 mmol) and ligand 6
(0.022 g, 0.004 mmol) in water followed by addition of 1 N pyri-
dine to adjust the pH to 7. The reaction mixture was briefly heated
to 50 °C and then stirred at room temperature overnight. The com-
plex was purified on Amberlite CG-50 with water elution. The solu-
tion was tested for the absence of free lanthanide(ll) ions by using
arsenazo Il test as an indicator (in 0.1 M NaAc/HAc buffer solution,
pH 5.2). The complex was dissolved in water, purified by reverse
phase flash chromatography and freeze-dried, yielding Tb-
DO2AGAP®" 35 an off-white powder (20mg, 72%). ESI-MS (Cas-
H}}TbNEO])PZNa]: m,’z =8322

5.6. Conjugation of peptide (E3) with Gd-DO2AGAP"®™ (11)

0.2 g (0.25 mmol) of 8 was dissolved in 5 mL of DMF to which
0.21 g (0.28 mmol) of peptide-E3, 89 mg (0.32 mmol) of DEPBT
and 0.1 mL (0.752 mmol) of DIPEA were added. The reaction mix-
ture was stirred for 4 h and diluted with 20 mL of water; a white
precipitate was isolated by filtration and washed with ethyl acet-
ate (50 mL), The solid was dried under reduced pressure and puri-
fied by semi-preparative HPLC using method A and obtained after
16 min of retention time. The compound was freeze-dried, and 11
was obtained as a white solid (0.27 g, 70%). HRMS (ESI): calcd for
CsgHosGAN, 304,P; [M+H]' 1528.5398; found 15285422,

5.7. Conjugation of rhodamine with Gd-DO2AGAP*™ (12)

32 mg of rhodamine isothiocyanate (0.072 mmol) and 6 pl of
pyridine (0.07 mmol) were added to the aqueous solution of com-
plex 9 (45 mg, 0.06 mmol) at room temperature. The mixture was
stirred in the dark for 48 h. The mixture was freeze-dried and sub-
jected to purification by reverse phase flash-chromatography over
C18 silica gel using conditions as mentioned previously and 12 was
obtained after 10 min of elution. (17 mg, 20%). ESI-MS (Cs4qHgs-
GdNg043PS); mfz = 1274 [M+Nal".

5.8. '70 NMR measurements and proton NMRD profiles

70 NMR measurements were performed at 11.75T on 350 pL
samples contained in 5mm o.d. tubes on a Bruker Avance
500 spectrometer (Karlsruhe, Germany). Temperature was regu-
lated by air or nitrogen flow controlled by a Bruker BVT 3200 unit.
70 transverse relaxation times of distilled water (pH 6.5-7) were
measured using a CPMG sequence and a subsequent two-parame-
ter fit of the data points. The 90° and 180° pulse lengths were 27.5
and 55 ps, respectively. The 70 T, of water in complex solution
was obtained from the line width measurements or CPMG
sequence when linewidth was <80 Hz. All spectra were proton
decoupled. The data are presented as the reduced transverse relax-
ation rate {1/T% = 55.55/(| Gd-complex|xq = T>"), where: [Gd com-
plex] is the molar concentration of the complex, g is the number
of coordinated water molecules and T8 is the paramagnetic trans-
verse relaxation rate}. The fitting of the experimental data was per-
formed as described in literature.’”?' The gadolinium
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concentration was determined by ICP-AES on a JobinYvon JY 70
instrument (Longjumeau, France) and was further confirmed by
"H relaxometry of a decomplexed sample. Proton nuclear magnetic
relaxation dispersion (NMRD) profiles were measured on a Stelar
Spinmaster FFC (Mede, Italy) fast field cycling NMR relaxometer
over a magnetic field range from 0.24 mT to 1.0 T. Measurements
were performed on 0.6 mL samples contained in 10 mm o.d. Pyrex
tubes. Additional relaxation rates at 20 and 60 MHz were obtained
on a Minispec mq20 and a Minispec mq60, respectively.

5.9. In vivo MRI and image analysis

Animal experiments were performed under approval of the
ethics committee of the Center for Microscopy and Molecular
Imaging (CMMI protocol number 2012-06; LA1500589). Apoptosis
was induced in thymus of 4-6 weeks old CD-1 female mice
(Charles River (L'Arbresle, France)) by intraperitoneal injection of
30mg/kg freshly prepared water-soluble dexamethasone (DEX,
Sigma-Aldrich, Belgium, 25 mg/ml in PBS [Phosphate buffered sal-
ine] solution). For MRI observations, mice were anesthetized with
isoflurane vaporized at 2-2.5% in O, & 2 L/min and placed in a
warmed bed into the MRI scanner. Mice respiration was monitored
during all experiment and anesthesia was adapted to 1.5-2% of
isoflurane with O, flow of 0.4 L/min to maintain 20 respirations
per minute. MRI was performed 16-18 h after dexamethasone
injection, on a Bruker Biospec 9.4 T (Bruker, Karlsruhe, Germany).
MR signal was detected using a volume coil (40 mm diameter)
adapted for mouse body and connected to the animal bed. Images
were acquired and visualized with the Paravision software (Bru-
ker). The sequence used for this study was a T, spin-echo sequence
(RARE): TR: 389.1 ms; TE: 8.9 ms; NEX (number of averages): 16;
acquisition time: 14 min 56 s; matrix: 344 « 192; slice thickness:
1 mm; FOV: 3.2 x 1.8 cm; spatial resolution: 93 x 94 um; fat satu-
ration. Images were acquired on mice, treated with dexametha-
sone (developing apoptosis in the cortical region of thymus) and
on control mice, up to 2 h (9 time points) after receiving an intra-
venous injection of Gd-DO2AGAP™®"-E3pep or Gd-DO2AGAP"®™"
(200 A umol Gd/kg). Image analysis was performed with the Ima-
ge] software by measurement of a signal intensity enhancement
ratio in thymus (cortex versus medulla), expressed as a percentage
of change relative to the pre-contrast situation (considered as
100%). Statistical significance of differences between percentages
of change were tested in Microsoft Excel using Student’s t-test.

5.10. Immunohistochemistry

Mice were sacrificed in accordance with the ethics committee of
CMMI (protocol 2012-06), 18 h after intraperitoneal injection of
DEX (30 mg/kg). Thymus was collected and fixed in 4% formalin
during 24 h. After PBS washing, tissue was dehydrated and embed-
ded in paraffin using a Tissue-Tek VIP machine (Sakura Finetek,
Japan). Thymus sections of 5-pm thickness were cut using a micro-
tome and were automatically processed by a Discovery XT
machine (Ventana/Roche, Belgium) for immunohistochemistry of
activated (cleaved) caspase-3 enzyme. Sections were incubated at
37 °C for 1 h with anti-cleaved caspase-3 (Asp175) primary anti-
body (#9661, Cell Signaling, Netherlands), at dilution 1:100 in Ven-
tana/Roche buffer, and for 24 min with secondary antibody (1:200;
biotinylated anti-rabbit 1gG made in goat (#BA-1000, Vector labo-
ratories, LabConsult, Belgium)). Areas of caspase-3 activation were
revealed by a streptavidin-biotin peroxidase detection system
(Discovery DAB Map (#760-124, Ventana/Roche, Belgique)) allow-
ing for diaminobenzidine precipitation at locations of antibody

binding (brownish coloration) on thymic tissue. After nuclei col-
oration with hematoxylin, sections were dehydrated and mounted
for light microscope observation.
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Appendix D

Relaxivity vs Temperature for Gd-DO2AGAP™" 8, Gd-DO2AGAP*™ 9, Gd-DO2AGAP ™ _E3Pep 11
and Gd-DO2AGAP*™ Rhod 12 complexes:
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Figure S1: Relaxivity vs Temperature for Gd-DO2AGAP™ § Gd-DO2AGAP*™ 9, Gd
DO2AGAP™™_E3Pep 11 and Gd-DO2AGAP*™ Rhod 12 complexes and Gd-DOTA
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Figure S2: Emission spectrum of Gd-DO2AGAP*™ Rhodamine 12 (H;0, pH 7.1) (Aexe =
556nm and A, = 580nm)
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Immunohistochemistry:

2 ';‘!
é g
A B | .
Immunohistochemistry of cleaved caspase-3 Immunohistochemistry of cleaved caspase-3
in thymus 18h post-DEX treatment (30 mg/ke) in control thymus
MRI:
C
DEX-treated mouse + E3-peptide-Gd Control mouse + E3-peptide-Gd
E — 46 min post-injection F — 46 min post-injection

DEX-treated mouse + Untargeted-Gd Control mouse + Untargeted-Gd
— 46 min post-injection — 46 min post-inj ection

Figure 53: Immunohistochemistry of caspase-3 activation in thymus (cortex) of 18h DEX-treated (A) and untreated (B) mouse
(Bar=1 mm). MR images showing surrounded thymus (blue square) 46 minutes after injection (200 micromoles Gd/kg) of: Gd-
DOZAGAP ™. E3pep in DEX -reated mouse (C); Gd-DO2AGAP™™ .E3pep in untreated mouse (D), Gd-DO2AGAP™ in DEX-
treated mouse (E); Gd-DO2AGAP™" in untreated mouse (F). Similarity between locations of apoptosis detection in
immunohistochemistry of cleaved caspase-3 (A) and in MRI with PS-targeted Gd-based compound (C) can be noted.
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a) NMR spectrum of ligand 6 (DO2AGAP™™)
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b) HRMS spectrum of the compound 6 (DO2AGAP™™)
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Figure S4: "H NMR (a) and HR-MS (b) spectra of the compound 6 (DO2AGAP™™")
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Optical imaging of localized chemical events using
programmable diamond quantum nanosensors
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& Joérg Wrachtrup!

Development of multifunctional nanoscale sensors working under physiological conditions
enables monitoring of intracellular processes that are important for various biological and
medical applications. By attaching paramagnetic gadolinium complexes to nanodiamonds
(NDs) with nitrogen-vacancy (NV) centres through surface engineering, we developed a
hybrid nanoscale sensor that can be adjusted to directly monitor physiological species
through a proposed sensing scheme based on NV spin relaxometry. We adopt a single-step
method to measure spin relaxation rates enabling time-dependent measurements on changes
in pH or redox potential at a submicrometre-length scale in a microfluidic channel
that mimics cellular environments. Qur experimental data are reproduced by numerical
simulations of the NV spin interaction with gadolinium complexes covering the NDs.
Considering the versatile engineering options provided by polymer chemistry, the underlying
mechanism can be expanded to detect a variety of physiologically relevant species and
variables.
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hysiological processes inside a living cell are accompanied
by transient changes in variables including concentrations
of ions!, reactive oxyﬁg n species?, enzymes®, nucleic acids®,
pH® and redox potential®. Although a vast range of sensing
principles for these variables based on selective molecular and
nanoparticle probes have been developed’?, the field is still
limited by the chemical and optical stabilities of probes, probe
toxicity and perturbation of the biological environment, and,
above all, probe sensitivity and spatiotemporal resolution.
Therefore, reliable intracellular sensors designed for non-
invasive quantitative monitoring of physiologically relevant
species with near-atomic resolution are urgently needed to
elucidate critical underlying mechanisms in cell biology and
physiology, which in turn may lead to new possibilities for
diagnostics and therapeutics at the subcellular level.
Nanodiamonds (NDs; nanometre-sized diamond particles)
with nitrogen-vacancy (NV) defect centres exhibit excellent
biocompatibility'®-!2, long-term stability'®> and unique
quantum sensing capability by optical means'>~'7. These NDs
hold great promise for a range of biomedical applications,
including serving as nanomedicine platforms for delivery of
drugs'®, genes and proteins'®2, use as fluorescent/photoacoustic
imaging agents'>*1?2 and applications in multifunctional
intracellular sensing®>~%°. The fluorescence of these atomic-scale
NV centres in NDs depends on their electronic spin states, which
show a long coherence time even under ambient conditions,
enabling direct nanoscale sensing for magnetic/electric field!>2%,
temperature?»?”2® and mechanical force/pressure®®*, In fact,
the facile optical readout of NV centres in NDs facilitates
quantum sensing in living cells®»*,  However, direct
measurement of chemical reactions and processes through
quantum detection of NDs remains challenging, especially
under physiological conditions. The main challenges lie in
developing selective detection principles enabling direct
quantum sensing of chemical transformations via spin-
dependent fluorescence of NV centres, the related chemical
architectures on the ND surface that host the primary sensing
system and robust quantum-sensing schemes applied to NV
centres in NDs, especially when they are introduced to
complicated environments such as the interior of living cells.
A critical step towards developing NDs with biomedical
applications is customizing the diamond surface chemistry for

Local environmental™ %

change

Palymer with
Cz: controllable 5
chemical switch /

o' M3

@ Gd complex

NV centre

required functionalization, while maintaining excellent colloidal
stability under physiological conditions*!. NDs engineered with
our recently developed polymer-coating approach®>3* exhibit
long-term colloidal stability, reduced nonspecific binding and the
capability for convenient chemical modification. In the current
study, we connected macrocyclic complexes of Gd** ions with a
biocompatible copolymer shell on NDs via selectively cleavable
linkers. In this sense, the attachment of Gd** complexes to the
polymer is strictly programmed, paving the way for their
subsequent detachment in response to changes in a sole
parameter. By quantifying the change in NV spin relaxation
time due to the Gd** complexes (spin noise), we show that this
platform can be chemically programmed to sense fundamental
physiological quantities. We designed and demonstrated time
dependent pH and redox potential detection in a microfluidic
device with sub-micrometre spatial resolution and minute
temporal resolution. In particular, the excellent agreement
between our experimental data and theoretical modelling
suggests that this scheme can serve as a multifunctional
platform for sensing of various chemical and biochemical
transformations under physiological conditions with high
selectivity (enabled by available libraries of selective cleavage
reactions) and unprecedented sensitivity and resolution (yielded
by the quantum detection approach).

Results

Design of ND-polymer-Gd multifunctional nanosensors. To
enable direct selective quantum detection of chemical processes
by means of NV centres, we designed a general nanosensing
platform that combines NV centres in NDs and surface
polymer coating bearing spin labels. Specifically, complexes
of Gd*>T ions with electronic spin S=7/2 were chemically
attached via selectively cleavable linkers to poly[(2-hydro-
xypropyl)methacrylamide]-based (HPMA) co-polymer chains.
Coating of NDs with an HPMA co-polymer shell improves the
colloidal stability of the particles, reduces nonspecific interactions
with proteins under physiological conditions, maintains the
optical grogerties of NDs and enables further chemical mod-
ification>33, The vicinity of Gd® * complexes (spin labels) acting
as stochastically fluctuating magnetic fields can be sensed by NV
relaxometry**7, providing us a novel route to monitor local

Figure 1| Basic principle of a ND-based multifunctional sensor. (a) Cartoon showing the sensing mechanism of a ND-polymer-Gd hybrid nanosensor in
response to a local environmental change. The Gd® * complexes (spin labels attached to the polymer shell on the ND surface) are released after activation
of a chemical switch due to a local change, which can be monitored by the change in T, relaxation time of NV centres. (b) Cartoon showing the

experimental setup: polydimethylsiloxane (PDMS) microfluidic channel (pink), pipe system enabling real-time measurement (blue}, microwave antenna
(gold), optical excitation for NV {green)} and fluorescence detection (red). (¢) Representative TEM image of a polymer-coated ND (ND-HPMAY; arrows

indicate the polymer shell. Scale bar, 20 nm.

STIONS | 814701 DOL: 10.1038/ncomms14 701 | www.nature com/haturecommunications
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changes. As illustrated in Fig. 1a, the T, relaxation time of NV
centres in NDs can be quantitatively modulated by the
surrounding Gd** complexes: the more Gd**+ complexes
loading inside the surface polymer shell, the shorter the T,
relaxation time, Detachment of Gd*>* complexes from the ND
particle strongly influences T, and can proceed only upon selective
cleavage of the linker connecting the complex with the polymer.
Importantly, we utilized complexes of Gd* * ions with macrocyclic
ligands bearing one phosphonate/phosphinate and three acetate
groups, which were originally designed as magnetic resonance
imaging (MRI) contrast agents*®. Thanks to their kinetic inertness
and thermodynamic stability, these complexes do not release toxic
Gd** ions under physiological conditions and therefore exhibit
excellent biocompatibility and negligible toxicity*®>*. We
developed a convenient synthetic pathway to their modification
with cleavable linkers terminated with azido group for attachment
to polymers via click chemistry (see Supplementary Methods). To
demonstrate the potential applications of the developed
nanosensor in cell biology and analytical chemistry, we
performed experiments in a home-built microfluidic device made
of polydimethylsiloxane (Fig. 1b). The NDs used are in average
~33nm in diameter with a faidy narrow size distribution®!
(Supplementary Fig. 1) and coated with a HPMA shell a few
nanometre thick, as indicated by transmission electron microscopy
(TEM) image (Fig. 1c). These NDs contain few NV centres (<10
per particle on average, Supplementary Fig. 2).

Chemical engineering and characterization of the ND surface.
To test the utility of our ND-polymer-Gd hybrid nanosensors, we
developed two kinds of chemical linkers to sense pH and redox
potential, and corresponding nanosensors are denoted as ND@pH

and ND@redox particles, respectively (Fig. 2a). ND@pH particles
contain an aliphatic hydrazone linker, for which the rate of hydro-
Iytic cleavage is greatly accelerated at lower pHs in the physiologi-
cally relevant range*? (pH 4-8; Fig. 2b). ND@redox particles contain
a disulfide linker that can be cleaved into two thiol fragments in
reducing environments (in this case, by the presence of glutathione,
GSH) (Fig. 2c). As a control, we also synthesized a system with non-
cleavable bonds (denoted ND-HPMA-Gd; Fig Za) The HPMA
polymer is electroneutral but the macrocyclic Gd>* complexes are
negatively charged, introducing an overall negative charge to the
polymer shell. The electrostatic repulsion between complexes
facilitates the departure of the cleaved complexes from the shell.
Based on the NV relaxometry-sensing scheme, the T,
relaxation time of an NV centre is determmed by the number
of spins within the effective NV-sensing radius>>. Therefore, the
critical parameter is the actual concentration of Gd~ in the ND
nanoenvironment as the relaxation time scales with the Gd**
concentration in the shell (see Supplementary Equations (2, 7
12)). Either swelling or collapse of the polymer shell would affect
this quantity and therefore influence the measured T, relaxation
time, even if the Gd® © complexes are not released. As polymers
can reversibly respond to pH and ionic strength by changes in
their hydrodynamic diameters and also by nonspecific adsorption
of ions resulting in changes in zeta potential, we studied the
influence of these parameters on the behaviour of our
nanosensors. First, we measured the size distribution of ND-
HPMA-Gd particles (with non-cleavable bonds) in various pH
buffers by dynamic light scattering. As shown in Fig. 2d, the
hydrodynamic radii of ND-HPMA-Gd in the whole range of
buffers were fairly uniform, indicating that the shell thickness of
our nanosensor does not change in response to various buffer
conditions. In two selected buffers (pH 2.0 and 7.4), we measured
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Figure 2 | Design and characterization of ND-polymer-Gd hybrid nanoscal

e sensors. (a) Chemical structure of the polymer interface with Gd>+

complexes attached via a non-cleavable and two types of cleavable linkers. The specific release mechanisms for (b) pH-dependent hydrolytically cleavable
and (¢) reductively cleavable linkers are shown in detail. (d) Hydrodynamic diameters of poly(HPMA)-coated NDs (ND-HPMA, black) and poly(HPMA)-
coated NDs modified with non-cleavable Gd® + complexes (ND-HPMA-Gd, grey) determined by dynamic light scattering in different buffers used for Gd-
release measurements. () Release kinetics of Gd*+ complexes in ND@pH particles in pH 2.0, 4.5 and 7.4 buffers analysed by ICP MS. The red line is the

corresponding mono-exponential fitting. (f) Release kinetics of Gd3* comple

xes in ND@redox particles in the presence of 1, 5 and 10mM GSH in pH 8.5

buffer analysed by ICP MS. The red line is the corresponding mono-exponential fitting. The error bars in d-f represent s.d. from at least three independent

measurements.
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Figure 3 | Rol relaxation t with linear chirp pulse. (a) Schematic cartoon showing the used optical and microwave pulse sequence for T,

relaxation measurement. (b) Comparison of experimentally extracted contrast of T, relaxation measurement with chirp pulse and square pulse for control
sample ND-HPMA. The contrast is defined as the normalized initial difference between the sensing sequence with and without the inversion pulse.

(c) Dependence of extracted Ty contrast on the extracted minimum adiabaticity factor Q, where Q is defined as the effective driving amplitude over its
angular velocity in the rotating frame. The vertical error bars in b represent the sd. from 20 independent measurements with © < T;, whereas the
horizontal error bars represent the s.e. (95% confidence intervals) from Lorentzian fits (for Fourier transformed Rabi oscillation).

hydrodynamic radii, zeta potentials and T, for ND-HPMA-Gd at
increasing ionic strengths (up to ~0.25M, achieved by addition
of NaCl and precisely quantified according to the conductivity of
the solution). We observed that both pH and ionic strength exert
only a marginal influence on hydrodynamic radii (Supplementary
Fig. 3a). Although the zeta potentials increased with increasing
ionic strength, most likely because of preferential adsorption of
sodium ions (Supplementary Fig. 3b), this effect had no influence
on T, (Supplementary Fig. 3c). This observation confirms the
insensitivity of the polymer surface architecture to various
environments, which is essential for the construction of stable
and robust nanosensors for bio-applications.

To verify whether our nanosensors could release Gd**
complexes on demand, we incubated them in different environ-
ments, removed them from solution by centrifugation and
analysed the amount of Gd®* complexes in the supernatant
with inductively coupled plasma mass spectrometry (ICP MS) as
a function of incubation time. Thls method allowed us to study
the temporal evolution of Gd>** complexes release from our
nanosensors. As shown in Fig. 2e, the ND@pH particles showed
pH-dependent release, whereas the ND-HPMA-Gd (with non-
cleavable bonds) particles (Supplementary Fig. 4) were stable
under all conditions examined within the current chosen
measurement time window (~ 1h). Furthermore, the slope of
the release profile measured at pH 2.0 was two orders of
magnitude higher than that for pH 7.4, indicating a much faster
cleaving rate of Gd** complexes from the polymer at low pH
values. The very slow change (as shown in insert of Fig. 2¢) at pH
7.4 indicates that the sensor can continuously operate for several
hours before measurements at lower pH values.

Similarly, the ND@redox particles showed an obvious GSH
concentration-dependent release: the higher the applied concen-
tration of GSH, the steeper the release slope (Fig. 2f), whereas the
ND-HPMA-Gd control sample (with non-cleavable bonds) were
stable in the presence of GSH (Supplementary Fig. 5). All the
measured release kinetics for ND@pH and ND@redox particles
fit well with standard first-order reaction kinetics

C=Ce ™M (1)

where C, is the initial concentration of the reactant and k is the
first order rate constant, indicating that the release rate is solely
dependent on one specific reactant in solution.

Robust NV spin relaxometry utilizing a linear chirp pulse. Our
experiments are based on probing the spin relaxation time T, of
the NV centre. T} is measured by first initializing the NV spin
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into m,= 0 by an optical pulse. After a waiting time 7, the spin
state is readout by an optical excitation pulse generating fluor-
escence, which is proportional to the population probability of
mg= 0. Measuring this fluorescence as a function of the waiting
time 7 thus determines T,. However, special care needs to be taken
when perfnrming relaxometric measurements on NV centres, as,
for example, charge-state fluctuations can mask the T) decay in
this approach®3. To derive pristine T curves, one needs to apply
an additional microwave pulse in resonance with for example the
mg =0 to mg= + 1 spin transition in a second measurement to
invert the population of spin state sublevels and subtract the result
of both (see Supplementary Discussion). As the spin state has to
be manipulated, knowledge about the spin resonance frequency is
required. In addition, the excitation power and pulse duration of
the used microwave pulse has to be set correctly for a precise state
adjustment. Later parameters for their part differ when the
orientation of the NV axis to the local microwave field is changed.
Therefore, it is highly desirable to use pulse schemas that
intrinsically compensate for such variations. In the current
study, we optimized the T; readout by introducing an adiabatic
passage (see Supplementary Discussion) in form of a linear chirp
pulse (Fig. 3a), which is robust against detuning and microwave
driving power*. To compare the performance of different
schemes used in 1} measurement, we extracted the spin contrast
from experimental measurement as a function of driving strength
(estimated by Rabi oscillations driven on the optically detected
magnetic resonance (ODMR) transitions, see Supplementary
Fig. 10a) for the control sample ND-HPMA (without Gd*~+
complexes) (Fig. 3b). The obtained spin contrast decreased as the
driving strength reduced for both measurement schemes, but the
chirp pulse always resulted in a higher contrast than that obtained
with square pulse. We also plotted the extracted spin contrast as a
function of expectable minimal adlabatlmty factor Q (a measure of
the adiabaticity of the used pulse scheme®) when using linear
chirp pulse at different chirp rate (Fig. 3c). For the data shown in
this work using linear chirp pulse, we experimentally obtained a
contrast ranging from 4 to 10%, corresponding to a factor Q in the
range of around 1.5 up to 10. Indeed, in terms of sensitivity, the
chirp pulse resulted in a twofold sensitivity enhancement with
different chirp rate when the microwave power is large enough
(Supplementary Fig, 6).

Microfluidic measurement of nanosensors. Because of the
excellent colloidal stability of our nanosensor under physiological
conditions, we performed our T, measurements on diffusing NDs
(Fig. 4a). We first investigated two kinds of control sample,
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l. (@) Schematic cartoon showing the ensemble measurements on the averaged T, of ND

particles diffusing through the confocal volume. (b) Typical T, ensemble measurement of ND-HPMA and ND-HPMA-Gd (with non-cleavable bond)
particles in pH 7.4 buffer. (¢) Time-dependent ensemble measurement for T; of the ND@pH particles when incubated with pH 2.0, 4.5, 6.0 and 7.4 buffers.
(d) Time-dependent ensemble measurement for T; of the ND@redox particles in buffer solution before and after addition of TmM (blue) and 10mM
(black) GSH. (e) Time-dependent fixed-t measurement for chosen ND@pH particles when incubated at pH 7.4 followed by a change to pH 2.0 buffer
(details are given in Methods). (f) Confocal image for the chosen view of ND@pH particles on cover glass in pH 2.0 buffer; the bar indicates the measured
fluorescence intensity. (g) Reconstructed T contrast image of the same view as in f after rinsing with pH 7.4 buffer and adding again freshly prepared
ND@pH particles (loaded with Gd*>*t complexes) in pH 7.4 buffer. White triangles point to old ND@pH particles (Gd* * complexes released), while white
arrows point to those newly emerging ones (loaded with Gd3*+ complexes), the colour bar indicates the extracted T, value ranging from short (blue) to
long (red). The error bars in ¢ and d represent the s.e. (35% confidence intervals) from mono exponential decay fits.
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Figure 5 | Simulation for the influence of Gd* © complexes on relaxometry. (a) The ND is modeled as a sphere with diameter d coated with polymer with
thickness L. The Gd®t complexes embedded in the polymer layer acts as a randomly fluctuating spin bath. The NV centre is positioned along two
orientations (Path 1and 2). (b) The influence of varying HPMA layer thickness (varying concentration of Gd> © complexes) on simulated T, value when the

number of Gd> *

complexes is fixed. The inset shows the concentration of Gdt

complexes versus the layer thickness of the shell (here, d=33nm and

the number of Gd3+ complexes was fixed at ~ 8,000). (c) The influence of varying concentrations of Gd® + complexes on calculated T, value when the
thickness of the polymer layer is fixed (d = 33 nm and L =10 nm). The purple dashed line (ND-HPMA-Gd) and blue dashed line (ND-HPMA) denote
the lower and upper limit for the measured T, value in current study, respectively.

namely ND-HPMA (without Gd**+ complexes) and ND-HPMA-
Gd (non-cleavable). As shown in Fig. 4b, the ND-HPMA
particles had an average measured T, value of 67.7+4.0ps,
whereas the ND-HPMA-Gd particle showed a significantly
lower value of 10.0% 0.6 s in pH 7.4 buffer. In fact, we also
checked the stability of these control samples in all the buffer
conditions used in current study (see Supplementary Figs 4
and 5).

We then used the ND@pH particles (pH cleavable) to perform
time-dependent T, measurement in various conditions including
pH 2.0, 45, 6.0 and 74 (Fig. 4c). At physiological pH
environment (pH 7.4), we observed only a slight change for the
measured T} over a period of 1h, whereas the T)
changed dramatically at acidic condition. The measured T, curve
as a function of the incubation period showed the following
behaviour (Fig. 4c): the lower the pH value the steeper the
changes in T, being consistent with our previous ICP MS
measurements (Fig. 2e). Taking a moderate pH (pH 4.5) as an
example, the release kinetics of Gd>* complexes (after convert-
ing T} to a Gd** concentrations using Supplementary Equations,
also see Fig. 5) from ND@pH particles (7, = 315.7 + 42.8 s) agree
excellently with ICP MS measurements (7,=306.4%9.9s)
(Supplementary Fig. 7). Using set of Britton-Robinson buffers
(with equal composition and ionic strength), we also investigated
the sensitivity of our sensor in the physiologically relevant pH
range (3.7-6.9) for a short measurement time frame (12 min). We
estimated the T, change rate for each measured pH and found a
monotonous dependence on pH (Supplementary Fig. 8) allowing
for accuracy of a pH difference at least ~0.7.

Furthermore, we also investigated the change in T, of
ND@redox nanosensor (cleavable at reduction conditions) in
the presence of GSH, an important antioxidant found in most of
the animal cells®®. As shown in Fig. 4d, we observed a mild
increase in the T change rate after adding ImM GSH and a
significant change for 10 mM GSH, while the measured T, value
was constant before GSH addition.

We can reduce the used measurement schema into fast fixed-t
measurement by directly counting the ratio (monitoring function f)
of fluorescence signal at two fixed time points*™. A large
monitoring function f value indicates a longer relaxation time. As
shown in Fig. 4e, the monitoring function f kept almost the same in
pH 7.4 buffer, but starts to increase once the pH 2.0 buffer is
introduced, indicating the increase of T, time due to Gd?
complexes release (being consistent with data in Figs 2e and 4c).
With the fast measurement scheme, we can perform T,
contrast imaging on several different NDs in a confocal scanning
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approach. To demonstrate this, we first incubated ND@pH
particles in pH 2.0 buffer as shown in Fig. 4f, followed by
rinsing with pH 74 buffer and adding again freshly prepared
ND@pH particles in pH 7.4 buffer. Next, we performed fixed-t
measurement for each pixel within the chosen field of view and
reconstructed a T, contrast image shown in Fig. 4g. ND@pH
particles that were not subject to low pH (white arrows in Fig. 4g)
showed short T; times, whereas particles that were subject to pH
2.0 (white triangjlm in Fig. 4g) showed long T, times, as most of
their loaded Gd** complexes had been released during pH 2.0
treatment. This is consistent with the statistical view of T,
observations for the sample ND@pH, indicating significant
different T; in two different pH bufters (pH 2.0 and pH 7.4;
Supplementary Fig. 9).

Modelling the NV relaxometry modulated by Gd® * complexes.
To fully understand the observed effects, we started with the
model description’” and revised it to describe the function of our
nanosensors (see Supplementary Methods). As shown in Fig. 5a,
we modelled a single ND particle as a sphere and considered the
introduced Gd®* complexes as randomly fluctuating spin bath
inside the polymer shell at the beginning. As the actual position of
our NV centre in the crystal is not known, we considered various
positions of the NV centre between the centre and the edge of the
sphere. By this we derive an average value of the simulated T.
From measurements using ICP atomic emission spectroscopy
(AES), we obtained the average content of Gd>* complexes in
ND particles ~3.2%. Therefore, we can estimate the approximate
number of Gd** complexes is around 8,000 per particle if we
assume an average diameter of NDs as 33 nm, equivalent to the
average value obtained from our TEM measurements
(Supplementary Fig. 1). To estimate the shell thickness of the
HPMA for the given sample in the used buffer solutions, we fixed
the number of Gd** complexes inside the polymer shell and
varied its thickness to investigate the corresponding T, change. In
this way, we derive the T value as a function of shell thickness as
shown in Fig. 5b. The measured T; of ND-HPMA-Gd is ~ 10 ps
(Fig. 4b) pointing to ~0.2M Gd** concentration in our
simulation (Fig. 5b) with a ~10nm shell (insert in Fig. 5b).
This shell thickness is similar with our TEM observation in
Fig. 1c and Supplementary Fig. 1, and we used it in all further
analysis steps. One could also account for paramagnetic centres
lying on the surface of NDs*’, but as we know the relaxation rate
for the situation when the Gd> ™ is absent, we can use the already
gained T time from the control sample ND-HPMA as a basis
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offset. The measured T, value was 67.7 ps (Fig. 4b) for the control
sample ND-HPMA in buffer solutions. We interpreted this as the
intrinsic relaxation rate

in 1
o @

where Ti™ = 67.7us of the nanosensors in solution and calculated
the expected relaxation T, time (Fig. 5¢) using

TCakeulated (Rmt+RGd)—1 (3)

where RI" is the intrinsic relaxation rate and R4 is the simulated
relaxation rate induced by Gd** complexes. From this, we can
deduct that we are able to detect Gd>~ complexes with
concentration ranging from 02M (~8,000 Gd** complexes
per particle) down to 0.001M (~40 Gd** complexes per
particle), corresponding to the measured highest (purple dashed
line in Fig. 5¢) and lowest (blue dashed line in Fig. 5¢) Gd
content, respectively.

Discussion

Our hybrid nanosensor achieves signal transduction, recording
and amplification simultaneously. Subtle changes in physiological
systems (weak signals) can be recorded by counting the variance
of Gd** complexes (strong interaction with NV centres) inside
the polymer shell due to a programmed chemical reaction. The
well-fitted first-order reaction equation for measured release
kinetics (Fig. 2e,f and Supplementary Fig. 7) indicates that our
nanosensor responds to changes in a single, pre-defined chemical
parameter. Importantly, the thickness of the polymer shell was
insensitive to pH and ionic strength (Fig. 2d and Supplementary
Fig. 3a). We observed neither swelling nor collapse of the polymer
shell in any of the conditions used. Consistently, we observed no
influence of these factors on T, (Supplementary Fig. 3c), which is
critical for reliable and robust function of the nanosensors in
biological environments.

The excellent agreement between the experimental results
(Fig. 4b) and theoretical modelling (Fig. 5c) indicates the
underlying mechanism: the change in T, relaxation time is
caused by release of Gd*>* complexes from the polymer shell.
Precise agreement of ICP MS with T; kinetic measurements
(Supplementary Fig. 7} suggests the high accuracy and sensitivity
of the current detection method. In principle, we can monitor
gradual release down to several tens of molecules of Gd*
complexes (Fig. 5c) at a single-particle level (Fig. 4e-g), which
allows us to monitor a localized chemical process occurring on an
extremely small scale (~ 10722-1072% mol). Although the achieved
accuracy (~0.7 pH unit) is lower compared with the current,
most sensitive measurement techniques® (~0.1 pH unit for
intracellular measurement), our system operates in quite a broad
pH range. In contrast, for some optical pH sensors, which exhibit
a sigmoidal response towards changes in pH, their narrow
dynamic range represent often a limitation®”. Considering
practical measurements in cells, the accuracy of our sensor is
sufficient, as pH differences between extracellular space, cytosol
and some organelles are much higher than 0.7. For example, the
cytosol pH is ~ 7.4, whereas endo/lysosomal compartments show
pH ~4.5 (ref. 50). Similarly, the intracellular GSH concentrations
usually range from 0.5 to 10 mM, whereas extracellular values are
almost three orders of magnitude lower®!. These differences are
in a range well measurable by our nanosensor.

Many of the currently used nanosensors are based on
mechanisms, which are either irreversible (based on formation
or cleavage of covalent bonds) or practically irreversible, because
the formed non-covalent sensing assembly is extremely stable (for
instance, nucleic acid hybridization, antibody and aptamer

affinity probes, fluorescence resonance energy transfer sensors
utilizing cleavage reactions®?). Irreversibility is typical also for
current approaches to detect GSH>**, The chemical nature of
our sensing mechanism also renders our scheme irreversible,
which limits the possible durations of measurements, especially
for higher cleavage rates. To enlarge the measurement window to
basically unlimited time, we are currently developing a reversibly
responding polymer coating on NDs, which operates without a
need of irreversible cleavage events.

For a typical T) measurement with an additional control
sequence using a square pulse, one needs to find the resonance
frequency and the length of used pulse to effectively invert the
spin population. This is especially important for NDs, because
their NV centres are typically arbitrary oriented and with a strain-
induced variation in resonance frequency®>. In comparison, the
used linear chirp pulse scheme simplifies T, measurements into a
single step: direct T} measurement by applying chirp pulse acting
as ‘inversion pulse’ without any preliminary measurements for
identifying the resonance frequency and pulse length. In addition,
the chirp pulse scheme results in enhanced sensitivity compared
to that with a square pulse (Fig. 3 and Supplementary Fig. 6). This
is also consistent with our simulation of NV spin state evolution
excited by different pulse scheme: the square pulse is sensitive to
the changes in microwave excitation while the linear chirp pulse
is much more robust, especially in the presence of
inhomogeneous ODMR line broadening (see Supplementary
discussion and Supplementary Fig. 10). Thus, the chirp pulse
scheme enables robust T, measurement on different NDs
simultaneously (ensemble measurement).

In conclusion, our hybrid nanosensor, owing to its versatility,
can serve as a general platform with potential applications
ranging from catalytic chemistry to cell biology and physiology,
especially for label-free three-dimensional imaging of
physiological variables by optical means. Development of
molecular-sized NDs with NV centres®*® can further increase
the sensitivity of the current method due to improved spin
sensitivity of NV centres.

Methods

Experimental setup. In the current study, we adapted a confocal microscopy
apparatus. The laser (CNI, CW DPSS Laser 532nm) was directed through
acousto-optic modulator (AOM) and focused onto the focal plane of a < 60 water-
immersion objective (Olympus) for the ensemble measurements and a % 60 oil
objective (Olympus) when measuring individual NDs. The fluorescence of NV
centre was filtered (long pass, cutoff at 647 nm) and collected by two avalanche
photo diode (Perkin-Elmer) in Hanbury-Brown and Twist configuration. Resonant
microwave manipulation of the NV centre was achieved using a spanned copper
wire inside a home-built microfluidic channel made of transparent poly-
dimethylsiloxane (Sylgard 184 silicone elastomer kit, Dow Corning) in the vicinity
of the optical focus. Two small plastic tubes are used to exchange the solution in
the microfluidic channel.

Preparation of ND-polymer-Gd nanesensors. Detailed descriptions for pre-
paration of fluorescent NDs with NV centres”, their coating with HPMA polymer
and synthesis of Gd* * complexes can be found in the Supplementary Information.
Briefly, alkyne-modified HPMA-coated NDs were decorated with azide-modified
Gd** complexes using Cu(l)-catalysed azide-alkyne cycloaddition (CuACC).
HPMA-coated NDs (10 mg in a final reaction volume of 12.8 ml of 50 mM HEPES
buffer, pH 7.4) were mixed with either non-cleavable Gd** complexes or Gd* 1
complexes with hydrazone or disulfide linker (in final concentrations of 0.96, 1.92
and 2.4 mM, respectively), pre-mixed 0.32mM CuSO, and 0.64 mM tris(3-
hydroxypropyltriazolylmethyl)amine ligand, and a freshly prepared solution of
sodium ascorbate (5 mM). The reaction mixture was well sealed, left for 1 h with no
stirring and washed by centrifugation with water (Gd** conjugates with non-
cleavable linker, ND-HPMA-Gd and disulfide linker, ND@redox) or methanol
(Gd*" conjugate with hydrazone linker, ND@pH). The resulting nanosensors
were stored in water (ND-HPMA-Gd and ND@redox) or in dry methanol
(ND@pH) at 4°C.

Characterization of ND-polymer-Gd nanosensors. The morphology and size of
the particles were characterized with TEM (JEOL JEM-1011)5%, The stability and
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surface charge of HPMA-coated NDs with Gd* * complexes were tested by

dispersing them in buffer solutions (50 mM citric acid buffer pH 2.0, 50 mM acetate
buffer pH 4.5, 50 mM HEPES buffer pH 7.4, 50 mM TRIS buffer pH 8.5 and 1.5M

PBS buffer pH 7.4) for further experiments. Dynamic light scattering and zeta

potential were recorded with a Zetasizer Nano ZS system (Malvern Instruments) at

37°C at a concentration of (.1 mgml

To quantitatively measure the amount of Gd* * complexes released from the
nanosensors, the particles were mixed with buffer and incubated for a certain
time. Then, cleavage conditions were stopped, the particles were centrifuged
and the released Gd** complexes in supernatant were measured with an ICP
MS 7700 (Agilent Technologies) instrument in duplicates. The non-cleavable
ND-HPMA-Gd* " conjugate was used as a control and processed under the
same conditions. The relative release at a given time was calculated as a ratio
of the amount released to the maximum release amount. A detailed description
of these release experiments can be found in the Supplementary Information.
The total amount of Gd®* conjugated to HPMA-coated NDs was
measured as ~3.2% (weight percentage to NDs) using ICP AES (Spectro
Arcos SOP).

Relaxation measurement with linear chirp pulse. For full T, relaxometry
measurement, laser light modulation was achieved by passing continuous wave
laser through an acousto-optical modulator for polarization and readout of NV
centres. We first applied a laser pulse for polarizing NV centres into m, =0
(initialization) and then wait for the time 7, followed by another laser pulse to

detect NV fluorescence revealing the spin state (readout). Afterwards, we applied a
similar sequence that differs from the first one, by adding a microwave pulse before
the readout. The microwave pulse (linear chirp) is generated by mixing the output

of one microwave source (SMIQ 03B, Rhode & Schwarz) with an arbitrary
waveform generator (AWG2041, Tectronixs) and amplified by a microwave

amplifier (ZHL-16W-43 4, mini circuits). The linear chirp microwave pulse starts
from 2.845 GHz and is swept over 100 MHz (covering most of the detuning range

in NDs) at certain speed. The chirp speed was kept as 10-100kHz ns ~ . The
obtained difference in fluorescence AF(t) is proportional to the residual spin

polarization after time t of only those NV centres excited by microwave pulse. We
thus further normalized the obtained AF(7) (named T, contrast), fitted it with a

single exponential function:

AF(1) = Ae™ T

square pulse for effective spin state inversion during T, measurement, 10l

poly(HPMA)-coated NDs (4 mgml ~ ! in water) were dropped in the vicinity of the

copper wire on top of cover glass and air dried. The analysed detection volume
contains more than several hundreds of NV centres, estimated on the detected

photon flux in this experiment in comparison with that detected from a single NV
centre measured with the same setup. The focal point of the laser was tuned to any

position of the dense packed NDs nearby the copper wire for ensemble
measurements (all the NDs inside the focus volume). At different microwave

power, we performed T, measurement through both square pulse and chirp pulse
with different sweeping speed. The adiabaticity factor ( is defined as the effective

Larmor precession around the effective magnetic field in the rotating frame over
the angular change of the field*’. The driving strength is defined as the effective

Rabi frequency of an ensemble of NV centres driven by an external microwave. To

quantify the performance of individual scheme in an experiment, the sensitivity
enhancement factor is calculated as ratio of power noise equivalents 4T, of the
different pulse scheme:

< opchi
_ 6T _ Cehirp tsquare
EF = e = KV (5)
aT) Csquare || Zehirp

where ¢ is the contrast and ¢ is the cycle time of the measurement.

PR TSI

NV rel in a microfl
dent T measurements (Fig. 4 and Supplementary Fig, 9), the freshly prepared

ry meas

nanosensor particles were dispersed in the respective buffer at a concentration of
and were injected into a microfluidic channel through

approximately 100 pgml !

the conjugated tube. In case of the ensemble measurement we used a PDMS

chamber that can be opened and covered from top. The focal point of the laser was
placed to any position inside the channel for ensemble measurements (all the free

diffusing particles). For fixed 1 measurement, we only collected the fluorescence

signal (F) at two fixed time points (1, =0.001 ps and 7, = 20ps) on the obtained

full T, curve of chosen ND spot and compare the change of T; by monitoring
function:

f=F(n:)/Fln)

Data availability. Data supporting the findings of this study are available within

the article and its Supplementary Information files and from the corresponding
authors upon reasonable request.
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(4}

to get an average decay constant T, value. For comparison of a chirp pulse with a

I. For all time-depen-
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Supplementary Figure 1. Typical TEM image of various ND particles. (a) non-coated oxidized

NDs. (b) Polymer coated ND-HPMA.. (¢) ND@redox. The scale bar represents 50 nm.
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Supplementary Figure 2. Number of NV centers per particle. The number was calculated through
analysis of 40 randomly chosen ND particles. (a) Typical confocal image of ND-HPMA particles
dispersed on top of coverglass. The scale bar represents 10 pm. (b) The distribution of the number of
NV centers in selected (marked with black circle) spots in (a); the number of NV centers in an

individual particle was determined from the autocorrelation function g“z’(t).
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Supplementary Figure 3. The influence of ionic strength on the behavior of ND-HPMA-Gd.

(a) Hydrodynamic radii, (b) zeta potentials, and (¢) T, ensemble measurement of ND-HPMA-Gd in

pH 7.4 and pH 2.0 buffers. The ionic strength is expressed as conductivity.
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Supplementary Figure 4. Behavior of the control sample in different pH buffers. Release kinetics
of Gd**-complex from ND-HPMA-Gd (non-cleavable) checked by ICP MS (upper panel) in different
buffers (pH 2.0, 4.5, 6.0, and 7.4). Time-dependent ensemble measurement for T, (lower panel) of
ND-HPMA and ND-HPMA-Gd (non-cleavable) in different buffers (pH 2.0, 4.5, 6.0, and 7.4). The
slope of all linear fit is approaching zero, indicating negligible change of Gd** -complex within the

measurement time period.
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Supplementary Figure 5. The behavior of the control sample in buffers containing GSH. Release
kinetics of Gd**-complex from ND-HPMA-Gd (non-cleavable) checked by ICP MS (upper panel) in
different GSH buffers (1 mM, 5 mM and 10 mM GSH). Time-dependent ensemble measurement for
T, (lower panel) of ND-HPMA and ND-HPMA-Gd (non-cleavable) in different GSH buffers (1 mM,
5 mM and 10 mM). The slope of all linear fit is approaching zero, indicating negligible change of Gd**
complex within the measurement time period.
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Supplementary Figure 6. Relative enhancement for chirp pulse versus a square pulse. (a)

Comparison of experimentally obtained enhancement in sensitivity between T,

relaxation

measurement with linear chirp pulse over square pulse; the enhancement factor is calculated as the

ratio of sensitivity obtained with linear chirp pulse to that with square pulse. The vertical error bars
represent the standard deviations from 20 independent measurements with T << T, while the
horizontal error bars represent the standard errors (95% confidence intervals) from Lorentzian fits (for
Fourier transformed Rabi oscillation). (b) Simulation of relative enhancement of the probability to
depopulate the NV m; = 0 sublevel after applying linear chirp pulse over square pulse with different
microwave driving strength.
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Supplementary Figure 7. Release kinetics of Gd” complexes. The results were obtained by (a) ICP

MS and (b) ensemble T; measurement (ND@pH particles in pH 4.5 buffer). The standard deviations

are stated in parentheses.
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Supplementary Figure 8. Dependence of the fitted T, changing rate of ND@pH nanosensor on
pH. Six T, measurement points (120 seconds per point) were linearly fitted to extract the actual T,
change rate corresponding to a particular pH. Britton-Robinson buffers with same composition were
used. Their conductivity was normalized using KCl to ensure environment with equal ionic strength
for all measurements.
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Supplementary Figure 9. Statistical view of ND@pH nanosensors in pH 7.4 and pH 2.0 buffers.
After injecting the sample into a microfluidic chamber, the individual relaxation times for different
adsorbed ND@pH nanosensors had been measured at pH 7.4 (green) and after changing to pH 2.0
(red).
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Supplementary Figure 10. Simulated NV spin flip probability induced by different pulse scheme.
(a) A typical measured ODMR line for a randomly picked cluster of the ND-HPMA particles (black)
excited with 45u'W laser and weak microwave. The ODMR spectrum had been fitted by two Voigt
profiles with a fixed Lorenzian linewidth of 1 MHz and a variable Gaussian linewidth (see below for
used parameters). Both transitions in the measured ODMR line are quite broad and separated by
around 16 MHz (b) Simulated NV spin flip probability excited with a linear chirp pulse and square
pulse plotted as a function of microwave driving strengths. The probability was calculated for an
ensemble by averaging over all polar angle and assuming an inhomogeneous broadening of both ESR
transitions with a variable value (color coded from 0 MHz (red) to SMHz (blue)). Both transitions of
ODMR line are set to split in average ~16 MHz to mimic the experimental situation in (a). The
parameters of the chirp pulse had been set to typical values used under real experimental conditions
(50 MHz sweep bandwidth with a 20 kHz ns™ sweep speed).
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Supplementary Methods
Chemical synthesis of Gd™ complexes and diamond nanosensors
Chemicals and methods

3-Bromo- 1-(trimethylsilyl)-1-propyne (1)', -Bu;DO3A-HBr (4-HBr)?, 1,6-bis(azido)-3,4-dithiahexane
(6)’, 10-({hydroxy[4-aminobenzyl|phosphoryl} methyl)-1,4,7,10-tetraazacyclododecane- 1,4, 7-triacetic
acid (7)" and pent-4-ynehydrazide (8) (via methyl pent-4-ynoate®) were prepared according to
published procedures. 6-Azido-hexan-2-one (9) was prepared analogously as published for related
compounds®. Paraformaldehyde was filtered from aged aqueous formaldehyde solutions (Lachema)
and dried in a desiccator over concentrated H>SO,. Other chemicals from commercial sources were

used as received. Acetonitrile and dichloromethane were dried by distilling over P,O .

NMR spectra were recorded on VNMRS300, Varian"™" INOVA 400 or Bruker Avance I1I 600
spectrometers. NMR chemical shifts are given in ppm, and coupling constants are reported in Hz. For
'H and *C NMR measurements in D0, BuOH was used as internal standard (& = 1.25, dc = 30.29).
For measurements in CDCl;, TMS was used as internal standard (dy = 0.00, éc = 0.00). For AP NMR
measurements, 85% aqueous H;PO, was used as external reference (dp = 0.00). The abbreviations s

(singlet), d (dublet), t (triplet), m (multiplet) and br (broad) are used to express signal multiplicities.

Mass spectra were measured on a Bruker Esquire 3000 mass spectrometer with electrospray ionization
with ion-trap detection in both positive and negative modes. Mass signals are provided with their
relative abundance to the strongest one. For Gd™ complexes, only the one containing the most
abundant isotope is stated. HR MS spectra were recorded on an LTQ Velos Pro or Orbitrap ELITE

mass spectrometer by Thermo.

HPLC measurements were performed on a ReproSil Gold C8 5 um 150x4.6 mm column with a flow
rate of 1 ml-min "' using UV -absorption detection at 210 nm and 256 nm. The following methods with
linear v/v gradients of water/acetonitrile were used: method A: 5% ACN to 90% ACN with 10 ppm
v/v trifluoroacetic acid (TFA) in 5 min, then 90% ACN with 10 ppm v/v TFA for 5 min; method B:

0% ACN to 10% ACN with 5 ppm v/v TFA in 10 min, then 10% ACN to 25% ACN with 5 ppm v/v
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TFA in 10 min, then 25% ACN to 95% ACN with 5 ppm v/v TFA in 10 min, then 95% ACN to 99%
ACN with 1 ppm v/v TFA in 5 min; method C: 0% ACN to 10% in 10 min, then 10% ACN to 25%

ACN in 10 min, then 25% ACN to 95% in 10 min, then 95% ACN to 99% ACN in 5 min.

Thin-layer chromatography (TLC) was performed on TLC aluminium sheets silica gel 60 F254
(Merck). UV light or dipping in 2% KMnQO,/10% Na,CO; or 5% aqueous CuSO, were used for

detection.

Elemental analyses were performed at the Institute of Macromolecular Chemistry (Academy of

Sciences of the Czech Republic, Prague).

Synthesis of redox sensitive complex [Gd(Ll)]_*SS*Ng
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Reaction conditions and vields: i) Hexamethyldisilazane, under Ar, 105 °C, 12 h ii) 3-Bromo-1-(trimethylsilyl)-1-
propyne (1)/CH,Cl,, under Ar, -10 °C to rt, 24 h, 54 % iii) methyl chloroformate, pyridine/CH,Cl,, reflux, 15 min,
97 % iv) tBuzDO3A-HBr (4-HBr), (CH,0),/MeCN (dry), 65 °C, 3 days, ~90 % v) 1. 85% aq. HCOQOH, 65 °C, 4 days,
2. 1,5% aq. HCI, rt, overnight, 78% vi) GdCl3-5H,0/aq. NH,OH, pH 4,8, rt, overnight, ~60 % vii) 1,6-bis(azido)-3,4-
dithiahexane (6), CuSO,, NaF, Sodium Ascorbate/ THF:/PrOH:H,0 (1:1:2), rt, 12 h, ~50%
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3-(Trimethylsilyl)prop-2-ynylphosphinic acid (2)

H OSiMe 1 /Si“ Q
3 I
| o H-P e
" N. —_—= H-P —_— | =X /
NH4H,PO, Me,Si” ' “SiMe, \OSiMe3 o;\/Si\
2

NH,H,PO; (5.0 g; 60 mmol) was securated in a 50 ml three-neck flask equipped with an argon inlet, a
reflux condenser with vacuum trap and a septum. Hexamethyldisilazane (15 ml; 72 mmol) was added
and the reaction mixture was stirred at 105 °C for 12 h under gentle flow of argon. In the course of the
reaction, NH,H>PO, dissolved and ammonia evolved. The reaction mixture was then cooled to —10 °C
and diluted with anhydrous dichloromethane (30 ml). Under an argon atmosphere, alkylation agent 1
(3.1 g; 16.2 mmol) was slowly added via syringe and the mixture was left to warm to RT under
stirring. After 24 h, the reaction was terminated by addition of anhydrous EtOH (10 ml) and the
reaction mixture was evaporated to dryness. The reaction mixture was co-evaporated two times with
anhydrous EtOH (15 ml) and the remaining matter was dissolved in CHCI; (20 ml) and quickly
washed with 3% HCI (2x20 ml). The combined aqueous phases were extracted with CHCl; (20 ml).
The organic phases were combined, dried with Na,SO, and volatiles were removed with rotary

evaporator at 50 °C to yield (2) (1.54 g; 54 %) as a colorless oil.

The product contained ca 3% (by *'P NMR) of bis(3-(trimethylsilyl)prop-2-ynyl)phosphinic acid,
which does not react in the next step, and therefore, the crude 2 can be used without further
purification. For analytic purposes, the compound 2 was purified by flash column chromatography on

silica (EtOAc:MeOH = 5:4 v/v).

TLC: (EtOAc:MeOH = 5:4 v/v), Ry = 0.50, KMnO,; 'H NMR (299.94 MHz, CDCl;): & 0.17 (s, 9H,
CH:): 2.83 (dd, “Jyp = 20.1, *Juuw = 1.8, 2H, CH,); 7.11 (d, 'Jyp = 584, 1H, P-H); 10.9 (bs, OH);
3C NMR (75.43 MHz, CDCls): § 0,1 (s, CHa); 24.6 (d, 'Jep = 84.5, CH,): 86.8 (d, *Jep= 7.5, C—C-

Si); 99.4 (d, *Jp = 8.7, P-C—C); *'P NMR (121.42 MHz, CDCL): 8 27 8 (dt, 'Jyp = 584, “Jyp = 20.0).
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Methyl 3-(trimethylsilyl)prop-2-ynylphosphinate (3)
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Phosphinic acid 2 (1.64 g; 9.31 mmol) was dried in a 100 ml flask by triple co-evaporation with
anhydrous EtOH (5 ml). After evaporation, phosphinic acid was dissolved in anhydrous CH,Cl,

(19 ml), and methyl chloroformate (0.88 g; 9.31 mmol) was added. Anhydrous pyridine (0.74 g;

9.31 mmol) was added dropwise with stirring. After evolution of CO,, the flask was equipped with a
reflux condenser and the mixture was heated to reflux for 15 min. The reaction mixture was then
cooled to RT and washed with 3% aqueous HCI (3x20 ml) and brine (20 ml). Combined aqueous
phases were extracted with CH,Cl, (2x20 ml) and organic phases were dried with Na,SO,, and solvent
was removed with a rotary evaporator at 50 °C to yield methylester 3 (1.72 g; 97%) as a colorless

liquid.

'"H NMR (299.94 MHz, CDCl5): 5 0.12 (s, 9H, SiCH;); 2.81 (d, 2Jup = 18.9, 2H, CH>); 3.81 (d, *Jip =
12.0, 3H, OCH3); 7.16 (d, "Jyp = 585, 1H, P-H): "C NMR (75.43 MHz, CDCL:): 3 0.3 (s, SiCH3), 21.9
(d, "Jep=91.3, CH,); 53.1 (d, *Jep = 7.2, P-C—C); 89.9 (d, *Jep = 8.5, C—C-Si); 93.4 (d, “Jep = 10.9,

OCH;); *'P NMR (121.42 MHz, CDCl3): 8 31.5 (bd, 'Jyp = 571.3).

Methyl ({4,7,10-tris[ (fert-butyloxykarbonyl)methyl]-1,4,7,10-tetraazacyclododecane-1-

yl}methyl)-3-(trimethylsilyl)prop-2-ynylphosphinate (5)
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1Bu;DO3A-HBr (4-HBr, 1.000 g; 1.679 mmol) was placed into a 25 ml flask, and methyl ester 3 (336
mg; 1.763 mmol) and paraformaldehyde (53 mg; 1.763 mmol) were added under stirring. Anhydrous
acetonitrile (10 ml) was then added, the flask was tightly closed, and the mixture was heated in an oil
bath at 65 °C. The progress of the reaction was monitored with *'P NMR spectra in 12-h intervals. A
decrease in signal intensity of the starting compound 3 at 30 ppm (bd, 'Jyp = 571 Hz) and increase in
the product 5 signal at 43 ppm (s) was observed. In addition, approximately 3% of acid 2 was
detected. Over time, the reaction mixture turned from a white suspension into pale brown clear
solution. After 3 days, more than 95% of ester 3 had reacted, and solvent was removed with a rotary
evaporator. The obtained oil was dissolved in minimal amount of hot MeOH, the solution was cooled,
and the product was precipitated by addition of diethylether. The product 5 was collected by filtration

(S3 frit), washed with diethylether (5 ml) and air-dried, affording 1.095 g (~90%) of off-white powder.

TLC: (EtOAc: EtOH:25% aq. NH,OH = 60:33:7 v/v/v), Ry = 0.70, KMnO,; 'H NMR (299.94 MHz,
CDCls): § 0.07 (s, 9H, H-17); 1.40 (bs, 27H, H-8, H-12); 2.62 (d, “Jyp = 18.3, 2H, H-13); 2.60-3.60
(m, 24H, H-1-5, H-9, H-14); 3.75 (d, *Jpi = 10.8, 3H, H-18); '*C NMR (75.43 MHz, CDCl,): 5 0.1 (s,
C-17): 23.2 (d, 'Jep = 84.8, C-14); 29.4 (s ,C-12); 30.6 (s, C-8); 51.2 (s, C-2); 51.8 (s, C-1,3); 52.2 (d,
2Jop=97.8, C-13); 53.8 (s, C4); 54.9 (s, C-9); 56.3 (s, C-5); 58.3 (d, “Jep = 7.2, C-18); 84.6 (s, C-7);
86.1 (s, C-11); 92.1 (d, *Jep = 8.9, C-16); 98.3 (d, Jep = 12.1, C-15); 170.2 (s, C-6); 174.2 (s, C-10);

3P NMR (121.42 MHz, CD,0D): 5 44.3 (bs); MS(+): 717.7 ((M+H]").
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10-({Hydroxy[3-(trimethylsilyl)prop-2-ynyl Jphosphoryl Jmethyl)-1,4,7,10-tetraazacyclododecane-

1,4,7-triacetic acid (H,LY)

2;/_\ /\”/\ p 2;/%\ /\'?/\
>< [ ) — Hj\[,N jOH Si._
2 !

Compound 5 (1.000 g; 1.395 mmol) was dissolved in 85% formic acid (10 ml) in a 25-ml flask
equipped with a magnetic stirring bar. The flask was closed, and the reaction mixture was heated in an
oil bath at 65 °C for 4 days. Solvent was removed in vacuo, and the resulting oil was co-evaporated
with water (3x5 ml) to remove the remaining formic acid. The obtained pale brown oil was dissolved
in 1.5% aqueous HCI (10 ml) and stirred at RT overnight. Solvent was removed with a rotary
evaporator. The resulting oil was dissolved in minimal amount of hot MeOH, the solution was cooled,
and the product was precipitated by addition of diethylether. The product was collected by filtration on
S3 frit, washed with diethylether (5 ml), dried in a vacuum and left to equilibrate at ambient conditions
for three weeks. Product HyL' (0.694 g; 78%) was obtained as dihydrochloride sesquihydrate in form

of an off-white powder.
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"'0[ j T
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o

TLC: (EtOH:10% aq. AcOH = 8:2 v/v), R; = 0.40; (EtOAc:EtOH:25% aq. NH,OH = 60:33:7 v/v), R; =
0.10, CuSO, or KMnQO,; '"H NMR (299.94 MHz, D,0): 8 0.07 (s, 9H, H-13), 2.64 (t, *Juy = 18.6; 2H,
H-10) 2.75-3.95 (bm, 24H; H-1-5, H-7, H-9); *C NMR (75.43 MHz, D,O): 3 1.5 (s, C-13); 26.5 (d,
Yep=91.7; C-10); 50.5 (s, C-2); 51.6 (s, C-1,3); 51.8 (d, 2Jep=98.3; C-9), 53.4 (s,C-4); 54.3 (s, C-7);

55.7 (s, C-5); 91.3 (d, *Jep = 7.2, C-12); 102.8 (d, *Jep = 10.5; C-11); 172.2 (s, C-6); 177.1 (s, C-8): *'P
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NMR (121.42 MHz, D,0): 8 21.0-26.5 (br s); EA: calc. for HL'.2HCI- 1.5H,0, C,H,,C1,N,0q sPSi,
M =634.56: C39.76; H6.99; N 8.83; C1 11.18; found: C 40.03; H 7.02; N 8.64; C1 11.23; MS(+):
535.1 (51[M+HTY); 557.1 (100[M+Na]*); 573.1 (SO[M+K])); MS(=): 532.9 (100[M=H]): 570.9

(21[M+K-HT").

(NH,)[Gd(L")] complex
0 0
OH o 2\‘9_ 0
N A £ A
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N N Y
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HO o
o o
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GdCl;-5H,0 (158 mg, 0.60 mmol) was added to a solution of H4L1 (350 mg, 0.55 mmol) in water (10
ml) with stirring. The pH of the solution was adjusted to 4.8 with 5% aqueous NH; and the mixture
was left at RT overnight. Solvent was then evaporated in vacuo, and the product was purified by
reversed-phase chromatography (40 g YMC DispoPackAT 25-ODS cartridge) with a water—
acetonitrile gradient and 10 ppm trifluoroacetic acid modifier. Fractions containing the product were

collected and lyophilized to obtain (NH,)[Gd(LY] (253 mg, ~60% yield) as a white powder.

MS(+): 712.1 (66[[Gd(LY]+H+Na]*); 734.1 (100[[GA(LY)]+2Na]); 750.0 (97[[Gd(L")|+Na+K]*);
MS(-): 615.9 (15[[Gd(L"-TMS]); 688.0 (100[Gd(L")]): HPLC: Program A: Retention time = 5.97

min.
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Na[Gd(L")]-SS—N; complex
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(NH)[GA(LYH] (250 mg, 0.36 mmol) was dissolved in a mixture of water (10 ml), /PrOH (5 ml) and
THF (5 ml) in a 50-ml flask. Then 1,6-bis(azido)-3,4-dithiahexane (456 mg, 2.23 mmol), | M aqueous
NaF (450 pl) and 1 M aqueous CuSO, (90 pl) were added, and the flask was sealed with a septum.
Using a needle, a gentle stream of argon was passed through the reaction mixture for 3 min with
sonication. Then, 1 M aqueous sodium ascorbate (225 pl) was added, and the reaction mixture was
stirred for 12 h at RT under an argon atmosphere. The solvent was removed with a rotary evaporator,
and the product was purified by reversed-phase chromatography (40 g YMC DispoPackAT 25-ODS
cartridge) with a water—acetonitrile gradient and 10 ppm trifluoroacetic acid modifier. Fractions
containing the product were collected and lyophilized to obtain Na[Gd(L")]-SS-N; (153 mg, approx.

50% yield) as a yellowish sticky solid.

MS(+): 822.2 ([[GA(LY]-SS-N;+2H]); MS(-): 819.1 ([[Gd(L")]-SS—N;]); HRMS (ESI): calcd. for:
C3;H370:N ,,GdPS, ([[GA(L")]-SS—N;+2H]"): 822.12104; found: 822.12158: calcd. for:
C33H3¢010N0GdNaPS5 ([[Gd(L")]-SS—-Ns+H+Na]"): 844.10298; found: 844.10355; HPLC:

Program B: Retention time = 18.6 min.
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Synthesis of pH sensitive complex [Gd(L*)]—NHN-N;
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Reaction conditions and yields: i) 1. NaNOy/ag. HCI 0 °C, 25 min; 2. NaNa/aq. HCI 0 °C, 25 min, 70 % ii)
GdCl3'5H,0/aq. NH4OH, pH 9, rt, overnight, ~70 % iii) pent-4-ynehydrazide (8), CuSO,, Sodium Ascorbate/
THF:H,0 (1:1), rt, overnight, ~80 % iv) 6-azido-hexan-2-one (9), AcOH, MgS0O,4/MeCOH (dry), reflux, 3 days, ~30 %

10-({Hydroxy[4-azidobenzyl]phosphoryl}methyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triacetic
acid (H L")
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A solution of 10-({hydroxy[4-aminobenzyl]phosphoryl} methyl)-1,4,7,10-tetraazacyclododecane-

1,4, 7-triacetic acid tetrahydrochloride (7-4HCI, 653 mg; 0.97 mmol) in a mixture of deionized water
(5 ml)yand 6 M HCI (1 ml) in a 25-ml flask was cooled to 0 °C. Then, NaNO, (95 mg: 1.38 mmol) was
slowly added, and the reaction mixture was stirred at 0 °C for 25 min. NaN; (104 mg; 1.60 mmol) was

then slowly added, and the reaction mixture was stirred at 0 °C for another 25 min. The reaction
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mixture was placed in a rotary evaporator and twice co-evaporated with water (3 ml) to remove excess
HCI. The product was purified by reversed-phase chromatography (40 g YMC DispoPackAT 25-ODS
cartridge) with a water—acetonitrile gradient and 10 ppm trifluoroacetic acid modifier. Fractions
containing the product were collected, lyophilized and left for three weeks to equilibrate in ambient air
in the dark to obtain (H,L?) (495 mg; 70% yield) as white powder, which turns brown when exposed

to light.

TLC: (EtOH:25% aq. NH,OH = 8:2 v/v), R;= 0.25, UV, KMnO, or CuSOQ,4; '"H NMR (299 94 MHz,
DMSO-dq): § 2.97-3.60 (bm, 24H; H-1-4, H-9, H-10); 3.64 (bm, 2H, H-5); 4.08 (bm, 4H, H-7); 7.03
(d, *Ji = 7.9; 2H, H-13); 7.29 (d, J = 7.9 Hz, 2H, H-13); °C NMR (75.43 MHz, DMSO-dy): & 36.5
(d, 'Jep = 85.6; C-10); 49.9 (s, C-2); 50.8 (s, C-4); 51.3 (s, C-1); 50.6 (d. *Jp = 105.1; C-9); 51.8 (s,
C-3); 54.1 (s, C-5); 54.8 (s, C-7); 119.8 (d. “Jep = 1.6; C-13); 130.2 (d, *Jep = 10.0; C-11); 132.5 (d,
ep =4.8; C-12); 138.3 (s, C-14); 170.1 (s, C-8); 172.6 (s, C-6); *'P NMR (121.42 MHz, DMSO-d,):
38.1 (s); EA: cale. for H{L% 3.4HCI 3H,0, CaHy; ,Cly jN,O; P, M = 733.53: C 36.02; H5.96; N
13.37, C116.43; found: C 36.06; H 5.74; N 12.87, Cl 16.49; MS(+): 555.9 (100[M+H]"); 577.9

(20[M+Na]"); 593.9 (16|M+K]"); MS(-): 553.7 ({(M-H]); HPLC: Program A: Retention time = 5.79

min.
(NH,)[Gd(L?*] complex
o] (o]
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L ST
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GdCl,-5H,0 (126 mg, 0.49 mmol) was added to a solution of H,L? (300 mg, 0.41 mmol) in water

(6 ml) with stirring. The pH of the solution was adjusted to 9.0 with 3% aqueous NH,OH, and the
mixture was left at RT overnight. The solvent was removed with a rotary evaporator, and the resulting
solid was purified by flash chromatography (Buchi Sepacore® Silica 25 g cartridge) with an
EtOH:25% aqueous NH,OH (10:1 v/v) mobile phase. Fractions containing the product were collected
and dried on a rotary evaporator. The product (NH4)[Gd(L2)] (227 mg, ~70% yield) was obtained after

lyophilization from water (10 ml) as a pale powder that turns dark when exposed to light.

TLC: (EtOH:25% aq. NH,OH = 5:1 v/v), R; = 0.65, UV, KMnO,:; MS(-):707.4 (Gd(L?)]"); HPLC:

Program A: Retention time = 5.69 min.

(NH,)[Gd(L*)-NHNH, complex

[Gd(LY)] [Gd(L)I"—NHNH,

(NH4)[Gd(L2)] (203 mg; 0.28 mmol) and pent-4-ynehydrazide 8 (62 mg, 0.55 mmol) were dissolved
in a mixture of water (1.5 ml) and THF (1.5 ml) in a 4-ml vial equipped with a septum and magnetic
stirring bar. Then, 1 M aqueous CuSO, (32 pl) was added, and the mixture was bubbled under a brisk
stream of argon for 3 min. Subsequently 1 M aqueous sodium ascorbate (100 pl) was added, and the
solution was stirred at RT overnight in the dark. The solvent was removed with a rotary evaporator,
and the resulting solid was purified with reversed-phase chromatography (40 g YMC DispoPackAT
25-0DS cartridge) with a water—acetonitrile gradient and 10 ppm trifluoroacetic acid modifier.
Fractions containing the product were collected and lyophilized to obtain (NH,)[Gd(L?*)]-NHNH,

(154 mg, ~60% yield).
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MS(+): 821.5 (33[[Gd(LY) ]-NHNH,+2H]*); 844.6 (66[[Gd(L*)]-NHNH,+H+Na]"): 866.6
(100[[Gd(L?)]-NHNH+H+K]"): MS(-): 820.5 ([[Gd(L?]-NHNH,-H]); HPLC: Program B:

Retention time = 10.5 min.

(NH)[GA(L»-NHN-N, complex
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(NH,)[Gd(L})]-NHNH, (100 mg; 0.12 mmol) and 6-azido-hexan-2-one 9 (137 mg; 0.97 mmol) were
dissolved in anhydrous MeOH (8 ml) in a 25-ml flask equipped with a reflux condenser with a
chlorcalcium tube. Glacial acetic acid (22 mg; 0.37 mmol) and anhydrous MgSQO, (1.00 g; 8.33 mmol)
were added, and the reaction mixture was heated to reflux under chlorcalcium tube for 3 days. The
solvent was removed with a rotary evaporator, and the resulting solid was purified with reversed-phase
chromatography (40 g YMC DispoPackAT 25-0ODS cartridge) with a water—acetonitrile gradient.
Fractions containing the product were combined and lyophilized to obtain (NHq)[Gd(LZ)]—N HN-N,

(33 mg, ~30% yield).

MS(-): 944.3 ([M—H]); HRMS (ESI): caled. for: C33Hs;0NGdP ([[Gd(L?))-NHN-N;]):

944.25731; found: 944.25711; HPLC: Program C: Retention time = 18.9 min.

Preparation of ND-HPMA-Gd conjugates

Nanodiamonds (NDs) (MSY 0-0.05, Microdiamant, Switzerland) were oxidized by air in a furnace at
510 °C for 4 h; treated with a mixture of HF and HNO; (2:1) at 160 °C for 2 days; and washed with
water, | M NaOH, 1 M HCI and water. Purified ND powder was irradiated in an external target holder

for 21 hours with a 16.6 MeV electron beam (1.25 x 10" particles cm™) from an MT-25 microtron.
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The irradiated material was annealed at 900 °C for 1 h and subsequently oxidized for 4 h at 510 °C.
The resulting powder was again treated with a mixture of acids and washed with NaOH, HCl and

water, providing a colloidal solution of ND-COOH.

Poly(vinylpyrrolidone) (MW = 10,000, 136 mg) was dissolved in water (120 ml) and sonicated for 10
min in an ultrasonic bath. ND-COOH colloid (24 ml, 2 mg ml”, filtered using a 0.4 pm GMF filter)
was added, and the mixture was stirred for 24 h. The colloid was then concentrated by centrifugation.
NDs (in approximately 3 ml solvent) were resuspended in ethanol (48 ml). Tetraethyl orthosilicate
(360 pl) and 3-(trimethoxysilyl)propylmethacrylate (120 pl) were added, and the mixture was
sonicated for 20 s in an ultrasonic bath. Ammonia (25%, 2 ml) then was added. The reaction mixture
was stirred for 14 h. The product was purified by centrifugation, washed with methanol and
transferred to 0.3 ml of DMSO using a rotary evaporator. (2-Hydroxypropyl)methacrylamide (HPMA)
(735 mg), N-propargyl acrylamide (315 mg) and 2,2-azobis(2-methylpropionitrile) (AIBN, 300 mg)
were dissolved in DM SO (3 ml). The mixture was filtered using a 0.4 pun glass microfiber microfilter.
Methacrylate-terminated NDs (48 mg) dispersed in 0.3 ml DMSO were added. The reaction proceeded
for 3 days under argon at 55 °C. The particles were purified by centrifugation with methanol. Alkyne-
modified HPMA-coated NDs were decorated with azide-modified Gd™ complexes using Cu(l)-
catalyzed azide-alkyne cycloaddition (CuACC). HPMA-coated NDs (10 mg in a final reaction volume
of 128 ml 50 mM HEPES buffer, pH 74) were mixed with non-cleavable Gd** complex
(NH4[Gd(L?)]), cleavable Gd complex with hydrazone (NH,[Gd(L*)]-NHN-N3) or a disulfide linker
(Na[Gd(Ll)]—SS—Ng) in final concentrations of 0.96, 1.92 and 2.4 mM, respectively, pre-mixed
0.32 mM CuSO, and 0.64 mM tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) ligand and a
freshly prepared solution of sodium ascorbate (5 mM). The reaction mixture was well-sealed, left for 1
h with no stirring and washed by centrifugation with water (Gd™ conjugates with non-cleavable, ND-
HPMA-Gd, and disulfide, ND@redox, linkers) or methanol (Gd3+ conjugates with hydrazone linker,
ND@pH). The resulting nanosensors were stored in water (ND-HPMA-Gd and ND@redox) or in dry

methanol (ND@pH) at 4 °C.
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Characterization of ND-polymer-Gd nanosensors

The stability and surface charge of HPMA-coated NDs with Gd*™ complexes were tested in solutions
later used for further experiments: 50 mM citric acid (pH 2.0), 50 mM acetate buffer (pH 4.5), 50 mM
HEPES buffer (pH 7.4), 50 mM TRIS buffer (pH 8.5) and 10x concentrated PBS. Dynamic light
scattering (DLS) and zeta potential were recorded with a Zetasizer Nano ZS system (Malvern

Instruments) at 37 °C. Sample concentrations were 0.1 mg ml™' .

To prepare the samples for transmission electron microscopy (TEM), carbon-coated copper grids were
placed into a UV-ozonizing chamber (UV/Ozone Pro Cleaner Plus, Bioforce Nanosciences) for 15
min. Then, a droplet of jetPEI (Polyplus tranfection, cat no. 101-10) was placed on the grid. After 10
min incubation, it was removed with a piece of tissue. Then, a droplet of aqueous solution of NDs
(0.05 mg ml™) was placed on the grid, and after 3 min incubation, liquid was removed with a piece of

tissue. TEM pictures were captured using a JEOL JEM-1011 electron microscope operated at 80 kV.

Total amounts of Gd** complexes conjugated to HPMA-coated NDs were estimated using inductively
coupled plasma atomic emission spectroscopy (ICP AES). The analysis was performed using a

Spectro Arcos SOP ICP AES spectrometer, power 1450 W, sample flow 2 ml min™",

Kinetics of release of Gd* complex from the conjugate

ND@pH: A 5-ul aliquot of NDs colloid (20 mg ml™" in water) was diluted with 95 pl buffer (either
50 mM citrate, pH 2.0; 50 mM acetate, pH 4.5 or 50 mM HEPES, pH 7.4). The mixture was incubated
for a certain time (30 s, 1, 2, 4 and 60 min for pH 2.0; 2.5, 5, 10, 20, 40 min and 8 h for pH 4.5; and 2,
6, 12 and 24 hours for pH 7.4) at 37 °C. The cleavage reaction was then stopped by addition of
HEPES buffer (300 mM, pH 8.0) to the mixture (100 pl for pH 2.0, 20 ul for pH 4.5). NDs were
centrifuged (10 min 55,000 rcf, 4 °C), and the supernatant was removed and diluted with 2% HNO;
for ICP MS measurements. A control representing time 0 s was set up with the opposite order of
mixing: first, the NDs colloid was diluted in HEPES buffer, then cleavage buffer (acidic conditions)

was added. The non-cleavable ND-HPMA-Gd conjugate was used as a control at the 0, 15, 30, 45 and
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60 minutes and processed under the same conditions. All samples were prepared in duplicate.
Concentrations of Gd** complexes in solutions were analyzed in duplicate (performed with two
independent samples, where each was measured twice (4 results)) using an ICP MS 7700 (Agilent

Technologies) instrument.

ND@redox: A 5-ul aliquot of NDs colloid (20 mg ml™ in water) was diluted with 95 pl buffer (50
mM HEPES buffer, pH 7.4, or 50 mM TRIS, pH 8.5). A solution of glutathione (final concentrations
of 1,5 and 10 mM) was added. The mixture was incubated for a certain time (2, 5, 10, 30 and 60 min)
at 37 °C under inert conditions. The cleavage reaction was then stopped by addition of 6-
maleimidohexanoic acid (diluted in 10% DMSO in 0.5 M phosphate buffer, pH 7.0, final
concentration 100 mM). NDs were centrifuged (10 min 55,000 rcf, 4 °C), and the supernatant was
removed and diluted with 2% HNO; for ICP MS measurements. A control representing time 0 s was
set up with the opposite order of mixing: 6-maleimidohexanoic acid was first added to NDs colloid
diluted in buffer and then glutathione was added. The non-cleavable ND-HPMA-Gd conjugate was
used as a control at the 0, 15, 30, 45 and 60 minutes and processed under the same conditions. All
samples were prepared in duplicate. Concentrations of Gd™ complexes in solutions were analyzed in
duplicate (performed with two independent samples, where each was measured twice (4 results)) using

an ICP MS 7700 (Agilent Technologies) instrument.
Preparation of Britton-Robinson buffers (measurements in Supplementary Figure 8)

Britton-Robinson buffers (with equal composition and ionic strength) were prepared according to the
established procedure: 0.5 M Britton-Robinson buffer at pH 3.29 was prepared (by mixing 0.0667 g of
NaOH, 0.0664 ml CH;COOH, 0.114 ml H;PO4, 0.103 g H3;BO; and 1.729 g KCI). For T,
measurements, stock buffer was diluted to 50 mM concentration and pH was adjusted to required pH
(3.8,4.5, 5.5, 6.2 and 6.9) by NaOH. The conductivity of all solutions was adjusted to the same value

(6.40 mS) by addition of KCl.
Theoretical model of NV relaxometry influenced by the release of Gd™* complex

The total NV relaxation rate is:
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Ftotal = Firlt + rexternai (])

The intrinsic decay rate Ty, is attributed to spin noise (impurities) in the diamond lattice like Orbach
or Raman process’. The external part T,.tumq; 18 attributed to the randomly distributed Gd** complex

locating in the polymer shell surrounding ND, and can be written as®:

_ Gilki 2
rextrernal — 3gNVl-IB Ei # < Bi =

T
1+wir?

2

Where g; is the g-factor, ; the magneton and 7., is the typical correlation time of the spin species

with index i.

As in equation (1) the decay rates just sum up, we can also combine several decay channels that are
kept constant over time. We therefore consider the sample ND-HPMA (without Gd** complex) has an
intrinsic relaxation time, and add another decay channel induced by Gd** for other samples (with Gd**

complex).

Starting with a spin §; placed at the distance 7; to the NV to derive an expression for < BZ >,

the spin creates a time fluctuating magnetic field B; at the position of the NV:

1 3{5yr )
Bf:ﬁgiui'—s(si—%) @)

Tj i

Weak magnetic field components along the NV quantization axis (z) only lead to a detuning off the
NV resonance, but don’t introduce a change in the spin level populations, as the x and y components

will do. Therefore we can neglect the z-component of the B field:
2 __ p2 2
B i=<Bl,>+<B,> )

We assume the spin to be in a purely mixed state. Its density matrix p can be written as:

1
P = 77 E2s+1 (=)

Than B J_j can be expressed as:
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2z 2+3sin?(a;)
By 2 =Tr(pB%;) + Tr(pB};) = ($2geny) -Gt (6a)
I
with:
_ 1 _ S(S+1)
s = Z5riZm=-sM = =5 (65)

In the following we consider spins randomly distributed in a layer with thickness d and the
volume density of &; on the surface of a spherical diamond with diameter d,. The total magnetic field

experienced by the NV center for all spin species can then be summarized in spherical coordinates:

<Bt>=y;B%; = (L gipi)z .C, -0 j;_ O [P dp [ d6 sin® —2"3(‘;‘;%“’)) ()
2

With:

sin? @ =sin?8 (7b)

And

r=vr'2 — 5r2sin? 6 + 6rcosd (7c)

When moving 67 from the center of a spherical shaped nanodiamond along the NV spin

quantization axis (parallel to the NV axis).

2

If the NV is moved on a path perpendicular to its quantization axis, then sin“ @ and r have the

following expression®:

sin? a = cos? @ + sin? @ sin’ ¢ (7d)
And
r=vr'2 — 5r%sin? 8 + 6rcosd (7e)

The total fluctuation rate of the Gd** complex isR = 1/71, = Ryip + Ry where Ry, is due to the

inter bath dipolar coupling while R,;, is caused by intrinsic vibrational spin relaxation of the Gd**
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complex in solution. In current study, we adapted the typical value of R,;, = 50 GHz for Gd**

complex”.
In the following, we calculate the Rg;):
The spin-spin interaction of two spins k and [ can be describe by the following Hamiltonian:

1 3(Sk «(Sp
Hig = 228k "SIl (Sksl — 2Cna) Grow) m)) t)]
kil

Tl

And is connected to the interaction rate Rg;, = 1 /rf‘ " with:
hRgip = [Yiewt < HE > ©)
By using (8) one finds®:

2 1
<Hfy >= (f—f[gkm'glm) -GCE-g (10)

Spins in a thick layer:

For a layer with height of dd consisting of spins with the density ¢ we use the following

approximation:

1 2
Zk:t[_s =0 ond¢f

Sd—d o
- min dZ J‘
Tl

dipin Ymin

Sd—dpin fw T
T

= 2no dr ——=
J‘d]'m‘n ‘min (Tz +Zz)3

r
dr m

(11a)

Where dynin, and Ty,;, accounts for the minimal distance between neighbor spins since the spins later

can’t be infinitesimally dense packed. Now assuming homogeneous distributed spins each caged in a

sphere with radius of 1y, we make the following approach for a thick layer: dpin = Timin 1, and

FURE I
Nﬁ
ad > ;.

Spins in the center of the layer will have more neighbors to interact then spins directly at the

surface. As an approximation we modify Equation (11a) by average over all possible positions:
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1 o Sd—2dmin Sd—2dmin —h 2 o r
Z"'ﬂﬁ”—s T Jo dh |-, dz [ d¢ [, dr e (11b)

1 T
Zki!%’“ 2ro o 7

|a

(11¢)

“

And the average spin-spin interaction rate of a spin bath in a thick layer can be approximated by:

i - gz-luz a
Ry ~ 0.5157 - g -T-CS-J% (12)

Supplementary Discussion
NV spin population readout in NDs

The charge state of the NV centers can be influenced by various quantities, such as the local

environments, surface treatment of the diamond, excitation wavelength of laser and ete, /011213

n
particular, the charge state of NV centers in NDs is highly depending on the surface passivation due to
their high surface to volume ratio'”. In addition, their charge state can adjust over time without
illumination, and also differs under laser illumination. As a consequence, the NV centers can change
their charge state on the time scale of several ps to ms, depending on the used laser power and
wavelength'?, which can be directly observed as an increase or decrease of the NV fluorescence after
turning on the laser'”. A typical single T, measurement containing no additional control sequence will
contain that information, diminishing the measured spin contrast significantly. If one now applies a
second measurement (control), i.e., by an additional microwave pulse (e.g., square or linear chirp
pulse) before read out, the NV sublevel population is inverted and the spin contrast can be calculated.
In other words, one can extract the pristine spin contrast by subtracting the normalized T,

14
measurement from the control .

Simulation of NV spin sublevel flip induced by microwave excitation

We simulated the evolution of the spin-state using the NV spin Hamiltonian'>'® by applying a

linear polarized microwave excitation along the x-direction of the NV reference frame, while its z-
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direction is along the NV rotational symmetry axis. We introduced the desired broadening as a
Zeeman-like term, which would be introduced by a magnetic field aligned along the NV quantization
axis. Both transitions are split by the “Zeeman-like term” around 16 MHz (see Supplementary Fig.
10). In this scenario we only have to consider the angular dependence of the microwave excitation
field versus the NV quantitation axis. To simplify the simulated model, we also intentionally discard
the Zero field parameter E that is accounting for strain in the NDs crystal. After averaging over all
possible angular orientations of the microwave driving field, we extract the average probability to flip

NV sublevel.
Inhomogeneous ODMR linewidth broadening in NDs

From Hahn-echo measurements on a well dispersed NDs sample we estimated an average T,
time around ~1ps (data not shown) for single to few NVs in an individual diamond nanocrystal. This

is a typical value for NDs 7181

. The corresponding natural line width of one ODMR line would be
around several hundreds of kHz, and therefore cannot be the origin of the observed line-broadening
(Supplementary Fig. 10a). Another possible broadening by laser excitation could be ruled out by
checking its laser power dependent behaviors (data not shown). Therefore, we attribute the observed
inhomogeneous ODMR line broadening to the variations of strain among different diamond

nanocrystals’>*'. In addition, a weak residual static magnetic field, e.g., the earth magnetic field, may

also partially account for such splitting and broadening.
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PIDAZTA-A-DBCO synthesis report
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Discussion

N-(4-Bromobutyl)phthalimide was prepared from phthalimide via alkylation with excess of
1,4-dibromobutane to suppress formation of diphthalimide product®. Bromo- derivative was converted
to lodo- with Finkelstein reaction’, to enhance reactivity in next step, and used without purification.
Reaction with NaNO, in DMSO was chosen for substitution of iodo- to nitro- group. While it provided
lower yields of (I.) than procedures described in literature®* using AgNO, it uses much cheaper and
readily available reagent. N-(Phenylmethyl)-2-piperidinemethanamine (Il.) was prepared via reductive
amination from racemic 2-aminomethylpiperidine according to° and reacted  with
N-(4-Nitrobutyl)phthalimide (l.) to obtain mixture of two enantiomeric pairs (lll.a) and (lll.b). While
these diastereomers was firstly separated with chromatography (Hexane/Ethyl acetate) on silica gel
column, it was found that desired (4R,10*R) + (4S,10*S) (lll.b) enantiomeric pair partially crystalizes
from solution of both products. Absolute configuration was determined with single-crystal X-ray
diffraction analysis of both isomers. Only (4R,10*R) + (4S,10*S) (lll.b) diastereomer was used in
following reactions while retention of configuration was assumed. Catalytic hydrogenation provided
reduction of nitro to amino group and debenzylation in one step. Presence of diluted HCl in reaction
mixture was found to speed up reaction and drive it to completion. Resulting amine (IV.) was directly
alkylated with excess of t-butyl bromoacetate and the product (V.) was purified with flash
chromatography. In next step, phthalimide protective group was removed with hydrazine and free
amine (VI.) separated with preparative HPLC chromatography.

Firstly, DBCO acid was coupled directly to this t-butyl ester derivative, but subsequent trials to remove
t-butyl protective group failed. Various conditions were tried (trifluoroacetic acid neat or diluted, with
radical scavengers like TIPS, formic acid of various concentrations) but satisfactory deprotection was
not achieved. Instead, DBCO moiety detached invariably. While some literature®’ claims successful t-
butyl ester deprotection with preservation of DBCO in molecule, our observation corresponded to lit.**
where DBCO rearranges to strain-promoted azide—alkyne cycloaddition (SPAAC) nonreactive
tetracyclic compound.

To address this problem, t-butyl esters was cleaved first from deprotected amine (tBus-PIDAZTA-A-
NH,) (VL.) to form free ligand (PIDAZTA-A-NH,) (VII.) and subsequent reaction with active NHS ester of
DBCO acid (VIIL.) provided target compound (PIDAZTA-A-DBCO) (IX.).
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Experimental

O 0
K,CO3

NH + g~~~ Br — N——/\/\Br
acetone

o o}

N-(4-Bromobutyl)phthalimide: Phtalimide (20 g; 136 mmol), K,CO; (50 g; 362 mmol) were dissolved in
acetone (250 ml). 1,4-dibromobutane (87 g; 403 mmol) was added and the reaction mixture was
stirred under reflux and checked periodically with TLC. After 12 h the reaction was completed,
inorganic salts were filtered off and filtrate was evaporated on rotary vacuum evaporator (RVE) (70 °C,
8 torr). Resulting product was recrystallized from Ethyl Acetate/Hexane and 34.5 g (90 % vyield) of
white crystalline product was obtained.

'"H NMR (400 MHz, Chloroform-d) & 7.96 — 7.80 (m, 2H), 7.79 — 7.62 (m, 1H), 3.75 (t, *Ju = 6.7 Hz, 2H), 3.46 (t,
3JHH = 6.4 Hz, 2H), 2.01 — 1.79 (m, 4H).
3C NMR (101 MHz, CDCl;) § 168.38, 134.01, 132.06, 123.28, 36.97, 32.79, 29.85, 27.26.

O

Kl, NaNO,
N__/\/\Br __/\/\NO2
DMSO

o)

N-(4-Nitrobutyl)phthalimide (l.): 4-bromobutylenphtalimide (34.5 g, 122 mmol) and Kl (30 g, 181
mmol) were dissolved in acetone (200 ml) and heated under reflux for 11 hours. Then, inorganic solid
was filtered off and solvent was evaporated on RVE. Resulting solid was dissolved in DMSO (200 ml),
NaNO, (8.5 g, 123 mmol) was added and the solution was stirred at 30 °C for 15 hours. Reaction
mixture was then diluted with water (500 ml) and extracted three times with ethyl acetate (3 x 150
ml). Joined organic fractions were washed with brine (2 x 100 ml), dried over MgS0O, and evaporated
on RVE. Thus obtained residue (about 25 g) was separated on silica gel chromatography with
Hexane/Ethyl acetate gradient mobile phase. Fractions containing product were joined, evaporated
and resulting white solid was recrystallized from hot MeOH. Product N-(4-Nitrobutyl)phthalimide (I.)
(10.1 g, 40.7 mmol) was obtained as white crystals in 33.5 % yield.

"H NMR (400 MHz, Chloroform-d) 8 7.75 (td, J = 5.3, 2.1 Hz, 2H), 7.70 — 7.61 (m, 2H), 4.41 (t, J = 6.9 Hz, 2H),
3.68 (t,J= 6.9 Hz, 2H), 2.14 — 1.89 (m, 2H), 1.84 — 1.65 (m, 2H).
3C NMR (101 MHz, CDCl3) & 168.24, 134.08, 131.87, 123.23, 74.78, 36.71, 25.32, 24.48.
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PhCHO

R

H
NH; NaBH,4 g HN_Ph

N
H

N-(Phenylmethyl)-2-piperidinemethanamine (ll.): Racemic 2-aminomethylpiperidine (10.2 g, 89.3
mmol) was dissolved in dichloromethane (DCM) (30 ml) and solution of benzaldehyde (10.4 g, 98
mmol) in DCM (10 ml) was added slowly. The reaction mixture heated spontaneously and turned
turbid. Anhydrous Na,SO, (7 g, 49 mmol) was added to the solution and the mixture was stirred at 20
°C for 1.5 hours. Then, inorganic salt was filtered off and solution was evaporated on RVE. Resulting
yellow oil (about 19 g) was dissolved in methanol (30 ml) and NaBH, (3.5 g, 92.6 mmol) was added
during 30 minutes that resulted in intensive foaming. Methanol (10 ml) was added and the reaction
mixture was stirred at 20 °C for 5 hours before more methanol (30 ml) was added and the reaction
mixture was stirred under reflux for 1.5 hours. Then, reaction mixture was cooled down and excess of
concentrated HCI (25 ml) was slowly added before the solution was evaporated on RVE (50 °C, 8 torr).
Obtained residue was dissolved in 3% HCI (50 ml) and washed twice with DCM (25 ml), water phase
was basified with NaOH (25 g) and extracted with DCM (3 x 30 ml). Joined organic fractions were dried
with Na,SO, and evaporated to obtain product (ll.) as viscous pale yellow oil (17.0 g, 83 mmol) that
solidifies to white mass during few days in fridge.

'"H NMR (400 MHz, Chloroform-d) & 7.32 (s, 1H), 7.31 (s, 2H), 7.24 (ddd, J = 8.7, 5.1, 3.7 Hz, 1H), 3.78 (d, J =
2.6 Hz, 2H), 3.14 — 3.02 (m, 1H), 2.72 — 2.46 (m, 4H), 1.91 (s, 2H), 1.84 — 1.72 (m, 1H), 1.59 (dddt, J=13.1, 8.1,
4.6,2.2 Hz, 2H), 1.50 — 1.26 (m, 2H), 1.12 (tdd, J = 12.4, 10.4, 3.8 Hz, 1H).

3C NMR (101 MHz, CDCl) & 140.62, 128.36, 128.06, 126.87, 56.67, 55.38, 54.19, 46.79, 30.85, 26.59, 24.67.

0
OzN\/\/_N Ph\ NO,
L. O
N
HN.__Ph CH,0
1. lla. NPhth .b  NPhth

N-(Phenylmethyl)-2-piperidinemethanamine (Il.) (8.0 g, 39 mmol), N-(4-Nitrobutyl)phthalimide (I.)
(10.0 g, 40 mmol) and paraformaldehyde (4.0 g, 133 mmol) were dissolved in 1:1 mixture of toluene
and ethanol (240 ml) and stirred at 60 °C while progress of the reaction was checked periodically with
TLC. After 20 hours the reaction was completed, solvent was evaporated on RVE and the residue
dissolved in ethyl acetate (100 ml) was filtered over short plug of silica. Filtrate was evaporated on RVE
and obtained residue was dissolved in minimal volume of hot 1:1 mixture of methanol and ethyl
acetate and left overnight to crystalize. Crystals were filtered off, washed with cold methanol and
dried under vacuum to obtain wanted (4R, 10a*R) (lll.b) diastereomer (3.8 g). After recrystallization
from hot methanol product (3.4 g, 6.9 mmol) was obtained as colourless crystals in 17 % yield. To
unambiguously determine chirality of both isomers, small portion of reaction mixture was separated
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on flash chromatography silica gel column with Hexane/ethyl acetate (8:2). Each of separated isomers
was crystalized from MeOH to obtain single-crystal suitable for X-ray diffraction analysis.

(Il.a) (4R, 10a*S)

'"H NMR (400 MHz, Chloroform-d) & 7.81 (dd, J = 5.5, 3.1 Hz, 2H), 7.70 (dd, J = 5.4, 3.1 Hz, 2H), 7.31 — 7.26 (m,
4H), 7.23 (p, J = 4.1 Hz, 1H), 3.67 (d, J = 13.0 Hz, 1H), 3.54 (d, J = 13.0 Hz, 1H), 3.44 (td, J = 6.8, 1.9 Hz, 2H),
3.26 (dd, J = 14.3, 6.7 Hz, 2H), 2.96 (t, J = 15.0 Hz, 2H), 2.89 — 2.74 (m, 2H), 2.38 — 2.25 (m, 1H), 2.19 (t, J =
11.7 Hz, 1H), 2.12 (s, 1H), 1.77 — 1.65 (m, 1H), 1.64 — 1.56 (m, 2H), 1.56 — 1.46 (m, 1H), 1.44 — 1.28 (m, 4H),
1.19 - 1.02 (m, 2H).

BC NMR (101 MHz, CDCIs) 6 168.18, 139.11, 133.99, 131.93, 129.14, 128.35, 127.32, 123.25, 93.67, 66.75,
64.58, 64.22, 63.81, 59.88, 57.66, 37.34, 34.54, 30.74, 25.97, 23.46, 22.49.

TLC (Hexane/ethyl acetate; 8:2) Ry : 0.42

MS (ESI): m/z[M+H]" = 477.4

(I11.b) (4R, 10a*R)

"H NMR (400 MHz, Chloroform-d) & 7.86 (dd, J = 5.4, 3.1 Hz, 2H), 7.74 (dd, J = 5.5, 3.0 Hz, 2H), 7.32 — 7.19 (m,
S5H), 3.74 (d, J = 13.3 Hz, 1H), 3.67 (t, J = 7.1 Hz, 3H), 3.57 (d, J = 13.3 Hz, 1H), 3.42 (d, J = 13.7 Hz, 1H), 2.88
—2.65 (m, 4H), 2.39 — 2.25 (m, 1H), 2.20 — 2.11 (m, 1H), 2.11 — 1.90 (m, 3H), 1.77 — 1.60 (m, 1H), 1.60 — 1.46
(m, 2H), 1.40 — 1.25 (m, 3H), 1.21 — 1.07 (m, 1H), 1.06 — 0.93 (m, 1H).

3C NMR (101 MHz, CDCl;) & 168.26, 139.26, 134.02, 132.02, 128.69, 128.23, 127.12, 123.29, 94.35, 65.35,
64.40, 63.35, 61.60, 58.59, 37.52, 33.80, 30.53, 26.01, 23.49, 22.73.

TLC (Hexane/ethyl acetate; 8:2) R;:0.38

MS (ESI): m/z[M+H]" = 477.4

t-BuOOC COOt-Bu
NH, /S

Ph NO
N . N _Rb0s N
MeOH/HCI MeCN N

.o NPhth V. NPhth V.

ZT

Nitro- derivative (lll.b) (3.4 g, 6.9 mmol) was dissolved in autoclave in mixture of MeOH (50 ml) and 3%
HCl (15 ml). 10% Pd@C (500 mg) was added, the vessel was pressurized to 9 atmospheres with
hydrogen and the mixture was vigorously stirred at laboratory temperature for 3 days while progress
of the reaction was checked with HPLC-MS and the pressure was kept at 9 atmospheres. After
completion of the reaction Pd@C was filtered off and the solution was evaporated on RVE and the
resulting residue was directly used in alkylation. The residue was dissolved in acetonitrile (50 ml),
K,CO; (8.0 g, 58 mmol) and t-butyl bromoacetate (5.0 g, 26 mmol) were added and the reaction
mixture was stirred at 50 °C while periodically checked with HPLC-MS. After 3 days while the reaction
was still not completed, more t-butyl bromoacetate (1.5 g, 7.7 mmol) and K,CO; (2.0 g, 14.5 mmol)
was added and the reaction was completed in next 2 days. Reaction mixture was filtered and
evaporated on RVE and the resulting residue was separated with flash chromatography on silica gel
column with CH,Cl,/MeOH/(28% aq.) NH,OH 10:1:0.1 v/v mobile phase. Fractions containing pure
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product, as detected with HPLC-MS, were joined and evaporated to obtain product (V.) (1.26 g, 1.8
mmol) as pale yellow oil.

'H NMR (300 MHz, Chloroform-d) ¢ 7.84 (ddd, J = 5.5, 3.0, 1.2 Hz, 2H), 7.77 — 7.61 (m, 2H), 3.81 — 3.57 (m,
4H), 3.46 (d, J= 17.4 Hz, 2H), 3.20 (s, 2H), 2.92 (t, J = 12.7 Hz, 2H), 2.80 — 2.59 (m, 3H), 2.39 — 2.24 (m, 1H),
2.10 (d, J=13.8 Hz, 3H), 1.76 (dd, J=25.4, 10.9 Hz, 2H), 1.59 (d, /= 11.3 Hz, 1H), 1.46 (s, 9H), 1.45 — 1.40 (m,
18H), 1.38 — 1.01 (m, 6H), 0.94 (dd, J=36.9, 9.9 Hz, 1H).

C NMR (101 MHz, CDCl5) & 169.35, 168.37, 134.05, 131.95, 123.30, 82.70, 63.60, 62.49, 60.90, 60.20, 59.26,
55.85,53.16,49.97, 37.84, 32.54, 28.33, 28.15, 27.98, 24.16, 22.43, 21.40, 19.22.

MS (ESI): m/z[M+H]" = 699.4

t—BuOOC\ rCOOt—Bu t-BuOOC\ rCOOt—Bu
t-BuOOC— N t-BuOOC— N
N N2H,4 N
N — N
MeOH
V. NPhth VI. NH,

tBus-PIDAZTA-A-NH,: Phthalimide derivative (600 mg, 0.86 mmol) was dissolved in MeOH (15 ml) and
N,H;-H,0 (64 mg, 1.28 mmol) was added. Reaction mixture was heated under reflux for 3 h. Then,
solvent was evaporated on RVE and the residue was dissolved in CH,Cl, (10 ml), insoluble hydrazine
phthalimide was filtered off and washed with CH,Cl, (5 ml). Joined organic parts were evaporated and
thus obtained product was purified with preparative HPLC on C18 column (Luna 5pum 100A 250 x 21.5
mm) with H,0/MeCN (0.1% trifluoroacetic acid as modifier) gradient (35-85 %) mobile phase. Product
(VL) (410 mg, 0.46 mmol) was obtained as pale yellow glassy solid after lyophilisation of joined
fractions with pure product.

'"H NMR (600 MHz, Chloroform-d) & 8.33 (s, 3H), 3.63 (t, J = 19.8 Hz, 2H), 3.53 — 3.38 (m, 3H), 3.34 (d, J = 12.2
Hz, 2H), 3.25 (s, 2H), 3.19 (d, J = 14.0 Hz, 1H), 3.08 (dd, J = 15.7, 6.4 Hz, 2H), 2.94 (dd, J = 27.9, 15.0 Hz, 3H),
2.77 (t,J=13.2 Hz, 1H), 1.94 (d, J= 13.1 Hz, 1H), 1.87 — 1.82 (m, 3H), 1.77 — 1.69 (m, 2H), 1.69 — 1.59 (m, 3H),
1.47 (s, 27H).

3C NMR (151 MHz, CDCl;) § 169.36, 82.79, 82.65, 82.48, 63.12, 62.34, 60.70, 60.51, 59.09, 55.93, 52.46, 50.12,
39.84, 31.77, 28.10, 27.96, 23.94, 21.60, 21.22, 19.15.

Elemental analysis for C3oHsgN4Og - 2.75 TFA - 0.5 H,0  —found: C-47.72 %; H-6.72 %; N-6.25 %
— calculated: C-47.83 %; H-6.76 %; N-6.29 %

MS (ESI): m/z[M+H]" = 569.2
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t-BuOOC\ rCOOt—Bu HOOC\ KCOOH
t-BuOOC— N HOOC— N
N CF3;COOH N
N - . N
VL. NH»> VII. NH,

PIDAZTA-A-NH,: t-butyl ester derivative (VI.) (250 mg, 0.28 mmol) was dissolved in cleavage mixture
(3 ml) of trifluoroacetic acid/CH,Cl,/triisopropyl silane/H,0 85:10:2.5:2.5 v/v and stirred at laboratory
temperature overnight. Reaction mixture was then evaporated on RVE to dryness and five times
dissolved in water (3 ml) and evaporated to dryness on RVE. Product (197 mg, 0.27 mmol) was

obtained after lyophilisation from water (3 ml) as almost colourless glassy solid.

'H NMR (600 MHz, D,0) & 3.76 (bs, 3H), 3.65 (s, 1H), 3.62 (s, 1H), 3.46 — 3.38 (m, 4H), 3.31 (d, J = 8.6 Hz,
2H), 3.20 (d, J = 14.8 Hz, 1H), 3.14 (dd, J= 15.4, 6.6 Hz, 1H), 3.02 (d, J = 14.5 Hz, 1H), 2.82 (t, J = 7.7 Hz, 2H),
2.76 (d, J = 14.8 Hz, 1H), 2.60 (dd, J = 15.5, 10.8 Hz, 1H), 1.81 (dq, J = 14.7, 7.6, 6.9 Hz, 1H), 1.78 — 1.74 (m,
2H), 1.71 — 1.66 (m, 1H), 1.65 — 1.56 (m, 1H), 1.50 (ddd, J = 12.6, 10.1, 7.7 Hz, 1H), 1.48 — 1.41 (m, 1H), 1.42 —
1.36 (m, 1H), 1.31 (dd, J= 9.9, 7.0 Hz, 2H).

BC NMR (151 MHz, D,0) & 174.88, 174.85, 63.04, 62.25, 60.19, 58.74, 58.71, 55.23, 52.34, 39.44, 31.37, 23.53,
21.00, 20.89, 18.85.

Elemental analysis for C;gH3,N406- 2.7 TFA - 0.5 H,0 —found: C-39.13 %; H-5.06 %; N-7.84 %
— calculated: C-39.18 %; H-5.02 %; N-7.81 %

MS (ESI): m/z[M+H]" = 401.3

HOOC COOH O
/T

Hooo— i :}f\% p NMIHN)OWO
X D =

VIL. NH, 1X. =

PIDAZTA-A-DBCO: 11,12-Didehydro-y-oxodibenz[b,flazocine-5(6H)-butanoic acid (DBCO acid) (91.5
mg, 0.30 mmol) was dissolved in CH,Cl, (4 ml), N-hydroxysukcinimide (NHS) (34.5 mg, 0.30 mmol) and
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (60 mg, 0.39 mmol) was added and the reaction
mixture was stirred at laboratory temperature for 4 hours. Then, reaction mixture was washed three
times with brine (3 x 3 ml), dried with Na,SO, and evaporated on RVE at 30 °C. White microcrystalline
powder (115 mg) thus obtained was >98 % pure 2,5-Dioxo-1-pyrrolidinyl 11,12-didehydro-y-
oxodibenz[b,flazocine-5(6H)-butanoate (VIIl.) (DBCO-NHS) according to HPLC-MS and was used
without further purification.

PIDAZTA-A-NH, 2.7 TFA -0.5 H,0 (VIL) (120 mg, 0.17 mmol) was dissolved in DMSO (4 ml) with

DBCO-NHS (VIIL.) (80 mg, 0.20 mmol) freshly prepared as stated above and Et;N (200 pl, 1.43 mmol).
Reaction mixture was stirred for 3 hours and then evaporated on RVE (30 °C, 5 torr). Thus obtained



Appendix F

residue was dissolved in MeCN/H,0 1:2 mixture (5 ml) and lyophilized overnight. Resulting solid was
subjected to preparative HPLC on C18 column (Luna 5um 100A 250 x 21.5 mm) with H,0/MeCN (0.1%
trifluoroacetic acid as modifier) gradient (35-90 %) and fractions containing pure product according to
HPLC-MS were joined and lyophilized. Product (IX.) (45 mg, 0.05 mmol) was obtained as fine white
powder.

'"H NMR (400 MHz, Methanol-dy) & 7.67 (dt, J = 7.3, 2.3 Hz, 1H), 7.62 (ddt, J = 5.7, 4.5, 2.4 Hz, 1H), 7.51 — 7.45
(m, 3H), 7.41 — 7.32 (m, 2H), 7.27 (dd, J = 7.1, 1.9 Hz, 1H), 5.16 (dd, J = 14.0, 2.2 Hz, 1H), 3.81 (s, 2H), 3.73 (d,
J=14.0 Hz, 1H), 3.68 — 3.52 (m, 2H), 3.53 — 3.45 (m, 2H), 3.45 — 3.35 (m, 3H), 3.27 — 3.15 (m, 2H), 3.09 (d, J =
14.0 Hz, 2H), 3.00 (d, J = 6.5 Hz, 1H), 2.86 (d, J = 14.8 Hz, 1H), 2.81 — 2.66 (m, 2H), 2.35 (dtd, J = 15.2, 7.5, 4.9
Hz, 1H), 2.15 (dtd, J = 15.0, 7.3, 5.9 Hz, 1H), 1.97 (ddt, J= 16.4, 7.0, 5.8 Hz, 1H), 1.85 (d, J = 16.5 Hz, 2H), 1.80
~1.71 (m, 2H), 1.71 — 1.60 (m, 1H), 1.53 (d, J = 14.4 Hz, 2H), 1.43 — 1.30 (m, 2H), 1.26 (dd, /= 11.7, 8.2 Hz,
2H).

3C NMR (101 MHz, MeOD) & 173.07, 173.05, 172.77, 151.28, 148.07, 132.04, 132.02, 129.20, 129.18, 128.60,
128.28, 127.78, 127.49, 126.72, 125.07, 122.99, 122.33, 114.16, 107.36, 63.28, 62.52, 60.12, 58.85, 58.62, 55.33,
54.96, 52.43, 39.10, 32.27, 30.47, 30.44, 29.84, 29.78, 23.59, 22.67, 21.31, 19.08.

Elemental analysis for C3;HssNsOg- 2.1 TFA - 0.4 H,0 — found: C-52.90 %; H-5.16 %; N-7.56 %
— calculated: C-52.96 %; H-5.17 %; N-7.49 %

MS (ESI): m/z[M+H]* = 688.2
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