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One-step, kit-based radiopharmaceuticals for
molecular SPECT imaging: a versatile diphosphine
chelator for 99mTc radiolabelling of peptides†
Ingebjørg N. Hungnes,a Fahad Al-Salemee, a Peter J. Gawne, a Thomas Eykyn,a

R. Andrew Atkinson,b,c Samantha Y. A. Terry,a Fiona Clarke,d Philip J. Blower, a

Paul G. Pringle e and Michelle T. Ma *a

Radiotracers labelled with technetium-99m (99mTc) enable accessible diagnostic imaging of disease, pro-
vided that radiotracer preparation is simple. Whilst 99mTc radiopharmaceuticals for imaging perfusion are
routinely prepared from kits, and regularly used in healthcare, there are no 99mTc-labelled receptor-tar-
geted radiopharmaceuticals in widespread clinical use. This is in part due to the multistep radiosyntheses
required for the latter. We demonstrate that the diphosphine, 2,3-bis(diphenylphosphino)maleic anhydride
(BMA), is an excellent platform for preparation of kit-based, receptor-targeted 99mTc-labelled radiotra-
cers: its conjugates are simple to prepare and can be easily labelled with 99mTc using one-step, kit-based
protocols. Here, reaction of BMA with the �v�3-integrin receptor targeted cyclic peptide, Arg-Gly-Asp-
DPhe-Lys (RGD), provided the �rst diphosphine-peptide conjugate, DP-RGD. DP-RGD was incorporated
into a “kit”, and addition of a saline solution containing 99mTcO4

� to this kit, followed by heating, furnished
the radiotracer [99mTcO2(DP-RGD)2]+ in consistently high radiochemical yields (>90%). The analogous
[ReO2(DP-RGD)2]+ compound was prepared and characterised, revealing that both [99mTcO2(DP-RGD)2]+

and [ReO2(DP-RGD)2]+ consist of a mixture of cis and trans geometric isomers. Finally,
[99mTcO2(DP-RGD)2]+ exhibited high metabolic stability, and selectively targeted �v�3-integrin receptors,
enabling in vivo SPECT imaging of �v�3-integrin receptor expression in mice.

Introduction
The �-emitting radionuclide, technetium-99 m (99mTc, t1/2 =
6 h, 90% �, 140 keV), is used in over 30 million routine nuclear
medicine SPECT/�-scintigraphy procedures every year, for diag-
nostic imaging of perfusion and anatomical processes.1,2

99mTc is produced by bench-top generators, enabling this wide-
spread access. Despite the availability of 99mTc and the high
prevalence of SPECT and �-scintigraphy infrastructure, few

receptor-targeted 99mTc molecular imaging agents have
entered late stage clinic trials, and none are used routinely. In
contrast, modern PET imaging with peptide-based, receptor-
targeted radiotracers has had significant clinical impact. 68Ga-
labelled peptides that target receptors over-expressed in pros-
tate and neuroendocrine cancers have resulted in better
disease management for patients and are now used in routine
clinical practice.3,4

99mTc radiopharmaceuticals for imaging heart, kidney and
brain perfusion are based on one-step, kit-based radiosynth-
eses, in which generator-produced 99mTcO4

� is simply added
to commercially available “kit” vials that contain a reducing
agent, chelator and other reagents.2,5 These simple radiosyn-
thetic procedures allow sta� in hospital radiopharmacies to
routinely prepare patient doses of 99mTc radiopharmaceuticals
on a daily basis.

Several 99mTc-labelled chelator–peptide conjugates have
recently demonstrated clinical utility in SPECT imaging of
receptor expression. These include 99mTc-MIP-1404 and deriva-
tives, and 99mTc-PSMA-I&S, which target PSMA (prostate
specific membrane antigen) receptors that are overexpressed
in prostate cancer.6,7 In 99mTc-MIP-1404, the tridentate N3 che-
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lator (Chart 1) coordinates to a fac-[99mTc(CO)3]+ moiety.6 In
99mTc-PSMA-I&S (Chart 1), a modified tripeptide, mercaptoace-
tyl-D-Ser-D-Ser-D-Ser, coordinates to the [99mTcO]3+ motif, via a
thiol and three deprotonated amide groups.7 These PSMA-tar-
geted radiopharmaceuticals are prepared from kits. However,
whilst 99mTc-PSMA-I&S is prepared in a single step at high
radiochemical yields, preparation of 99mTc-MIP-1404 involves
two “kits” – the first to generate the labile fac-[99mTc
(CO)3(H2O)3]+ precursor and the second to form the 99mTc
complex of the targeting chelator–peptide bioconjugate
MIP-1404. Other molecular 99mTc radiopharmaceuticals are
based on 6-hydrazinopyridine-3-carboxylic acid (HYNIC,
Chart 1), which coordinates to 99mTc and acts as an attach-
ment point for targeting peptides.8 Co-ligands such as ethyle-
nediamine or tricine occupy remaining coordination sites on
the Tc. Some of these HYNIC-based radiopharmaceuticals can
be prepared from a single kit,9,10 but their structures remain
ill-defined: it is unknown whether HYNIC coordinates to Tc
via the hydrazino group only, or as a bidentate ligand, via the
hydrazino and pyridyl groups.11,12

The radiopharmaceutical “Myoview” is used to image
cardiac perfusion. In Myoview, two bidentate diphosphines
coordinate to a trans-[TcO2]+ motif (Chart 1).13 Myoview is also
prepared using a single step: 99mTcO4

� is added to a kit con-
taining sodium gluconate, tin chloride, sodium bicarbonate
and diphosphine chelator, followed by incubation at room
temperature for 15 min to produce Myoview in >90% radio-
chemical yield and purity. It is then administered to patients
without further processing.14 Other chelators containing phos-
phines, notably a P2S2 chelator (Chart 1), have also exhibited
e�cient radiolabelling properties when reacted with [TcO2]+

derivatives.15–17

We aim to identify new diphosphine chemical platforms
that enable simple, one-step, kit-based 99mTc-radiolabelling of
receptor-targeted peptides, to provide structurally well-defined
99mTc radiotracers. Prior work has shown that primary amines
react with 2,3-bis(diphenylphosphino)maleic anhydride (BMA,
Scheme 1) to form a ring-opened amide species.18,19 We have
therefore selected BMA as a potentially versatile chemical plat-
form for preparing a diphosphine-peptide conjugate. We have
also selected the cyclic peptide, Arg-Gly-Asp-DPhe-Lys (RGD),
which targets the �v�3-integrin receptor over-expressed in neo-
vasculature, inflammation processes and cancer cells. RGD
has been used extensively in receptor-targeted imaging,9,20 and
it contains a single primary amine suitable for bioconjugation.
We have chosen the [99mTcVO2]+ motif for radiolabelling of
diphosphine-peptide conjugates because well-defined phos-
phine complexes based on [99mTcVO2]+ (e.g. Myoview) can be
prepared from aqueous solutions of 99mTcO4

� in a single step.
Additionally, in comparison to the commonly used [99mTc
(CO)3]+ motif, the [99mTcVO2]+ group is relatively hydrophilic,
and this property favours rapid radiotracer clearance from cir-
culation via a renal pathway, potentially enabling high contrast
SPECT imaging of target disease.

Results and discussion
Synthesis and radiolabelling

Reaction of RGD with BMA21,22 in a basic solution of DMF fol-
lowed by semi-preparative reverse-phase C18 HPLC provided
the diphosphine conjugate DP-RGD (Scheme 1) in �95%
purity and 86% yield. DP-RGD was characterised by 1H, 13C
and 31P NMR, analytical HPLC and HR-ESI-MS (Fig. S1–S6 and
Tables S1, S2†). Whilst DP-RGD slowly oxidised in solution to
phosphine oxide derivatives under normal atmospheric con-

Chart 1 Existing chelators and complexes used for 99mTc
radiopharmaceuticals.

Scheme 1 Preparation of [MO2(DP-RGD)2]+ (M = Re, 99mTc).
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ditions, in the solid state, DP-RGD was stable to oxidation: it
can be handled either as a dry powder, in basic organic solu-
tions, or in aqueous solutions at near-neutral pH. However, in
acidic solutions, the reverse reaction was observed, and the
DP-RGD conjugate decomposed to re-form RGD and BMA.

The chemistry of Re and Tc are closely similar. As Tc has no
stable isotopes, it was convenient to prepare [ReO2(DP-RGD)2]+

in order to obtain full characterisation. Reaction of [ReO2I
(PPh3)2] with an excess of DP-RGD furnished geometric
isomers of [ReO2(DP-RGD)2]+ (Scheme 1), which are labelled
cis and trans to denote the relative positions of the RGD moi-
eties, and which were formed in the ratio of 54% and 46%
respectively. The isomers were separated by reverse phase C18

HPLC. For both species, the most intense signals in the
ESI-MS at m/z = 785.92 and 1178.38, corresponded to the ions
[M + 2H]3+ and [M + H]2+ where M = [ReO2(DP-RGD)2]+ (see
Fig. S1†).

In the 31P{H} NMR spectrum of DP-RGD (Fig. 1A), the two
inequivalent P atoms produce an AB pattern with �(PA) =
�12.04 and �(PB) = �12.89 and 2JPP = 168.4 Hz. The 31P{H}
NMR spectra of the isomers of [ReO2(DP-RGD)2]+ might be
expected to show complex patterns associated with the AA�XX�
spin systems. However the spectra for the two isomers are
shown in Fig. 1A and the upper spectrum is tentatively
assigned to the cis isomer on the basis of the pseudo-AB
pattern with a large 2J (PAPB) (356.1 Hz) expected for trans-
inequivalent P atoms.23,24 In the 1H and 13C NMR spectra, the
PPh2 signals shift upon ReV binding and become more
complex, but RGD peptide resonances are not changed signifi-
cantly (Fig. S3–S5 and Tables S1, S2†).

To assess the feasibility of 99mTc radiolabelling of DP-RGD
with a “kit” formulation, lyophilised mixtures of DP-RGD, stan-
nous chloride, sodium bicarbonate, and sodium gluconate
were initially prepared (Table 1, Kit 1). The amounts of stan-
nous chloride, sodium bicarbonate and sodium gluconate
reagents used in Kit 1 replicate those in the Myoview kit.
Stannous chloride reduces 99mTcO4

� to 99mTc(V), sodium
bicarbonate bu�ers the solution at pH 8 and sodium gluconate
is a weak chelator that stabilises reduced 99mTc intermediates,
and also coordinates Sn2+ in solution, to prevent formation
and precipitation of stannous hydroxide species during radi-
olabelling reactions. All radiolabelling reactions were under-
taken in a mixture of saline and ethanol to dissolve DP-RGD;
lower amounts of ethanol were required for kits containing
lower amounts of DP-RGD.

Addition of generator-produced 99mTcO4
� in saline solution

(20–55 MBq) to the contents of Kit 1, followed by heating at
60 °C for 30 min, resulted in formation of
[99mTcO2(DP-RGD)2]+ in radiochemical yields of up to 34%, as
determined by radio-HPLC (vide infra) and TLC. Replacing
sodium gluconate with sodium tartrate in the “kit” mixture
whilst lowering the amount of DP-RGD conjugate from 1 mg to
0.5 mg, increased radiochemical yields to 85% (Kit 2). In Kit 3,
radiochemical yields of 93.0 ± 1.0% (n = 4) were achieved, with
45–65 MBq of 99mTcO4

� and only 125 �g of DP-RGD, providing
specific activities of 375–540 MBq �mol�1. In Kit 3, sodium tar-

trate and stannous chloride amounts were also reduced.
However, further decreasing DP-RGD, to 64 �g in Kit 4,
reduced radiochemical yields to 65%.

These kit-based reactions were analysed using reverse
phase C18 radio-HPLC. A very gradual mobile phase gradient
allowed separation and observation of two radioactive products
(Fig. 1B, see Experimental section, Method 4 for method
details). The first is attributed to trans-[99mTcO2(DP-RGD)2]+

(52%, retention time (RT) = 41.0 min) and the second is attrib-
uted to cis-[99mTcO2(DP-RGD)2]+ (46%, RT = 44.1). These
species exhibit similar chromatographic properties to trans-
[ReO2(DP-RGD)2]+ (RT = 38.3 min) and cis-[ReO2(DP-RGD)2]+

(RT = 42.6 min). The di�erence in retention times between
analogous 99mTc and Re complexes is at least in part due to
the configuration of the UV and radioactivity (scintillation)
detectors in series. The only other discernable radioactive

Fig. 1 (A) 31P{H} NMR of DP-RGD, cis-[ReO2(DP-RGD)2]+ and trans-
[ReO2(DP-RGD)2]+. The full 31P NMR spectra are included in Fig. S6.† (B)
Radio-HPLC trace of trans-/cis-[99mTcO2(DP-RGD)2]+ (red) prepared
from an aqueous solution of 99mTcO4

� and an optimised kit formulation
(Kit 3, Table 1), and HPLC traces (�220) of trans- and cis-
[ReO2(DP-RGD)2]+ (blue). The full chromatograms are included in
Fig. S7.†
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species (<1%) eluted with the solvent front, and corresponds
to either unreacted 99mTcO4

� or 99mTc intermediates bound to
other kit-based components (e.g. tartrate ligand).

Lastly, to unambiguously assign the stoichiometry of the
[99mTcO2(DP-RGD)2]+ compounds, experiments with long-lived
technetium-99g (99gTc, t1/2 = 211 000 years) were undertaken. A

Table 1 Materials used in kit-based reactions for preparation of [99mTcO2(DP-RGD)2]+ and Myoview

Kit Kit components Radiochemical yielda

1 DP-RGD: 1.0 mg (0.93 �mol) �34%
Sodium gluconate (NaC6H11O7): 1.0 mg (4.58 �mol)
SnCl2·2H2O: 50 �g (0.22 �mol)
NaHCO3: 1.8 mg (21.43 �mol)
99mTcO4

� in 150 �L saline/150 �L EtOH
2 DP-RGD: 500 �g (0.47 �mol) 85%

Sodium tartrate (Na2C4H4O6): 1.05 mg (4.58 �mol)
SnCl2·2H2O: 50 �g (0.22 �mol)
NaHCO3: 1.8 mg (21.4 �mol)
99mTcO4

� in 150 �L saline/150 �L EtOH
3 DP-RGD: 125 �g (0.12 �mol) �90%

Sodium tartrate: 0.26 mg (1.15 �mol)
SnCl2·2H2O: 25 �g (0.11 �mol)
NaHCO3: 0.9 mg (10.71 �mol)
99mTcO4

� in 250 �L saline/50 �L EtOH
4 DP-RGD: 64 �g (0.06 �mol) 65%

Sodium tartrate: 0.26 mg (1.15 �mol)
SnCl2·2H2O: 25 �g (0.11 �mol)
NaHCO3: 0.9 mg (10.71 �mol)
99mTcO4

� in 260 �L saline/40 �L EtOH
Myoview (single dose kits) Diphosphine: 250 �g (0.65 �mol) Routinely > 90%

Sodium gluconate: 1.0 mg (4.6 �mol)
SnCl2·2H2O: 50 �g (0.22 �mol)
NaHCO3: 1.8 mg (21.4 �mol)
99mTcO4

� in saline

a Reactions were undertaken in duplicate to ensure reproducibility of radiochemical yields, except for radiolabelling reactions with Kit 3, where
the reaction was replicated four times to give an average radiochemical yield of 93.0 ± 1.0%.

Fig. 2 (A) UV (�524) HPLC trace of [99gTcO2(DP-RGD)2]+. (B-i and B-ii) The ESI-LRMS corresponding to the two major HPLC signals indicates that the
stoichiometry of both of these species corresponds to [99TcO2(DP-RGD)2]+ (M = C110H122N18O22P4

99Tc+).
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