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Tumor hypoxia plays a major role in reducing the efficacy of therapeutic modalities like chemotherapy
and radiation therapy in combating cancer. In order to target hypoxic tissues, a tripeptide ligand having
a 2-nitroimidazole moiety, as a bioreductive species, was synthesized. The latter was radiolabeled with
99mTc for imaging hypoxic regions of tumors and was characterized by means of its rhenium analogue.
The biodistribution and scintigraphic image of the corresponding 99mTc-complex showed accumulation
in tumor and these results suggest that it could be a marker for imaging tumor hypoxia.

Published by Elsevier Ltd.
Hypoxia is characterized by an imbalance between the rate of
cellular oxygen consumption and oxygen supply in cells. Hypoxic
tissues are a hallmark of advanced solid tumors. The distribution
of hypoxic tissue in tumors is heterogeneous and variable over
time. It has been shown at the beginning of the twentieth century
that hypoxia plays a role in increased radio resistance.1 Indeed,
oxygen has a crucial role in the response to radiotherapy. Being a
potent radiosensitizer, it enhances the effect of ionizing radiation
leading to a lethal effect on tumor cells by breaking the double-
stranded DNA. More recently it has been shown that hypoxia
was a predictor for drug resistance.2 The decrease in the response
to radiotherapy of hypoxic cells then leads to an increased risk of
metastasis and poor prognosis for the patient.3 It is therefore of
major interest to have a precise knowledge of the level of oxygen
in the tissues in order to understand the formation mechanism of
this hypoxic state, and develop strategies to address this imbal-
ance. This requires quantifying the level of oxygenation of tissues
with good spatial and temporal resolution.
We can distinguish two classes of markers of hypoxia: the nitro-
imidazole ligands and non-nitroimidazoles ligands. Nitroimidazole
derivatives are known for their ability to be selectively retained in
hypoxic tissues. Nakamura has first demonstrated in 1955 that, the
2-nitroimidazole showed activity against particular types of infec-
tions associated with a deficiency of oxygen.4 Therefore nitroimi-
dazole analogues were synthesized and proved to be effective
against bacteria and protozoa that proliferate in hypoxic cells.5

This particular behavior of nitroimidazole derivatives in oxygen-
deficient environment led to their study in the detection of
hypoxia.6,7

Most clinically used tracers are 18F-labeled tracers in order to
perform a PET imaging but this radiochemistry needs a cyclotron
and a GMP laboratory. Thus, owing to limited availability, high cost
of production and short half-life of cyclotron isotopes, a 99mTc-
based agent could be a better alternative, especially as all nuclear
medicine centers possess gamma cameras whereas only few has
one PET-CT camera. So, many radio pharmaceuticals8–10 (Fig. 1)
having a nitroimidazole moiety and radiolabeled with techne-
tium-99m for SPECT imaging of hypoxic tissues were developed.
However, due to their high background levels in normal tissues,
quantification of hypoxia may be difficult.11 So, there is a crucial
need to develop new technetium-99m candidates.
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Figure 1. Structures of selected technetium-containing nitroimidazoles tested for
imaging.
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There are many examples in the literature12 reporting the use of
peptides acting as chelating agent of 99mTc (NxS4-x). But to date
there are only few examples of hypoxia radiotracers using such li-
gands to complex 99mTc. Indeed, only Ballinger and co-workers.13

report the use of sequences glycine–serine–cysteine and glycine–
cysteine–glycine to chelate 99mTc.

In this study, a cysteine–glycine–lysine sequence with a bio-
reducible moiety, 2-nitroimidazole, was synthesized and labeled
with 99mTc. We chose to use a 2-nitroimidazole moiety as a vector
since it has a better response to hypoxia than 4- and 5-nitroimi-
dazoles isomers.14 The latter was then evaluated as a tumor hypox-
ia marker.

The chelating agent 4b was synthesized through a multi-step
reaction using 2-nitroimidazole as a starting material. The synthe-
sis procedure is outlined in Scheme 1. On the one hand, according
to a procedure reported in the literature by Hay et al.,15 2-nitroim-
idazole was reacted with tert-butyl 2-bromoethylcarbamate to
give compound 1a. Then, the Boc protecting group was cleaved
R1HN
O

H
N

NHR1

N
H

O
SR2

O

H
N

N N

NO2

BocHN
O

H
N

NHBoc

O

ORBocHN
O

NH2.HCl

NHBoc

O
H3CO

OH
+

FmocHN OH

O

STrt
RHN

H
N

O
N N

NO2
S

NHN

NO2

N

N
NO2

R

1a : R = NHBoc
1b : R = NH2.TFA 2a : R = Fmoc

2b : R = H

Trt

.DCHA

3a : R = CH3
3b : R = OH

4a : R1 = Boc, R2 = Trt
4b : R1 = R2 = H

a

b
c d

e

f

h

i

g

Scheme 1. Reagents and conditions: (a) tert-Butyl 2-bromoethylcarbamate, K2CO3,
DMF, 110 �C, 5 h (57%); (b) TFA, 25 �C, 10 min (99%); (c) T3P�, DIEA, CH2Cl2, 25 �C,
12 h (86%); (d) piperidine (20% mol), DMF, 25 �C, 16 h (53%); (e) T3P�, DIEA, CH2Cl2,
25 �C, 12 h (86%); (f) LiOH, H2O, 25 �C, 12 h (85%); (g) LiOH, H2O, DMF, CH2Cl2 then
2b, HBTU, DIEA, DMF, 25 �C, 12 h (43%); (h) 2b, T3P�, DIEA, CH2Cl2, 25 �C, 12 h
(53%); (i) TFA, H2O, TES, phenol, 0 �C, 1 h (52%).
with trifluoroacetic acid to lead to the expected derivative 1b.
The so-obtained amine was reacted with commercially available
Fmoc-L-Cys(Trt)-OH using propylphosphonic anhydride T3P� to af-
ford the desired protected nitroimidazole derivative 2a. The subse-
quent Fmoc-deprotection was achieved by classical reaction with
piperidine, leading to amine 2b. On the other hand, a peptidic cou-
pling reaction with available glycine methyl ester hydrochloride
and Boc-L-Lys(Boc)-OH, DCHA gave the protected dipeptide 3a.
The ester group of 3a was also converted into an acid moiety to
give 3b. Then, the required protected tripeptide 4a was prepared
from ester 3a following a classical hydrolysis with LiOH and cou-
pling with 2b in the presence of the cationic coupling agent HBTU.
Moreover, it should be noted that the protected tripeptide 4a was
also synthesized starting from 3b and T3P�. Finally, the cleavage of
both NH-Boc and S-Trityl protecting groups was conducted by
means of TFA in the presence of triethylsilane and phenol as scav-
engers to give the desired tripeptide 4b. Optimization of the radio-
labeling procedure of 4b was then conducted (Scheme 2, Table 1).
So, peptide 4b (10 lg) was radiolabeled with sodium tartrate
(20 mg in 0.5 mL, pH 7), 99mTcO�4 (740 MBq) and tin(II) chloride
(40 lg in 0.1 mL). The resulting solution was analyzed by radio-
HPLC. The reaction was first studied at 25 �C and a 95% radiochem-
ical yield was obtained when the reaction time was changed from
10 to 60 min (Table 1, entries 2 and 3). We then decided to perform
the reaction at 100 �C (Table 1, entry 4). These conditions have
enabled us to considerably reduce the reaction time to 10 min
(Table 1, entry 4). Using this labeling procedure, the complex
was obtained with a radiochemical purity of 95% as a syn and
anti-diastereoisomers mixture 5a,b (Fig. 2). It has been demon-
strated that the presence of two radiometric peaks is due to the
resolution of diasteroisomers resulting from the chiral centers on
the peptide backbone and the chiral technetium.12b,16 It is difficult
to determine directly the formation of the 99mTc-complex because
of the extremely small amount of the compound present. However,
the formation of 99mTc-complex 5a,b could be indirectly deter-
mined by comparison with 6a,b which can be easily prepared. Re
and Tc belongs to the same group of the periodic table and are sim-
ilar in size. In our case, the analogue rhenium complex 6a,b was
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Scheme 2. Reagents and conditions. (a) SnCl2, 99mTcO�4 , sodium tartrate pH 7.0,
100 �C, 10 min (radiochemical yield 95%); (b) ReOCl3(PPh3)2, NaOAc, MeOH, 70 �C,
4 h.

Table 1
Labeling conditions of 99mTc-complex 5a,b with sodium pertechnetate and tin(II)
chloride

Entry 4b
(lg)

Sodium tartrate
(mg)

Final
pH

Temperature
(�C)

Time
(min)

RCY
(%)

1 100 — 5 25 10 76
2 10 20 5 25 10 89
3 10 20 5 25 60 95
4 10 20 5 100 10 95
5 10 20 9a 100 10 38
6 10 20 4b 100 10 38

a Phosphate buffer 0.2 M pH 9, 0.5 mL.
b Citric acid buffer, 20 mM pH 4, 0.5 mL.



Figure 2. Representative radio-HPLC pattern of syn and anti-diasteroisomers 5a,b. Peaks A and B are thought to be syn and anti-forms of the Tc@O group.
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prepared by substitution of ligand 4b on the rhenium precursor
ReOCl3(PPh3)2 (Scheme 2).

The HPLC analysis, UV detection, of the reaction mixture
showed two main peaks with similar retention times of the corre-
sponding technetium-99m complex 5a,b.

Besides, the LC-MS analysis of the reaction mixture exhibited two
identical molecular ions at m/z 645.1 ([M+H]+), which confirm the
presence of syn and anti-diastereoisomers. In addition, the molecu-
lar ion value gives a further indication concerning the nature of the
bond with the metal and the amine function of the lysine. Indeed, in
this case, the metal undergoes a dative bond with amine function in-
stead of a bond with the corresponding amide ion12a

Complex 5a,b was in vitro evaluated. The human glioblastoma
cell line was cultured,17 and used as a model of brain cancer.
Glioblastoma multiforme is the most common and most aggressive
malignant primary brain tumor in humans. Treatments are
surgery, chemotherapy with temozolomide or bevacizumab and
radiation therapy.18 Glioblastoma is well-known to form tumors
with hypoxic zones, which are resistant to standard radiation ther-
apy.19 The use of hypoxic tracers could help to customize treat-
ments20 with a real-time adjustment of the therapeutic beams
(Image-guided radiation therapy).21

In hypoxic conditions, after 24 h, an increased expression of
hypoxia-inducible factor (HIF1) was observed (Fig. 3) as a sign of
Figure 3. Effect of hypoxia on HIF1 production and luciferase activity. T98 glioblastoma
luciferase reporter vector (HIF1-Luc, B) were cultured in normoxic (20% O2) or hypoxic (1%
as arbitrary bioluminescence units (au). In T98 not transfected with the HIF1-Luc cDNA ve
T98-expressing luciferase under the HIF1-responsive element, 24 h and 48 h of hypoxic co
HIF1.23 Bars represent means ± SEM. of a representative experiment with 10 replicates in
way Anova followed by a Bonferroni post-test).
cellular stress in T98 cells. However, at this time, no significant
uptake of tracer 5a,b occurred. (Fig. 4) After 48 h in the same
hypoxic conditions, expression of HIF1 increased by a factor of
2.5 (Fig. 3) and subsequently the tracer retention became highly
significant (Fig. 4). Nitroimidazole moiety is only reduced in cells
with long-lasting hypoxia, and reduction of this compound leads
in covalent bonding to macromolecules and subsequently in tracer
retention. Reduction of nitroimidazole only occurs in cells deprived
of oxygen with an acidic and reductive cytoplasm. After 24 h in
hypoxic conditions, T98 cells were stressed but their cytoplasms
were not sufficiently reductive to retain compound 5a,b. After
48 h, cell cytoplasm has reached optimal conditions to reduce the
nitroimidazole moiety. Compound 5a,b is thus a potential tracer
of severe hypoxia.

Four nude mice25 were xenografted with T98 cells in their left
hind legs. 3 weeks after xenografting, the tumors have reached
an average diameter of 10 mm. Compound 5a,b was injected in tail
vein (10 MBq). Two hours later, animals were sacrificed and the
percent of injected dose per gram of tissue was calculated (Table 2).
The tumor-to-muscle ratio was 2.70 ± 0.23 in these conditions.

This result is better than the reported uptake of [18F]-FMISO in
CaNT tumor, but lower than [99mTc]-HL91 and [64Cu]-ATSM
(Table 3).26 This comparison should be interpreted carefully since
this is not the same cell line used. To the best of our knowledge,
cell line transfected22 with no cDNA (Mock, A) and with cDNA encoding the HIF1
O2) conditions, 24 h or 48 h post-transfection. The luciferase activity was expressed

ctor, both normoxic and hypoxic conditions failed to evoke luciferase production. In
nditions drastically stimulate luciferase activity, suggesting enhanced production of
each group. Statistical significance ⁄⁄⁄P <0.001; hypoxia versus normoxia in B (one-



Figure 4. Effect of chronic hypoxia on tracer 5a,b uptake.T98 glioblastoma cell lines
were cultured in normoxic (20% O2) or hypoxic (1% O2) conditions during 24 or 48 h.
After 24 h, no significant difference in uptake of tracer 5a,b was observed in cells
regardless of culture conditions. After 48 h, an uptake and retention of tracer 5a,b
was only observed in cells cultured in hypoxic conditions, suggesting that the
nitroimidazole could be reduced in the cytoplasm of cells deprived of oxygen.24

Bars represent means ± SEM of a representative experiment with 8 replicates in
each group. Statistical significance ⁄⁄⁄P <0.001; hypoxia versus normoxia after 48 h
(one-way Anova followed by a Bonferroni post-test).

Table 2
Biodistribution (%ID/g, mean ± SD) in mice (n = 4) bearing a T98 tumor (glioblastoma
cell line) 2 h following the injection of 99mTc labeled 5a,b

Organ 5a,b uptake (%ID/g)

Kidney 3.73 ± 0.59
Liver 2.50 ± 0.50
Large intestine 0.20 ± 0.03
Muscle 0.11 ± 0.02
T98 tumor 0.29 ± 0.06
T/M ratio 2.70 ± 0.23
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comparison between [99mTc]-HL91, [18F]-FMISO and [64Cu]-ATSM
uptakes in T98 tumor is not described in the literature.

To evaluate the interest of compound 5a,b as a potential agent
for imaging tumor hypoxia, T98 glioblastoma cell line was
Figure 5. Scintigraphic image obtained with 10 MBq of complex 5a,b 60 min after
injection into the tail vein.

Table 3
Reported T/M ratio for hypoxia imaging agents in nude mice (isoflurane + room air;
adenocarcinoma NT; 2 h post-injection)26

Imaging agent T/M ratio

[99mTc]-HL91 4.6 ± 0.7
[18F]-FMISO 2.2 ± 0.4
[64Cu]-ATSM 4.0 ± 0.3
xenografted in the right hind limb of nude mouse and after four
weeks the tumor diameter was 10 mm. Scintigraphic image was
obtained with 10 MBq of compound 5a,b 60 min after injection
into the tail vein. An important uptake was observed in kidneys
and intestinal tract as a sign of tracer excretion. A heterogeneous
tracer uptake was observed in the tumor (an interesting tumor-
to-muscle ratio of 10 was determined) as a potential uptake in
hypoxic areas (Fig. 5). Besides, scintigraphic images were also ob-
tained after 2 and 3 h and we observed a constant tumor-to-mus-
cle ratio.

In conclusion, the tripeptide 4b can be labeled with techne-
tium-99m to give the complex 5a,b with a radiochemical purity
of 95%. A specific uptake of the latter compound 5a,b in hypoxic tu-
mor cells was observed in vitro. A first biodistribution assay
showed a tumor-to-muscle ratio of 2.70 ± 0.23 in vivo. To complete
this study, a scintigraphic image showed a specific tracer uptake in
hypoxic areas. These results suggest that the complex 5a,b might
be an useful tracer for hypoxic tumor imaging.
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