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Re-engineered theranostic gold nanoparticles for
targeting tumor hypoxia†

Sweety Mittal, a Chandan Kumar,a Madhava B. Mallia *ab and
Haladhar Dev Sarmac

Developing nanovehicles for selective delivery of a radiation dose/

drug to hypoxic tumors is a present-day clinical requirement for

effective treatment of cancer. Herein, we describe our attempt to

re-engineer the earlier reported lipoic acid-capped 177Lu-labeled

nitroimidazole-decorated gold nanoparticles to favorably modulate

their pharmacokinetics to reduce uptake in the reticuloendothelial

system while retaining the uptake in tumors. Towards this, gold

nanoparticles with PEG-chains terminated with 2-nitroimidazole

and Bz-DOTA were synthesized [(DOTA)AuNP-PEG-2K-(2-NIM)].

Surface modification of the gold nanoparticles with PEG-2K and

2-nitroimidazole was confirmed through infrared spectroscopy.

The conjugation of Bz-DOTA on the nanoparticle surface was

confirmed by UV-Vis spectroscopy, which showed a peak at

260–280 nm corresponding to Bz-DOTA. The DLS analysis of gold

nanoparticles showed an effective hydrodynamic diameter of

28.9 � 1.50 nm with a zeta potential value of �20.62 � 0.05 mV

at pH 7.4. The nanoparticles were radiolabeled with lutetium-177

with 498% radiochemical purity. In vitro studies using radiolabeled

nanoparticles ([177Lu]Lu-(DOTA)AuNP-PEG-2K-(2-NIM)) in CHO

cells showed their 2-fold uptake under hypoxic conditions (at

4 h post incubation) compared to the radiolabeled nanoparticles

without nitroimidazole units. The hypoxia selective uptake of the

nanoparticles was further confirmed by flow cytometry using a

fluorescent analogue (DOTA)AuNP-PEG-2K-(2-NIM)(FITC). It was,

however, observed that hypoxic cell uptake of the PEG-2K capped

nanoparticles was lower than that of their lipoic acid capped

counterpart. In vivo biodistribution studies in tumor bearing Swiss

mice demonstrated that PEGylation of nanoparticles could signifi-

cantly reduce the uptake in the RES while retaining uptake in

tumors albeit to a lesser extent.

Hypoxia is a hallmark of locally advanced solid tumors wherein
the localized region with low oxygen concentration develops
within the tumor mass due to poor vasculature. To adapt to this
hostile microenvironment, cellular response to hypoxia gets
activated through the transcriptional activity of hypoxia-
inducible factors (HIFs), which leads to expression of multiple
genes involved in glucose metabolism, angiogenesis, cell inva-
sion and metastasis.1 Hypoxia in tumors is associated with failure
of therapy (both chemotherapy and radiotherapy), recurrence of
the disease, and therefore, has been identified as a negative
prognostic factor in clinical management of cancer.2,3 Develop-
ment of clinical strategies for efficient mapping of hypoxia in
tumors along with hypoxia targeted therapies to improve overall
therapeutic outcome is an active area of research.4–8

Various approaches, invasive as well as non-invasive, are
available for mapping hypoxia in tumors.9–11 Non-invasive meth-
ods of mapping hypoxia mainly involve the use of gamma or
positron emitting radiopharmaceuticals. Mapping of hypoxic
regions in tumors is followed by hypoxia directed therapy for
clinical management of the disease.12,13 Various hypoxia-directed
therapeutic modalities, including hypoxia directed external beam
radiation therapy, are reviewed elsewhere.14,15 However, studies
involving the use of therapeutic radiopharmaceuticals for
hypoxia directed radiotherapy are limited.16,17 Development of
non-invasive methods, such as the use of targeted therapeutic
radiopharmaceuticals, may have advantages over hypoxia direc-
ted external beam radiation therapy. While targeted therapeutic
radiopharmaceuticals can accumulate in all hypoxic tumor tis-
sues upon intravenous administration, external beam radiation
therapy may require focusing a beam on hypoxic sites in indivi-
dual tumor lesions, if multiple tumors are present. The primary
requirement for developing such targeted therapeutic radiophar-
maceuticals is the availability of a molecular vehicle that could
selectively target hypoxic tumor cells.
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Nanomaterials, given their high surface to volume ratio, are
ideal platforms to achieve multiple objectives such as targeting
hypoxic cells, carrying suitable radioisotopes for diagnosis or
therapy or carrying chemotherapeutic drugs. Furthermore,
nanoparticles have an inherent tendency to accumulate in solid
tumors via the enhanced permeability and retention effect
(EPR), which originates from a leaky vasculature and poor
lymphatic drainage in tumor tissues.18 Among various metallic
nanoparticles, gold nanoparticles, considering their biocom-
patibility, easy synthesis and facile surface functionalization,
are a preferred candidate for targeted applications and have
been extensively investigated in the recent past.19–23

Nitroimidazole derivatives with their unique response to a
hypoxic environment have been extensively exploited as non-
invasive probes to target hypoxic tumor cells. They undergo
irreversible, oxygen dependent, enzymatic reduction and accu-
mulation in hypoxic cells. With the first step being reversible
under normoxic conditions, accumulation in normal cells is
insignificant. A nitroimidazole derivative tagged with a gamma/
positron emitting radioisotope can thus be used as a sensitive
marker for detecting hypoxic cells in vivo. We had evaluated
lutetium-177-labeled, 2-nitroimidazole-decorated gold nano-
particles for targeting hypoxia in tumors.23 The in vitro studies
in CHO cells showed more than 9-fold accumulation of the
radiotracer under hypoxic conditions compared to normoxic
conditions. In vivo studies in solid tumor bearing mice also
showed uptake and retention of the radiotracer in tumors.
However, significant uptake in the reticuloendothelial system
(RES) presented a drawback. Concluding that study, we had
opined that PEGylation (PEG – polyethylene glycol) of the
nanoparticles could be a way forward to minimize the uptake
of the radiotracer in the RES.23 Surface modification with PEG
has been a widely used strategy to inhibit aggregation, increase
in vivo stability of nanoparticles, prevent non-specific protein
adsorption on nanoparticle surfaces and to reduce uptake by the
RES. Utilizing this prior knowledge, in the present work, we re-
engineered the nanoparticle surface with PEG units instead of
lipoic acid units, in an attempt to reduce uptake by the RES while
retaining the favorable hypoxia targeting properties of the earlier
reported nitroimidazole decorated nanoplatform. The free-end
of the PEG-chains was used to tether nitroimidazole units to
impart hypoxia selectivity and DOTA units are conjugated to
enable radiolabeling with a suitable radioisotope. As reported in
a previous study, [177Lu]Lu (t1/2 = 6.7 days) was chosen, which is
an ideal radioisotope for theranostic applications.24 It has
simultaneous emission of gamma photons [208 keV (11%) and
112 keV (6.4%)] for imaging and beta emissions [Ebmax

=
0.49 MeV] to impart therapy. Optically traceable nanoparticles
were synthesized by conjugating fluorescein isothiocyanate
(FITC) to the 2-NIM decorated nanoparticles to study their
cellular localization by flow cytometry and fluorescence cell
imaging under both hypoxic and normoxic conditions.

While PEGylation of nanoparticles is an established strategy
to develop drug delivery systems,25–27 the impact of PEGylation
on cellular uptake of the nanoparticles is less known. Bo He
et al. observed insignificant uptake of gold nanoparticles

modified with PEG2000 in A549 cells.28 However, upon modifica-
tion with certain peptides at the free end of PEG2000, cellular
uptake increased significantly. Lok Wai Cola Ho et al. studied the
effect of alkylation at the distal end of the PEG5000 modified gold
nanoparticles and found that alkylation helps internalization of
the gold nanoparticles in Kera-308 keratinocytes.29 The authors
observed that the degree of internalization was dependent on the
length of the alkyl chain as well as the number of alkyl chains per
PEGylated gold nanoparticle. This possibly indicates that leaving
the distal end of the PEG-chain free is not favorable as far as
cellular uptake is concerned. The gold nanoparticles reported
herein had the distal end of the PEG2000 modified either with
2-nitroimidazole or DOTA, and therefore, we expect no hindrance
to the cellular uptake. The present study reports the preparation,
evaluation and the results obtained with 177Lu-labeled nitroimida-
zole decorated PEGylated nanoparticles designed for targeting
hypoxic tumor cells.

Earlier reported [177Lu]-labeled gold nanoparticles surface
modified with lipoic acid showed excellent hypoxia selectivity
(more than 9-fold) in CHO cells in vitro.23 However, significant
uptake in the RES prompted us to look for modifications to
reduce or eliminate this unfavorable in vivo behavior of the
radiotracer. In the literature, PEGylation of nanoparticles was
found to be helpful in minimizing the uptake by the RES.30,31

Therefore, a PEGylated, nitroimidazole-decorated, lutetium-
177-labeled gold nanoplatform was envisaged.

The scheme followed for the synthesis of [177Lu]Lu-DOTA-
AuNP-PEG-2K-(2-NIM) is shown in Fig. 1(a). The 2-(2-nitro-1H-
imidazol-1-yl)acetic acid (2) was synthesized by a two-step reac-
tion sequence. Deprotection of the tert-butyl ester derivative of 2-
nitroimidazole prepared in step 1 (1) was carried out using TFA
to obtain the corresponding carboxylic acid derivative (2) in
quantitative yield. Both compounds (1) and (2) were character-
ized by appropriate spectroscopic techniques [Fig. S1–S4 in the
ESI†]. The change in the carbonyl peak position from 1741 cm�1

(s) in 2-nitroimidazole tert-butyl ester to 1729 cm�1 along with
the appearance of a broad weak peak at 3500 cm�1 indicate the
formation of compound 2 [Fig. S5 in the ESI†]. The disappear-
ance of a singlet at 1.47 d ppm, corresponding to the nine methyl
protons of the tert-butyl acetate group, in the 1H-NMR/13C-NMR
spectrum of the compound 2 and a molecular ion peak at m/z
172.03 (M + H)+ in the mass spectrum of 2-(2-nitro-1H-imidazol-
1-yl)acetic acid (2) provides additional evidence for its formation
[Fig. S6–S8 in the ESI†]. PEG-2K tagged gold nanoparticles
(AuNP-PEG-2K-NH2) were synthesized by the reduction of gold
salt (HAuCl4�3H2O) with sodium borohydride (NaBH4) [Fig. 1(b)]
in the presence of three times excess of SH-PEG-2K-NH2 with
respect to gold salt. The gold nanoparticles were purified by
centrifugal filtration using an Amicon Ultra centrifugal filter
(MWCO 3 KDa) followed by characterization using DLS, UV-
Vis, FT-IR and TEM. The presence of a typical SPR band at
B520 nm in the UV-Vis spectrum indicates the formation of gold
nanoparticles [Fig. 2(a)]. The presence of a strong C–O stretching
peak at 1090 cm�1 in the IR spectrum of AuNP-PEG-2K-NH2

along with the aliphatic C–H stretching frequency peak at
2870 cm�1 confirm the immobilization of PEG units on the gold
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nanoparticle surface [Fig. S9 in the ESI†]. The conjugation of
2-(2-nitro-1H-imidazol-1-yl)acetic acid (2) with the amine group
of PEG tagged gold nanoparticles was carried out using HOBt,
EDC and DMAP. After purification by centrifugal filtration, the
IR spectrum of the nanoparticles showed emergence of a carbo-
nyl stretching frequency peak at 1640 cm�1 confirming the
attachment of the 2-nitroimidazole moiety to the nanoparticles
[Fig. S9 in the ESI†]. The conjugation of Bz-DOTA on the
nanoparticle [AuNP-PEG-2K-(2-NIM)] surface was accomplished
through thiourea bond formation under basic conditions
(0.01 M carbonate buffer, pH 9.5). The overlaid UV-Vis spectrum
of gold nanoparticles after conjugation with 2-nitroimidazole
and DOTA is shown in [Fig. 2(b)].

The signature peaks of 2-NIM and Bz-DOTA in the UV-Vis
spectrum of (DOTA)AuNP-PEG-2K-(2-NIM) confirm their
presence in the nanoparticle surface.

The TEM images showed nanoparticles were nearly of uni-
form size with average particle sizes of 5� 1.2 nm (3), 10� 1.8 nm
(4) and 20 � 1.5 nm (5) [Fig. 3(a)] for AuNP-PEG-2K-NH2, AuNP-
PEG-2K-(2-NIM) and (DOTA)AuNP-PEG-2K-(2-NIM), respectively.

Similarly, the DLS analysis of particles showed an effective hydro-
dynamic diameter of nm, 8.5 � 1.14 nm, 14.9 � 1.23 and
28.9 � 1.50 nm for AuNP-PEG-2K-NH2, AuNP-PEG-2K-(2-NIM) and
(DOTA)AuNP-PEG-2K-(2-NIM), respectively, with a low polydispersity
index [Fig. 3(b)]. The zeta potential value of the nanoparticles was
found to be 28.5� 0.99 mV, 22.92� 0.45 mV and�20.62� 0.05 mV
for the preparations 3, 4 and 5, respectively, at pH 7.4. The gradual
increase in the size of gold nanoparticles could be attributed to the
increase in the shell-volume resulting from the sequential modifica-
tion of the nanoparticle surface with PEG units with 2-nitroimidazole
and DOTA. Similar observations were reported by Gu et al. when
citrate stabilized gold nanoparticles (AuNPs; 8.2 � 0.6 nm) were
sequentially modified to PEGylated gold nanoparticles (Au-PEG;
16.2 � 0.4 nm) and further to Doxorubicin-loaded PEGylated gold
nanoparticles (Au-PEG-SS-DOX; 28.2 � 0.2 nm).32 Similarly, Maha-
lunkar et al. reported a significant increase in the size of curcumin
loaded gold nanoparticles (CurAu-PVP NP; B15 nm) upon conjuga-
tion of folic acid to PVP (FA-CurAu-PVP NPs; B250 nm).33

In-house produced [177Lu]LuCl3 was used for radiolabeling
the DOTA conjugated nanoparticles. The radiochemical purity

Fig. 2 (a) UV-Vis spectrum of AuNP-PEG-2K-NH2. (b) Overlayed UV-Vis spectrum of AuNP-PEG-2K-NH2(2-NIM)(DOTA), AuNP-PEG-2K-(2-NIM), Bz-
DOTA and 2-NIM-COOH.

Fig. 1 (a) Synthesis of 2-(2-nitro-1H-imidazol-1-yl)acetic acid (2). (b) Synthesis of (DOTA)AuNP-PEG-2K-(2-NIM).
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(RCP) of the radiolabeled nanoparticles was determined by radio-
TLC [Fig. S10 in the ESI†] in which the radiolabeled nanoparticles
remained at the point of application (Rf = 0.0–0.1), while free
[177Lu]LuCl3 migrated to the solvent front (0.7–1.0). The peak area
measurements showed RCP of [177Lu]Lu-(DOTA)AuNP-PEG-2K-(2-
NIM) to be B92% before purification and 498% after purification
using a PD-10 column. The RCP of the radiolabeled nanoparticles
was further confirmed by size-exclusion chromatography using the
PD-10 column. The radiolabeled nanoparticles were eluted in the
3rd and 4th fraction. The RCP determined by this method was in
excellent agreement with that determined by the radio-TLC
method. The specific activity of the radiolabeled preparation was
B18.0 � 1.85 mCi per mg.

In vitro stability of the radiolabeled nanoparticles was inves-
tigated both in human serum as well as in PBS over a period of one
week by radio-TLC [Fig. S11 in the ESI†]. Over this period, the RCP
of [177Lu]Lu-(DOTA)AuNP-PEG-2K-(2-NIM) nanoparticles in PBS
decreased marginally from 98 � 2.5 to 96.41 � 1.89%, while in
human serum it decreased from 98.01 � 2.68 to 94.12 � 1.95%.
These results indicate the high stability of radiolabeled nano-
particles in human serum as well as PBS.

Hypoxia selectivity of radiolabeled nanoparticles, [177Lu]Lu-
(DOTA)AuNP-PEG-2K-(2-NIM), was evaluated in vitro in CHO
cells. The radiolabeled nanoparticles were incubated with CHO
cells both under hypoxic conditions as well as normoxic
conditions.23,34 The results are presented in Fig. 4. It could be

Fig. 3 (a) TEM images of AuNP-PEG-2K-NH2, AuNP-PEG-2K-(2-NIM) and AuNP-PEG-2K-(2-NIM)(DOTA) [left to right]. (b) Size distribution data of
AuNP-PEG-2K-NH2, AuNP-PEG-2K-(2-NIM) and AuNP-PEG-2K-(2-NIM)(DOTA) [left to right].

Fig. 4 In vitro cellular uptake of (a) control nanoparticles and (b) preparation under hypoxic and normoxic conditions.
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observed that there is significant uptake of the radiotracer in
CHO cells upon hypoxic exposure compared to normoxic exposure
(P o 0.02, t-test) [Fig. 4(b)]. The hypoxic/normoxic ratio was
1.15� 0.10 at 2 h post-incubation with CHO cells, which increased
to 2.02 � 0.6 at 4 h post-incubation. For comparison, a similar
experiment was performed with 177Lu-labeled nanoparticle con-
trol, [177Lu]Lu-(DOTA)-AuNP-PEG-2K, without the 2-nitroimidazole
moiety [Fig. 4(a)]. The results clearly showed insignificant uptake
of control nanoparticles either under hypoxic or normoxic condi-
tions confirming the role of 2-nitroimidazole in hypoxia specific
uptake. The hypoxic/normoxic ratio remained close to 1 over the
period of study (0.94� 0.07, 1.06 � 0.05 and 0.90� 0.12 at 2 h, 3 h
and 4 h post incubation, respectively). The careful examination of
the results indicated significant accumulation (P o 0.01, t-test) of
nitroimidazole decorated gold nanoparticles under hypoxic condi-
tions compared to control nanoparticles ([177Lu]Lu-(DOTA)-AuNP-
PEG-2K) where nitroimidazole units are absent. The studies,
however, revealed that PEGylation of gold nanoparticles resulted
in a hypoxic/normoxic ratio (two-fold) not as high as that of
radiolabeled lipoic acid coated gold nanoparticles (9 fold) reported
by us earlier23 under similar experimental conditions. Torrissi

et al. had reported a similar observation with PEGylated iron oxide
nanoparticles.35 However, they observed this behavior with an iron
oxide nanoparticle surface modified with polyphosphonic acid-
PEG copolymers where the distal end of the PEG chains are free. As
mentioned earlier, this is similar to the insignificant uptake of
gold nanoparticles modified with PEG2000 observed by Bo
He et al.28 Christina Brandenberger et al. reported a similar
observation wherein lower intracellular uptake of citrate capped
and PEG capped gold nanoparticles was observed in A549 cells.
Interestingly, the presence of the latter was found to be more than
the former in the cytosol of the cell.36 It is pertinent to note that
PEGylated gold nanoparticles with the distal end of PEG-units
tagged with 2-nitroimidazole or DOTA showed significant uptake
in cells under hypoxic conditions albeit lower than lipoic acid
coated gold nanoparticles.

To further establish the hypoxia selectivity of (DOTA)AuNP-
PEG-2K-(2-NIM) nanoparticles, fluorescent gold nanoparticles
(DOTA)AuNP-PEG-2K-(2-NIM)(FITC) were synthesized. The FITC
tagged nanoparticles were incubated with CHO cells under both
hypoxic and normoxic conditions. Flow cytometry analysis of
the cells incubated for 4 h under hypoxic conditions showed

Fig. 5 (a) Flow cytometry histogram profile of CHO cells treated with FITC tagged gold nanoparticles (DOTA)AuNP-PEG-2K-(2-NIM) (FITC) under
hypoxic (orange) and normoxic (red) conditions. (b) Bright field and fluorescence images of CHO cells incubated with (DOTA)AuNP-PEG-2K-(2-NIM)
(FITC) under hypoxic and normoxic conditions.
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[Fig. 5(a)] a fluorescence signal shift with a MFI of 21.7 � 0.97 (a
peak marked in orange) indicating enhanced retention of
(DOTA)AuNP-PEG-2K-(2-NIM)(FITC) compared to the cells incu-
bated under normoxic conditions [MFI 17.8 � 1.18 (a peak
marked in red)]. The flow histogram [Fig. S12 in the ESI†] shows
a significant increase in the population of CHO cells with green
fluorescence under hypoxic conditions compared to normoxic
conditions at 4 h post incubation. These observations are in
concordance with the results obtained with 177Lu-labeled nano-
particles. The fluorescence images of the CHO cells treated with
(DOTA)AuNP-PEG-2K-(2-NIM)(FITC) under hypoxic and nor-
moxic conditions for 4 h convincingly revealed the preferential
uptake of nanoparticles under hypoxic conditions compared to
normoxic conditions, corroborating the results obtained with
177Lu-labeled nanoparticles and flow cytometry [Fig. 5(b)].

Biodistribution studies were carried out in Swiss mice bear-
ing fibrosarcoma tumors. Distribution of the radiotracer in
different organs/tissues is shown in Table 1. The radiotracer
cleared quickly from the body, which had a significant impact
on the uptake of the radiotracer in tumors. Approximately 75%
of the activity initially administered in the animal was excreted
within 2 h after injection. We had a similar observation with
other radiotracers evaluated for targeting tumor hypoxia.34,37,38

Fast clearance of activity from blood (0.41% ID per g at 2 h p.i.
and 0.09% ID per g at 4 h p.i.) resulted in limited uptake and
retention in tumors (0.13% ID per g at 2 h p.i. and 0.04% ID per g
at 4 h p.i.). Consequently there was a significant decrease in
activity in tumors between 2 h and 4 h p.i. (P o 0.01, t-test) and
between 4 h and 24 h (P o 0.05, t-test). The radiotracer requires
some time to distribute across tumor mass and undergo
hypoxia selective reduction, which is denied due to fast clear-
ance of the radiotracer from blood.39 Though quick clearance
of the radiotracer from the body is considered to be a virtue for
radiopharmaceuticals, in this case it has resulted in reduced
uptake in tumors. Reduction in non-specific binding to serum
proteins due to PEGylation must have assisted the faster clearance

of the radiotracer from blood. There was no significant uptake of
the radiotracer in liver (0.24% ID per g at 2 h p.i.) and spleen
(0.05% ID per g at 2 h p.i.) contrary to the lipoic acid coated gold
nanoparticles reported earlier (13.57% ID per g in liver and 1.97%
ID per g in spleen at 3 h p.i.) (P o 0.02, t-test).23 The increase in the
tumor/blood ratio between 2 h and 4 h is not significant (P 4 0.05,
t-test). However, very high tumor to blood and tumor to muscle
ratios were observed at 24 h p.i. PEGylation of nanoparticles has
been an extensively used strategy to increase the blood circulation
time and to decrease the uptake in the RES by the stealth
effect.40,41 Similar to the previous reports a significant decrease
in the uptake of radiolabeled nanoparticles in the RES was
observed in the present study as well, however, an improvement
in the blood circulation time was not observed.

Several factors like size, charge and surface chemistry of nano-
particles (such as the chain length and conformation of PEG
molecules on the nanoparticle surface), intricately play an important
role in determining the cellular uptake, immune system activation
and overall pharmacokinetics.42 It is generally accepted that nano-
particles with less than 5 nm diameter can only be cleared via
kidneys (glomerular filtration cut off) while larger nanoparticles
(size more than 100 nm) do not accumulate in kidneys.43,44 How-
ever, there are some reports indicating larger nanoparticles with size
100–200 nm undergoing renal clearance through an alternative
mechanism, although the mechanism is not clear yet.45 The
effective size of (DOTA)AuNP-PEG-2K-(2-NIM) reported herein was
28.9� 1.50 nm and major clearance was observed through kidneys.
It seems the PEG capping on the nanoparticles further enhances the
renal clearance compared to non-PEGylated nanoparticles which are
mainly taken up by the RES.46

Conclusion

The present work describes the preparation and biological evalua-
tion of hypoxic cell-targeting radiolabeled, 2-nitroimidazole-
decorated gold nanoparticles capped with PEG-2k units. In vitro,
the nanoparticles showed hypoxia selectivity in CHO cells albeit to
a lesser extent than the lipoic acid modified analogue reported
earlier. In vivo, our attempt to reduce the uptake in the RES was
successful, but the modification was found to be not favorable for
retaining the tumor uptake. Careful analysis of the results points
to very fast clearance of the radiotracer as a possible reason for the
low uptake and retention in tumors in vivo despite showing
hypoxia selectivity in vitro. The nanoplatform reported requires
further tuning to combine the favorable pharmacokinetics while
retaining high hypoxia selectivity.
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Table 1 Distribution of [177Lu]Lu-DOTAGA-AuNP-2-NIM in different
organs/tissues

Organs

% Injected dose per gram Avg. (s.d.)b

2 h 4 h 24 h

Liver 0.24 (0.04) 0.05 (0.15) 0.04 (0.02)
Intestine 0.06 (0.01) 0.06 (0.03) 0.00 (0.00)
Stomach 0.15 (0.08) 0.02 (0.01) 0.00 (0.01)
Kidney 0.81 (0.15) 0.35 (0.25) 0.10 (0.01)
Heart 0.29 (0.08) 0.02 (0.05) 0.00
Lungs 0.39 (0.09) 0.04 (0.01) 0.01 (0.02)
Spleen 0.05 (0.08) 0.00 (0.03) 0.00 (0.02)
Blood 0.41 (0.04) 0.09 (0.00) 0.00
Muscle 0.11 (0.02) 0.00 (0) 0.00
Tumor 0.13 (0.01) 0.04 (0.01) 0.02 (0.00)

Excretiona 75.91 (3.46) 87.10 (1.27) 90.31 (8.09)

Tumor/blood ratio 0.31 (0.02) 0.44 (0.08) Very high
Tumor/muscle ratio 1.18 (0.51) Very high Very high

a Excretion is calculated by adding percentage of the injected dose in all
organs and then subtracting from 100. b s.d. – standard deviation.
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10 M. Hodolič, J. Fettich and K. Kairemo, Hypoxia PET Tracers
in EBRT Dose Planning in Head and Neck Cancer, Curr.
Radiopharm., 2015, 8(1), 32–37, DOI: 10.2174/1874471008
666150316222400.

11 J. A. Raleigh, A. J. Franko, C. J. Koch and J. L. Born, Binding
of Misonidazole to Hypoxic Cells in Monolayer and Spher-
oid Culture: Evidence That a Side-Chain Label Is Bound as
Efficiently as a Ring Label, Br. J. Cancer, 1985, 51(2),
229–235, DOI: 10.1038/bjc.1985.33.

12 E. Kjellsson Lindblom, A. Ureba, A. Dasu, P. Wersäll, A. J. G.
Even, W. Elmpt, P. Lambin and I. Toma-Dasu, Impact of
SBRT Fractionation in Hypoxia Dose Painting—Accounting
for Heterogeneous and Dynamic Tumor Oxygenation, Med.
Phys., 2019, 46(5), 2512–2521, DOI: 10.1002/mp.13514.

13 V. Askoxylakis, J. Dinkel, M. Eichinger, B. Stieltjes, G. Sommer,
L. G. Strauss, A. Dimitrakopoulou-Strauss, A. Kopp-Schneider,
U. Haberkorn, P. E. Huber, M. Bischof, J. Debus and C. Thieke,
Multimodal Hypoxia Imaging and Intensity Modulated Radia-
tion Therapy for Unresectable Non-Small-Cell Lung Cancer:
The HIL Trial, Radiat. Oncol., 2012, 7(1), 157, DOI: 10.1186/
1748-717X-7-157.

14 A. Salem, M.-C. Asselin, B. Reymen, A. Jackson, P. Lambin,
C. M. L. West, J. P. B. O’Connor and C. Faivre-Finn, Target-
ing Hypoxia to Improve Non–Small Cell Lung Cancer Out-
come, JNCI, J. Natl. Cancer Inst., 2018, 110(1), 14–30, DOI:
10.1093/jnci/djx160.

15 J. G. Rajendran, K. R. G. Hendrickson, A. M. Spence, M. Muzi,
K. A. Krohn and D. A. Mankoff, Hypoxia Imaging-Directed
Radiation Treatment Planning, Eur. J. Nucl. Med. Mol. Imaging,
2006, 33(S1), 44–53, DOI: 10.1007/s00259-006-0135-1.

16 T. Liu, M. Karlsen, A. M. Karlberg and K. R. Redalen, Hypoxia
Imaging and Theranostic Potential of [64Cu][Cu(ATSM)] and
Ionic Cu(II) Salts: A Review of Current Evidence and Discussion
of the Retention Mechanisms, EJNMMI Res, 2020, 10(1), 33,
DOI: 10.1186/s13550-020-00621-5.

17 A. J. Weeks, R. L. Paul, P. K. Marsden, P. J. Blower and
D. R. Lloyd, Radiobiological Effects of Hypoxia-Dependent
Uptake of 64Cu-ATSM: Enhanced DNA Damage and Cyto-
toxicity in Hypoxic Cells, Eur. J. Nucl. Med. Mol. Imaging,
2010, 37(2), 330–338, DOI: 10.1007/s00259-009-1305-8.

18 H. Maeda, Tumor-Selective Delivery of Macromolecular
Drugs via the EPR Effect: Background and Future Prospects,
Bioconjugate Chem., 2010, 21(5), 797–802, DOI: 10.1021/
bc100070g.

19 W. Su, C. Chen, T. Wang, X. Li, Y. Liu, H. Wang, S. Zhao,
C. Zuo, G. Sun and W. Bu, Radionuclide-Labeled Gold
Nanoparticles for Nuclei-Targeting Internal Radio-Immunity
Therapy, Mater. Horiz., 2020, 7(4), 1115–1125, DOI: 10.1039/
C9MH01725A.
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