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Abstract
Purpose Expression of human epidermal growth factor
receptor type 2 (HER2) in malignant tumours possesses
well-documented prognostic and predictive value. Non-
invasive imaging of expression can provide valuable
diagnostic information, thereby influencing patient man-
agement. Previously, we reported a phage display selection
of a small (about 7 kDa) protein, the Affibody molecule
ZHER2:342, which binds HER2 with subnanomolar affinity,
and demonstrated the feasibility of targeting of HER2-
expressing xenografts using radioiodinated ZHER2:342. The
goal of this study was to develop a method for 99mTc
labelling of ZHER2:342 using the MAG3 chelator, which was
incorporated into ZHER2:342 using peptide synthesis, and
evaluate the targeting properties of the labelled conjugate.
Methods MAG3-ZHER2:342 was assembled using Fmoc/tBu
solid phase peptide synthesis. Biochemical characterisation
of the agent was performed using RP-HPLC, ESI-MS,
biosensor studies and circular dichroism. A procedure for

99mTc labelling in the presence of sodium/potassium tartrate
was established. Tumour targeting was evaluated by
biodistribution study and gamma camera imaging in
xenograft-bearing mice. Biodistribution of 99mTc-MAG3-
ZHER2:342 and

125I-para-iodobenzoate -ZHER2:342 was com-
pared 6 h p.i.
Results Synthetic MAG3-ZHER2:342 possessed an affinity of
0.2 nM for HER2 receptors. The peptide was labelled with
99mTc with an efficiency of about 75–80%. Labelled 99mTc-
MAG3-ZHER2:342 retained capacity to bind specifically
HER2-expressing SKOV-3 cells in vitro. 99mTc-MAG3-
ZHER2:342 showed specific tumour targeting with a contrast
similar to a radioiodinated analogue in mice bearing
LS174T xenografts. Gamma camera imaging demonstrated
clear and specific visualisation of HER2 expression.
Conclusion Incorporation of a mercaptoacetyl-containing
chelating sequence during chemical synthesis enabled site-
specific 99mTc labelling of the ZHER2:342 Affibody molecule
with preserved targeting capacity.
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Introduction

Human epidermal growth factor receptor type 2 (HER2),
also known in the literature as ErbB2 or p185, is a
transmembrane tyrosine kinase receptor belonging to the
human epidermal growth factor receptor family. HER2
signalling causes increased mitotic activity, increase of cell
motility and suppression of apoptosis. Expression of HER2
has been detected in a number of malignant tumours, such
as carcinomas of breast, ovary and urinary bladder, and is
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considered to be part of the malignant phenotype [1–3].
Blocking of HER2 signalling in breast carcinomas using the
monoclonal antibody trastuzumab (Herceptin®) results in an
increase in survival and trastuzumab is approved for clinical
use in both Europe and North America. Numerous studies
report that HER2 expression in breast carcinomas is
associated with tumour sensitivity to treatment with trastu-
zumab and anthracycline-based adjuvant therapy [4, 5].
There are also reports indicating that HER2 expression is
associated with decreased overall survival, high probability
of early tumour relapse and resistance to cyclophosphamide/
methotrexate/fluorouracil (CMF) therapy [6–9].

Detection of HER2 expression in, for example, breast
cancer provides important diagnostic information influenc-
ing patient management. Guidelines of The American
Society of Clinical Oncology recommend evaluation of
HER2 expression on every primary breast cancer either at
the time of diagnosis or at the time of recurrence [10]. The
use of radionuclide molecular imaging would enable
detection of HER2 by a non-invasive procedure in both
primary tumours and metastases, without false-negative
results due to sampling errors. Clinical utility of radionu-
clide imaging of HER2 expression in breast cancer patients
has been demonstrated by Behr and co-workers [11]. The
use of 111In-DTPA-trastuzumab made it possible to identify
both patients responding to trastuzumab treatment and
patients who may suffer from toxicity associated with such
treatment.

Radionuclide targeting of HER2, for both imaging and
therapy, using intact antibodies has already been evaluated
[11–19]. However, slow tumour targeting and slow blood
clearance of intact immunoglobulins are well-recognised
problems, and down-sizing of targeting agents seems to be
crucial in future nuclear medicine, at least for imaging
[20, 21]. Experiments with different antibody fragments
have demonstrated the possibility of obtaining high tumour-
to-non-tumour ratios shortly after injection in the case of
HER2 targeting [22–25].

One way to circumvent the limitations of using large
antibodies is the use of smaller, alternative affinity proteins.
Affibody molecules constitute one such class of binding
molecules that originate from the 58 amino acid cysteine-
free scaffold of the staphylococcal protein A-derived Z
domain. The scaffold has been subjected to randomisation of
13 surface-exposed residues to generate a library from which
high-affinity binders have been selected by phage display
[26]. Affibody molecules have recently emerged as attrac-
tive alternatives to antibodies in a number of biotechnolog-
ical applications such as affinity chromatography [27],
ELISA [28], Western blots [29] and protein capture micro-
arrays [30]. The Affibody molecule ZHER2:4, which binds to
HER2 with an affinity of 50 nM, was selected and
demonstrated an ability to bind specifically to HER2-

expressing cells after indirect radioiodination [31]. The
dimeric form, (ZHER2:4)2, with an affinity of 3 nM [32], has
been used for HER2 targeting in a murine xenograft model,
resulting in high tumour-to-non-tumour ratio within a few
hours after injection when radioiodine [33] or radiobromine
[34] labels were used. Affinity maturation of ZHER2:4

provided a new clone, ZHER2:342, which binds to HER2
with an apparent affinity of 22 pM. Radioiodinated
ZHER2:342 has demonstrated a clear advantage in tumour
targeting over both dimeric and monomeric forms of the
parental clone [35]. To make kit formulation possible and to
improve the logistics of the clinical use, methods for 111In-
labelling of ZHER2:342 using isothiocyanate derivatives of
benzyl-DTPA [36, 37] and benzyl-DOTA (Orlova, unpub-
lished results 2005-6) have been developed. Still, develop-
ment of a 99mTc label for ZHER2:342 is desirable owing to the
excellent imaging properties, low price and straightforward
logistics of this nuclide [38]. Previously, we evaluated the
labelling of His6-(ZHER2:4)2 with

99mTc using Tc(I)-carbon-
yl chemistry [39]. The labelled conjugate was stable in vivo
and demonstrated good targeting of HER2 expression in a
murine xenograft model. However, 99mTc-His6-(ZHER2:4)2
showed high uptake in liver. High and persistent liver
uptake was also detected when this method was applied to
the affinity matured monomer His6-ZHER2:342 (Orlova,
unpublished results 2005). It is recognised that the
biodistribution of 99mTc-labelled peptides can be modified
to a high extent by the use of an appropriate chelator [40,
41].

The aim of this study was to evaluate the chelating
mercaptoacetyl-glycyl-glycyl-glycyl sequence (MAG3) as
a linker for coupling of 99mTc to the anti-HER2 ZHER2:342

Affibody molecule.
Previously, both pre-labelling and post-labelling of

MAG3 with different protective groups have been utilised
for labelling of antibodies [42] and their Fab [43] and dsFv
fragments [44], peptides [40, 41, 45] and antisense DNA
[46], demonstrating good in vivo stability. Both
approaches, however, are usually based on the coupling of
the chelator to the targeting macromolecule in solution,
which typically results in a heterogeneous mixture of
tracers with different numbers of chelators owing to
multiple reactive groups in the peptides and proteins. The
relatively small size enables a direct chemical peptide
synthesis of Affibody molecules at high yield [47]. By
using synthetic chemistry, the chelator can be introduced
site specifically, thus generating homogeneous tracer with
well-defined properties. This approach has been applied for
synthesis of bombesin analogues containing MAG3 [48].

The goal of this study was to synthesise MAG3-
ZHER2:342 and evaluate the feasibility of its use for visual-
isation of HER2 expression in malignant tumours using
99mTc as a label.
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Materials and methods

Materials

All Fmoc protected amino acids were purchased from
Applied Biosystems (Foster City, CA, USA). Tert-butyl
(tBu) was used as side chain protection group on Asp,
Glu, Ser, and Tyr, tert-butyloxycarbonyl (Boc) – Lys and
Trp, trityl (Trt) – Asn and Gln, 2,2,4,6,7-pentamethyldihy-
drobenzofuran-5-sulfonyl (Pbf) – Arg. 1-Hydroxybenzotria-
zole (HOBt) and 2-(1H -benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorphosphate (HBTU) were from
Advanced ChemTech (Louisville, KY, USA). N-Ethyldiiso-
propylamine (DIEA) and piperidine were from Lancaster
Synthesis (Morecambe, UK). S-Trityl-mercaptoacetic acid
(Trt-HSAc) was from AnaSpec Inc (San Jose, CA, USA).
Triisopropylsilane (TIS), trifluoroacetic acid (TFA) and tert-
butyl methyl ether were purchased from Merck. Acetic acid
and N-methylpyrrolidone (NMP) were from VWR Interna-
tional (Stockholm, Sweden). Ethanedithiol (EDT) was from
Aldrich (St.Louis, MO, USA). Acetic anhydride and
dichloromethane (DCM) were from Applied Biosystems,
(Warrington, UK). Dithiothreitol (DTT) and iodoacetamide
were from Sigma (Steinheim, Germany). 99mTc was obtained
as pertechnetate by elution of Ultra-TechneKow generator,
Tyco, with sterile 0.9% sodium chloride (Mallinckrodt
Medical BV, Petten, The Netherlands).

Radioactivity measurements

The radioactivity was measured using an automated gamma
counter with a 3-inch NaI(Tl) detector (1480 WIZARD,
Wallac Oy, Turku, Finland). The distribution of ra-
dioactivity along the instant thin-layer chromatography
strips or PAGE gels was measured on the Cyclone Storage
Phosphor System (Packard) and analysed using the Opti-
Quant image analysis software (OptiQuant). Cells were
counted using an electronic cell counter (Beckman Coulter,
Switzerland).

Peptide synthesis

Affibody molecule ZHER2:342 was synthesised on a 433A
Peptide Synthesizer (Applied Biosystems) using standard
Fmoc chemistry, essentially as described in Engfeldt et al.
[47]. The peptide ZHER2:342 (VENKFNKEMRNAY
WEIALLPNLNNQQKRAFIRSLYDDPSQSANL
LAEAKKLNDAQAPK) was assembled on an Fmoc amide
resin with a substitution level of 0.67 mmol/g. The N-
terminal Fmoc group was removed by 20% piperidine-
NMP. Acylation reactions were performed in NMP with 10
molar equivalents of amino acid, activated with HBTU and
HOBt. The 17 underlined residues in the sequence above

were double coupled. Unreacted amino groups were capped
with acetic anhydride.

The Tc-chelating function MAG3 was introduced by
manual synthesis. The N-terminal Fmoc protecting group
was removed by incubation with 20% piperidine-NMP for
20 min. All manual acylation reactions were performed
with 5 molar equivalents of amino acid, HBTU and HOBt
and 10 equivalents of DIEA in NMP for 20 min. All
reactions were monitored by the Kaiser test, and repeated
when the yield was found to be unsatisfactory.

The final deprotection and release of peptides from the
resin support was performed as a one-step procedure by
treatment with TFA/EDT/TIS/H2O (94:2.5:2.5:1) for 2 h,
followed by three rounds of extraction in tert-butyl methyl
ether-H2O (50:50), filtration and lyophilisation. The prod-
uct was analysed by analytical reversed phase high-
performance liquid chromatography (RP-HPLC) using a
4.6×150 mm polystyrene/divinylbenzene matrix column
with a particle size of 5 μm (Amersham Biosciences), a 20-
min gradient of 20–60% B (A: 0.1% TFA-H2O; B: 0.1%
TFA-CH3CN) and a flow rate of 1 ml/min. The peptides
were purified using a 20-min gradient of 25–45% B. The
pure product was lyophilised prior to dissolving in 10 mM
NH4Ac pH 5,5 and the final peptide concentration was
determined by amino acid analysis (Aminosyraanalyscen-
tralen, Uppsala, Sweden).

To verify the identity of the peptides, part of the fractions
from the HPLC analysis were lyophilised, dissolved in 5 M
urea, 0.2 M NH4HCO3 and 30 mM DTT and incubated for
1 h to reduce disulphides before capping free thiol groups
with iodoacetamide (0.1 M, 1 h), and finally the peptide
mass was analysed on a Q-Tof™ II mass spectrometer
fitted with an ESI source (Waters Corporation, Micromass
MS Technologies, Manchester, UK). The Maximum Entro-
py™ 1 (MaxEnt1) algorithm was used to deconvolute
isotopic and charge state information.

Melting point analysis

Variable temperature measurements were performed using a
JASCO J-810 spectropolarimeter (JASCO, Tokyo, Japan).
Samples were diluted to a concentration of 50 μM in PBS pH
7.4. A cell with an optical path length of 1 mm was used.
CD spectra from 250 to 195 nm were obtained at 20°C
before and after melting tests. For melting point measure-
ments, the absorbance was measured at 221 nm and the
temperature was increased by 5°C/min from 20° to 90°C.

Biosensor analysis

Real-time biospecific interaction analysis was used to study
the binding kinetics of ZHER2:342 and MAG3-ZHER2:342 on a
Biacore 2000 instrument (Biacore, Uppsala, Sweden).
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Recombinant extracellular domain of HER2 (a generous
gift from Prof. Gregory Adams, Fox Chase Cancer Center,
Philadelphia) and the control protein human serum albu-
min, HSA (KabiVitrum, Stockholm, Sweden), were diluted
to 20 μg/ml in 10 mM NaAc pH 4.5 and immobilised onto
a CM5 sensor chip (Biacore). The immobilisation level was
500 RU (response units) for the HER2 surface and 900 RU
for HSA. Samples were diluted in HBS (10 mM HEPES,
150 mM NaCl, 3.4 mM EDTA, 0.005% Surfactant P20, pH
7.4) to concentrations ranging from 0.3 to 10 nM. The flow
rate was set to 50 μl/min with HBS as running buffer, and
the samples were injected for 5 min followed by 10-min
dissociation and regeneration with 20 μl HCl (20 mM). The
BiaEval software (Biacore) and the Langmuir 1:1 binding
model were used for the kinetic analysis.

Labelling with 99mTc and stability tests

Before labelling, freeze-dried MAG3-ZHER2:342 was dis-
solved in degassed Milli-Q water and stored at −20°C.
Analysis of the labelled Affibody molecules was performed
using glass fibre sheets impregnated with silica gel for
instant thin-layer chromatography (ITLC SG, Gelman
Sciences Inc). To determine labelling yield and stability,
ITLC SG strips were eluted with PBS. Validation experi-
ments demonstrated that pertechnetate, as well as tartrate,
glucoheptonate and cysteine complexes of 99mTc migrate
with the eluent front, while Affibody molecules do not
move under these conditions. To determine the presence of
reduced hydrolysed technetium, ITLC was eluted with
pyridine:acetic acid:water (5:3:1.5). When this eluent was
used, the technetium colloids stayed, while radiolabelled
Affibody molecules as well as pertechnetate and tartrate
complexes of 99mTc migrated with the solvent front.

The labelling method was similar to that described by
Winnard et al. [49]. Aqueous solution 20 μl MAG3-
ZHER2:342 (1 mg/ml) was mixed with 80 μl PBS, 20 μl of
a solution containing Na/K tartrate in 0.5 M NaHCO3 and
0.25 M NH4OAc, and solution of SnCl2· H2O in 0.01 M
HCl (10 μl, 1 mg/ml) was added. To this mixture, 50–
350 μl of fresh Tc-generator eluate was added and the
mixture was incubated at room temperature for 60 min.

After labelling, 99mTc-MAG3-ZHER2:342 was isolated
from unreacted technetium and other low molecular weight
components using size-exclusion chromatography with a
disposable NAP-5 column (Amersham Pharmacia Biotech)
pre-equilibrated with PBS. Separation was performed
according to the manufacturer’s instructions.

Stability tests were performed when labelled Affibody
molecules were incubated in PBS or in PBS with 300 molar
equivalents of cysteine. Stability was analysed by ITLC.

To analyse serum stability, blood was collected from ten
NMRI mice using heparinised syringe. The blood was

centrifuged at 5,000 g, and serum was collected, divided
into 0.5-ml aliquots and stored frozen before use. Serum
samples were thawed immediately before the stability test.
The serum stability test was performed in triplicate. Serum
samples (240 μl) were mixed with freshly labelled 99mTc-
MAG3-ZHER2:342 (10 μl) to obtain an Affibody molecule
concentration similar to the concentration in blood at the
time of injection. Samples were incubated at 37°C for 1 h.
After incubation, tested samples were analysed by SDS
PAGE on NuPAGE 4–12% Bis-Tris Gel (Invitogen) in
MES buffer (200 V constant). To facilitate interpretation of
the results, a sample of 99mTc-pertechnetate, and a sample
of 99mTc-MAG3-ZHER2:342, which was not treated in blood
serum, were run in parallel with the test sample on the same
gel. After analysis, gels were dried, and radioactivity
distribution along gels was evaluated using a Cyclone
Storage Phosphor System (Packard).

Cell cultures

SKOV-3 (1.2 ×106 HER2 receptors per cell [19]) cells,
which were used in the in vitro experiments, were
cultivated on Petri dishes with a diameter of 3.5 cm to a
cell density of 2–5×105 cells per dish. The LS174T cell
line was used in the in vivo experiments. According to
Milenic and co-authors [50, 51], this cell line possesses low
but uniform expression of HER2 and may be a good model
to demonstrate the sensitivity of 99mTc-MAG3-ZHER2:342 in
the detection of low-level antigen expression.

Binding specificity of 99mTc-labelled MAG3-ZHER2:342

to HER2-expressing SKOV-3 cells

Labelled conjugates, 0.8 ng/105 cells, were added to two
groups of Petri dishes containing SKOV-3 cells. One group
of dishes was pre-saturated with a 1,000-fold excess of
unlabelled recombinant Affibody molecules ZHER2:342

10 min before the labelled Affibody molecules were added.
The cells were incubated for 1 h at 37°C and incubation
media was collected. The cell dishes were washed with cold
serum-free medium and treated with 0.5 ml trypsin-EDTA
solution (0.25% trypsin, 0.02% EDTA in PBS buffer, Flow
Irvine, UK) for 10 min at 37°C. When cells were detached,
0.5 ml complete medium was added to every dish and cells
were re-suspended. The cell suspension was collected for
radioactivity measurements. Cell-associated radioactivity
(C) was measured on an automated gamma counter in
parallel with 1 ml corresponding incubation medium (M).
The fraction of added radioactivity bound to cells was
calculated as % of bound radioactivity = C×100%/(C+M).

In order to facilitate interpretation of the results of the
cellular studies, we attempted to determine the internalised
fraction by acid wash, similar to a method earlier applied to
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EGF-based conjugates [52]. However, validation experi-
ments showed that this method could not remove the
radioactivity completely from the cell surface after incuba-
tion on ice, probably owing to the very strong binding of
radiolabelled ZHER2:342 to HER2 (data not shown). This
means that acid wash would overestimate internalised
radioactivity. For this reason, quantitative internalisation
assay was not performed.

Cellular retention after interrupted incubation
with 99mTc-MAG3-ZHER2:342

Labelled conjugate, 0.8 ng/105 cells, was added in 1 ml
complete medium to a series of Petri dishes containing
SKOV-3 cells. The dishes were incubated for 2 h at 37°C
and the incubation medium was removed. The cells were
washed six times with ice-cold serum-free medium, and after
addition of 1 ml complete medium the cell dishes were
incubated further at 37°C. At designed times of incubation
(0.5, 1, 1.5, 2, 4, 6, 8 and 24 h), one group of three dishes
was analysed for cell-associated radioactivity. Medium was
collected in scintillation tubes; cells were washed six times
with ice-cold serum-free medium and treated with 0.5 ml
trypsin-EDTA solution for 10 min at 37°C. After addition of
0.5 ml complete medium, the cells were re-suspended and
collected in scintillation tubes. The radioactivity content of
the samples was measured by an automated gamma counter.

Antigen binding capacity

The SKOV-3 cells were scraped from the surface in order to
preserve the receptor expression. After re-suspension of
scraped cells in medium, they were counted in an automated
cell counter and cell pellets containing 6×106 cells were
formed in Eppendorff tubes by gentle centrifugation
(2,500 g). The analysis was made in triplicate. The
supernatant was removed completely and 1 ml of medium
with labelled conjugate (ratio of approximately 1 Affibody
molecule per 100 HER2 receptors) was added. The cells
were gently re-suspended and incubated for 4 h at 4°C under
slight shaking. After incubation, the cells were centrifuged
(7,500 g) and 0.5 ml supernatant medium was taken to the
separate Eppendorff tube. The radioactivity was measured on
both samples and the antigen binding capacity (ABC) was
calculated as ABC ¼ A� Bð Þ= Aþ Bð Þ � 100%, where A is
the radioactivity of the Eppendorff tube containing both cell
pellet and 0.5 ml supernatant, and B is the radioactivity of
the Eppendorff tube containing 0.5 ml supernatant only.

Animal tumour model

The animal study was approved by the local Ethics
Committee for Animal Research. Female outbreed Balb/c

nu/nu mice (10–12 weeks old at arrival) were used in the in
vivo experiments. The LS174T tumours were grafted by
subcutaneous (s.c.) injection of ∼106 cells in the right hind
leg. Xenografts were allowed to develop during a period of
2 weeks. The SKOV-3 tumours were grafted by s.c.
injection of ∼7×106 cells in the right hind leg. Xenografts
were allowed to develop during a period of 8 weeks.

Biodistribution studies

To study biodistribution in mice bearing LS174T xeno-
grafts, 16 mice were randomly divided in four groups with
four animals each. One group of mice was s.c. injected with
555 μg of unlabelled recombinant ZHER2:342 in 250 μl PBS
1 h before the injection of radioactivity. All mice were s.c.
injected with 1 μg 99mTc-MAG3-ZHER2:342 in 100 μl PBS
(∼100 kBq). At 2, 4 and 6 h p.i., one group of mice was
intraperitoneally injected with a lethal dose of ketamine
HCl (Ketalar, Pfizer) and xylazine HCl (Rompun, Bayer).
The mice were killed with heart puncture with a 1-ml
syringe rinsed with diluted heparin (Leo Pharma). The mice
in the blocking group were killed 4 h p.i. Organs and tissue
samples of blood, colon, heart, salivary glands, lung,
thyroid, liver, tumour, spleen, muscle, pancreas, bone,
kidney, brain, and stomach were excised and collected in
weighed plastic bottles. Colon and stomach were cleaned
from content in this experiment. Blood and tumour samples
were taken from animals in the blocked group.

Organs and tissue samples were weighed and their
radioactivity was recorded using an automatic gamma
spectrometer with standard 99mTc protocol. The background
was measured for each sample holder in the same way.
Tissue uptake values were calculated as percent of injected
activity per gram tissue (% IA/g).

To quantify hepatobiliary excretion, a group of three
non-tumour-bearing Balb/c nu/nu mice were injected with
∼1 μg 99mTc-MAG3-ZHER2:342 (∼100 kBq). The biodis-
tribution measurement was performed 4 h p.i. according to
the protocol described above, but intestines were collected
together with their content and their radioactivity was
measured.

For comparison, biodistribution of recombinant
ZHER2:342 indirectly labelled using para-iodobenzoate
(125I-PIB-ZHER2:342) was performed 6 h p.i. in Balb/c nu/
nu mice bearing LS174T xenografts. This conjugate was
prepared according to Orlova et al. [35]. Approximately
30 kBq per animal was injected, and the mass of injected
Affibody molecules was the same (about 1 μg per mouse)
as in experiments with 99mTc-MAG3-ZHER2:342.

An unpaired t test of the biodistribution data was
performed employing the GraphPad Prism software
(Graph-Pad Software Inc., San Diego, CA). Differences
were considered significant if p values were less than 0.05.
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Imaging

Experimental tumour imaging was performed 6 h after
injection in three mice bearing LS174T xenografts. All
animals were intravenously injected (tail) with 3 MBq
(3 μg) 99mTc-MAG3-ZHER2:342. For imaging specificity
control, HER2 receptors were pre-blocked in one mouse
by subcutaneous injection of 0.5 mg recombinant non-
radioactive ZHER2:342 in PBS 1 h before injection of
99mTc-MAG3-ZHER2:342. Six hours after injection of
99mTc-MAG3-ZHER2:342, all animals were killed by over-
dosing of ketamine/xylazine. Imaging was performed
using a Siemens e.cam gamma camera equipped with an
LEHR collimator at the Department of Nuclear Medicine
of Uppsala University Hospital. Static images were
collected over 10 min.

The imaging 24 h after injection was performed in one
mouse bearing LS174T xenograft (low HER2 expression)
and one mouse bearing SKOV-3 xenograft (high HER2
expression). The animals were injected with 20 MBq (3 μg)
99mTc-MAG3-ZHER2:342. Imaging was performed according

to the protocol described above, but the acquisition time
was 30 min.

After imaging the mice from the non-blocked group
were dissected. Organs and tissue samples of liver, kidney,
caecum, caecum content, stomach, stomach content, large
intestine, small intestine and muscle were excised and
collected in weighed plastic bottles.

Organs and tissue samples were weighed and their
radioactivity was recorded using an automatic gamma
spectrometer with standard 99mTc protocol.

Results

Peptide synthesis

ZHER2:342 was successfully synthesised using Fmoc solid
phase peptide synthesis. The synthetic yield was deter-
mined to be 21% by analytical RP-HPLC. The Tc-chelating
MAG3 moiety was introduced on the N-terminus by

Fig. 1 Analysis of 99mTc-MAG3-ZHER2:342 stability in serum. A
sample was incubated in blood serum for 1 h at 37°C and analysed
using SDS PAGE, and radioactivity distribution on gel was measured.
Peak 1 corresponds to the peak of 99mTc-MAG3-ZHER2:342 stored in
PBS; peak 2 corresponds to 99mTc-pertechnetate

Table 1 Biophysical characterisation data of ZHER2:342 and MAG3-ZHER2:342

Peptide Synthetic yield
(%)a

Theoretical molecular
weight (Da)

Experimental molecular
weight (Da) b

Dissociation constant
(M) c

Melting point,
(°C)d

ZHER2:342 21 6,718 6,718 8×10−11 64
MAG3-
ZHER2:342

16 7,021 7,020 20×10−11 64

a Synthetic yields were calculated from RP-HPLC elution profiles
bMolecular weights were determined by ESI-MS
c The dissociation constants were determined by SPR biospecific interaction analysis
dMelting point analyses were performed by variable temperature circular dichroism
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Fig. 2 Comparison of the cellular retention of 99mTc-MAG3-
ZHER2:342 (triangles), and 125I-PIB-ZHER2:342 (squares) in SKOV-3
cells. The cell-associated radioactivity at time zero after the inter-
rupted incubation was normalised to unity. All data points are mean
values of three measurements, and error bars present SEM (not seen
in the majority of points because they are smaller than the symbols)
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manual synthesis. The total yield of MAG3-ZHER2.342 was
16%. The peptides were purified to more than 90% purity.
The mass of each peptide was determined by electrospray
ionisation mass spectrometry (ESI-MS), and the experi-
mentally determined molecular weights correlated well with
the theoretically calculated values (Table 1).

Biophysical analysis

Circular dichroism spectroscopy was used to analyse the
peptide secondary structure. Both conjugates generated
very similar characteristic α-helical spectra. Identical CD
spectra were taken before and after a melting point test was
performed, indicating that the peptides regained their
original fold after melting. As indicated in Table 1, both
conjugates have a melting point of 64°C.

Biosensor analysis

Biospecific interaction analysis was performed on a Biacore
2000 in order to study the effect of the MAG3 extension on
the binding affinity. ZHER2:342 had an apparent dissociation
constant of 80 pM, whereas the corresponding value for
MAG3-ZHER2:342 proved to be somewhat higher, 200 pM,
as shown in Table 1.

Radiolabelling

Labelling efficiency was 82±12% (n=15). The presence of
reduced hydrolysed technetium was less than 2% in all
experiments.

After labelling, 99mTc-MAG3-ZHER2:342 was purified
using size-exclusion chromatography with disposable
NAP-5. In the radiopharmaceutical preparation kit, this
column should be sterilised before use. The use of PBS as

an eluent made it possible to obtain 99mTc-MAG3-
ZHER2:342 directly in an injectable form after purification.
Losses of labelled conjugate during purification were in the
order of 3–7%. According to the ITLC analysis of the
purified product, its purity was always better that 98%.
Labels were stable in PBS. After 1 h incubation with a 300-
fold excess of cysteine at 37°C, 87.5±1.8% of the
radioactivity was associated with the Affibody molecule.

SDS PAGE of 99mTc-MAG3-ZHER2:342, which was
incubated with blood serum at 37°C for 1 h, revealed two
peaks of radioactivity along the lane (Fig. 1). A relatively
short incubation time was selected because of quick
clearance of conjugate from blood. The major peak (peak
1) corresponds to the peak of 99mTc-MAG3-ZHER2:342,
which was not exposed to blood serum, and contains more
than 90% of radioactivity (better quantification is compli-
cated owing to incomplete peak resolution). The smaller
peak (peak 2) corresponds to 99mTc-pertechnetate. No other
peaks were observed, indicating that stable transchelation
of technetium to blood plasma proteins does not occur.

Cell binding and retention studies

To demonstrate that the binding was receptor specific, a
large excess of unlabelled ZHER2:342 was added to cells in
the control experiments in order to saturate binding sites on
HER2. The results of the binding specificity experiments
showed that the binding of 99mTc-MAG3-ZHER2:342 could
be prevented by receptor saturation. Cell-bound radioactiv-
ity was reduced from 50.4±0.2% of added radioactivity to
1.5±0.02%. The antigen binding capacity for 99mTc-MAG3-
ZHER2:342 was 86±1%. It should be noted that the method
used in this study for determination of antigen binding
capacity underestimates antigen binding fraction in compar-
ison with Lindmo analysis. However, it is a much less
laborious method that is commonly used (see, e.g. [53]).

The radioactivity retention pattern after interrupted
incubation with 99mTc-MAG3-ZHER2:342 and 125I-PIB-
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Fig. 3 Biodistribution of 99mTc-MAG3-ZHER2:342 in Balb/c nu/nu mice
with LS174T xenografts. Data are presented as % IA/g (average from
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Fig. 4 Specificity of 99mTc-MAG3-ZHER2:342 uptake in LS174T
xenografts 4 h p.i. Data are presented as % IA/g (an average from
four animals ±SEM). For receptor saturation, animals in blocking
group were s.c. injected with 555 μg of unlabelled recombinant
ZHER2:342 1 h before the injection of radioactivity
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ZHER2:342 is shown in Fig. 2. Retention of the radio-
iodinated conjugate was reasonably good, with about 40%
radioactivity still associated with cells 24 h after interrupted
incubation. This might indicate that internalisation and
intracellular degradation of ZHER2:342 conjugates occur
more slowly than internalisation and degradation of, for
example, hEGF-based conjugates [52]. The cellular reten-
tion of 99mTc-MAG3-ZHER2:342 was, however, better than
the retention of 125I-PIB-ZHER2:342, resulting in 55% of cell-
associated radioactivity 24 h after interrupted incubation.

Tumour targeting in Balb/c nu/nu mice
with LS174T xenografts

Biodistribution data are presented in Fig. 3. The biodis-
tribution was characterised by quick clearance of radioac-
tivity from blood and all organs and tissues (the
radioactivity of intestine content was not measured in this

study). The radioactivity concentration in tumour xenograft
was relatively high (about 7% IA/g) and constant during
this experiment (no significant difference in tumour uptake
at 2, 4 and 6 h p.i.). The radioactivity concentration in
tumours was higher than in other organs or tissues except
kidneys at 2 h p.i. Pre-injection of unlabelled ZHER2.:342

decreased tumour uptake 4 h p.i. from 6.12±2.02 to 0.28±
0.05% IA/g (p=0.001) (Fig. 4), indicating that the
radioactivity uptake in tumours was HER2 specific. The
combination of reasonably good retention of technetium in
tumours and high blood and whole-body clearance gener-
ated good contrast with the majority of the organs and
tissue. For example, tumour-to-blood ratios were 12.5, 23.8
and 39.3 at 2, 4 and 6 h p.i., respectively. The decrease in
radioactivity in kidney was rather quick and the tumour-to-
kidney ratio exceeded unity at 4 h p.i.

Imaging

Gamma camera imaging 6 h p.i. demonstrated clear
accumulation of radioactivity in tumours (Fig. 5). This
accumulation was receptor specific, since it could be
blocked by pre-saturation of receptors with non-radioactive
ZHER2:342. The radioactivity accumulation in kidneys was
approximately on the same level as in tumours. The
radioactivity accumulation in thyroid was detected, which
indicates that a certain release of 99mTc-pertechnetate in vivo
occurred. However, the highest accumulation of radioactivity
was detected in the abdominal region, in an area anatomi-
cally distinct from tumour, kidneys and liver, which
resembled the caecum. In order to verify the exact local-
isation of the radioactivity, animals from the non-blocked
group were dissected, and the radioactivity concentration in
organs and gastro-intestinal tract content was measured
(Table 2). These measurements demonstrated that the highest
radioactivity was found in the caecum content and not in the

Fig. 5 An anterior gamma camera image 6 h p.i. (left panel) and
photograph (right panel) of three Balb/c nu/nu mice bearing
LS174T xenografts. HER2 receptors in the animal on the right

were pre-saturated by injection of 500 μg of unlabelled recombi-
nant ZHER2:342 45 min before injection of radiolabelled conjugate.
Tu tumour, Ki kidney, Th thyroid, C caecum

Table 2 Radioactivity concentration in samples taken after the
imaging experiment

Organ Radioactivity concentration (cpm/g) a

Liver 160,000±30,000
Kidney 1,708,000±205,000
Stomachb 311,000±65,000
Stomach content 1,202,000±630,000
Small intestine b 121,000±21,000
Caecum b 172,000±76,000
Caecum content 9,470,000±185,000
Large intestine b 134,000±46,000
Muscle 16,000±5,500

a Data are presented as counts per minute (cpm) per gram of sample
b Samples of stomach, caecum, and small and large intestines may
have been contaminated to some extent with content of these
organs
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wall of the caecum, indicating that hepatobiliary excretion is
an essential pathway of conjugate excretion.

Imaging performed 24 h p.i. (Fig. 6) showed that
radioactivity was almost completely cleared from the
intestine, and mainly tumours and kidneys were visualised.
The high HER2-expressing SKOV-3 xenograft accumulated
more radioactivity than the low HER2-expressing LS174T
xenograft.

Biodistribution in non-tumour-bearing Balb/c nu/nu mice

To verify that the hepatobiliary route plays an essential role
in 99mTc-MAG3-ZHER2:342 excretion, an additional biodis-
tribution experiment in three non-tumour-bearing Balb/c
nu/nu mice was performed 4 h p.i. In this experiment the
radioactivity in whole intestines with content was measured
(Table 3). The results showed low uptake in all organs and
tissues, confirming the biodistribution data for tumour-
bearing mice. It was found that about 30% of the injected
radioactivity was collected in the intestines.

Comparison with biodistribution of 125I-PIB-ZHER2:342

Our earlier experiments in in vivo targeting of HER2 using
radioiodinated, radiobrominated and indium-labelled
ZHER2:342 were performed using SKOV-3 xenografts, which
express a high level of HER2 [33–36, 39]. The in vivo
tumour models in this study were based on LS174T
xenografts, which have low levels of HER2 expression.
Therefore, direct comparison of tumour targeting properties
of 99mTc-MAG3-ZHER2:342 with properties of conjugates
that have been characterised previously was not really
correct. To make such a comparison possible, we performed
a single time point (6 h p.i.) biodistribution study of 125I-
PIB-ZHER2:342 in mice bearing LS174T xenografts. The
comparison of the biodistribution of 99mTc-MAG3-

ZHER2:342 and 125I-PIB-ZHER2:342 is graphically presented
in Fig. 7. According to this experiment, there was no
significant difference between the conjugates in the
radioactivity concentration in blood, spleen, salivary gland,
tumour and muscle. The technetium accumulation was
statistically significantly (p<0.05) lower than that of iodine
in lung, liver, kidneys and thyroid. However, the techne-
tium radioactivity in the stomach was higher than the
radioactivity of radioiodine.

Discussion

We have previously demonstrated the feasibility of specific
imaging of HER2 expression in xenograft models using the
Affibody molecule ZHER2:342 labelled with radioactive
iodine, bromine or indium. Still, further development of
Affibody molecule targeting is desirable, such as the use of

Table 3 Biodistribution of 99mTc-MAG3-ZHER2:342 in non-tumour-
bearing Balb/c nu/nu mice 4 h p.i.

Organ/tissue Uptake( % IA/g )a

Blood 0.13±0.01
Lung 0.23±0.12
Liver 0.66±0.16
Spleen 0.06±0.01
Kidney 5.98±1.14
Stomach 0.15±0.04
Salivary gland 0.09±0.00
Skin 0.14±0.04
Muscle 0.02±0.00
Carcass b 3.36±0.60
Intestines with content b 29.84±10.83

a Data are presented as an average from three animals ±SEM
bData for carcass and intestines (including caecum) with content are
expressed as % IA per whole sample

Fig. 6 An anterior gamma
camera image obtained 24 h p.i.
using 99mTc-MAG3-ZHER2:342

(left panel) and photograph
(right panel) of Balb/c nu/nu
mice bearing LS174T (low
HER2 expression) and SKOV-3
(high HER2 expression) xeno-
grafts. Tu tumour, Ki kidney,
C caecum
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99mTc, which would facilitate the introduction of Affibody
molecule-mediated imaging into clinical practice owing to
the excellent detection and dosimetric properties of this
nuclide, as well as its excellent logistics.

The major advantage of using a small non-immunoglob-
ulin-originating molecule such as the Affibody molecule as a
targeting agent is, of course, the quick tumour localisation and
quick clearance from non-specific compartments. Another
advantage is that it can be produced by complete chemical
synthesis. By choosing a synthetic production route rather
than recombinant expression, the chelating moiety can be
introduced site specifically and the modified peptide can be
purified to homogeneity. In addition, the use of peptide
synthesis instead of recombinant technology can reduce
production costs by about one-half, and make the tracer more
available. In this paper, we describe the incorporation of an
amino acid-based 99mTc-chelating sequence into the parental
ZHER2:342 molecule by standard coupling chemistry.

The biophysical characterisation of the synthetic Affi-
body molecules showed a successful synthesis in a yield of
16–21%, which is considered good for peptides with a
length of about 60 amino acids. Correct identities of both
ZHER2:342 and MAG3-ZHER2:342 were confirmed with ESI-
MS. The affinity of the synthetic peptide was 80 pM.
Although the incorporation of MAG3 slightly reduced the
affinity to 200 pM, it was still in the subnanomolar range,
which is compatible with in vivo imaging [54].

MAG3-ZHER2:342 was labelled with 99mTc with an
average efficiency of about 80%, comparable to the
reported values (40–60%) for S-acetyl protected pre-
conjugated MAG3 to HNE2, which is of similar size [40],
though somewhat lower than the reported yield (93–97%)

for the smaller MAG3-RC-160 and MAG3-TOC [45]. The
question of the necessity of protecting the thiol group in
conjugated MAG3 is controversial (as discussed, for
example, by Hnatowich and co-workers [55]). In this study,
non-protected mercaptoacetyl was successfully used, even
after 10 months’ storage in the freezer. In vitro experiments
demonstrated that the radiolabelled Affibody molecules
retained the capacity to bind specifically to HER2-express-
ing SKOV-3 cells. In vitro cellular retention of radioactivity
delivered by 99mTc-MAG3-ZHER2:342 was better than that of
radioactivity delivered by radiohalogenated ZHER2:342.

The biodistribution studies indicated an adequate in vivo
stability of the 99mTc-MAG3 label on ZHER2:342. The blood
clearance was quick, indicating that there was no trans-
chelation of 99mTc to blood plasma proteins. This finding is
in agreement with serum stability study. The low uptake in
liver, spleen and lung excluded the formation of colloids of
any size in the course of label catabolism. Still, 99mTc
radioactivity accumulation in the stomach was significantly
higher than for radioiodine, and comparison with 111In-
benzyl-DPTA-ZHER2:342 [39] shows higher accumulation of
99mTc in the stomach, salivary gland and thyroid. Since
these organs are known to accumulate pertechnetate, we
cannot exclude the possibility that some release of free
pertechnetate occurred. Note that some release of pertech-
netate was found in the serum stability test in vitro.

The biodistribution and imaging studies showed that
99mTc-MAG3-ZHER2:342 can target HER2-expressing xeno-
grafts, even when a cell line with low HER2 expression
(LS174T) is used. The targeting is highly receptor specific
and provides a favourable tumour-to-non-tumour ratio owing
to quick tumour localisation and clearance from blood and
non-specific organs. Assuming that this biodistribution
pattern could be translated into humans, imaging of HER2
expression in primary breast tumours and liver, lung, brain
and a majority of bone metastases should be possible using
99mTc-MAG3-ZHER2:342. In this animal model, the use of the
99mTc label provided a similar or better tumour-to-organ ratio
for all studied organs in comparison with use of the much
more expensive radioiodine.

The hepatobiliary excretion of 99mTc-MAG3-ZHER2:342
might necessitate imaging on the day after injection to detect
HER2 expression in extrahepatic metastases in the abdominal
area and ovarian carcinoma. The results of this study show
that high-contrast images can be obtained 24 h after injection.
The feasibility of such an approach has been demonstrated in
the clinics with 99mTc-labelled antibody fragments [56, 57].
Imaging on the day of injection would have apparent
advantages. For this reason, we consider further development
of the concept of synthetic Affibody molecules with an
incorporated 99mTc-chelating moiety to be desirable.

The biodistribution and imaging study results indicate
that 99mTc-MAG3-ZHER2:342 can be used for detection of
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HER2 expression in malignant tumours and in myocardium
of cancer patients. This might make it possible to select
patients for Herceptin treatment, and to identify patients at
risk of cardiotoxicity due to such therapy.
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