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Abstract. The epidermal growth factor receptor (EGFR)
is overexpressed in a number of malignant tumors and is a
molecular target for several specific anticancer antibodies and
tyrosine kinase inhibitors. The overexpression of EGFR is a
predictive biomarker for response to several therapy regimens.
Radionuclide molecular imaging might enable detection of
EGFR overexpression by a non-invasive procedure and could
be used repeatedly. Affibody molecules are engineered scaffold proteins, which could be selected to have a high affinity
and selectivity to predetermined targets. The anti-EGFR
ZEGFR:2377 affibody molecule is a potential imaging probe
for EGFR detection. The use of the generator-produced
radionuclide 99mTc should facilitate clinical translation of an
imaging probe due to its low price, availability and favorable
dosimetry of the radionuclide. In the present study, we evaluated feasibility of ZEGFR:2377 labeling with 99mTc using a
peptide-based cysteine-containing chelator expressed at the

Correspondence to: Professor Vladimir Tolmachev, Institute
of Immunology, Genetic and Pathology, Uppsala University, Dag
Hammarskjölds väg 20, SE-75185 Uppsala, Sweden
E-mail: vladimir.tolmachev@igp.uu.se
*

Contributed equally

Abbreviations: EGFR, epidermal growth factor receptor; RTK,
receptor tyrosine kinase; HNSCC, head and neck squamous cell
carcinoma; NSCLC, non-small cell lung cancer; TKI, tyrosine kinase
inhibitor; SPECT, single photon emission computed tomography;
PBS, phosphate-buffered saline; DTT, dithiothreitol; SDS-PAGE,
sodium dodecyl sulfate polyacrylamide gel electrophoresis; HPLC,
high performance liquid chromatography; RHT, reduced hydrolyzed
technetium; K D, equilibrium dissociation constant; PET, positron
emission tomography
Keywords: epidermal growth factor receptor, radionuclide
molecular imaging, affibody molecules, technetium-99m, A431,
biodistribution

C-terminus of ZEGFR:2377. The label was stable in vitro
under cysteine challenge. In addition, 99mTc-ZEGFR:2377 was
capable of specific binding to EGFR-expressing cells with high
affinity (274 pM). Studies in BALB/C nu/nu mice bearing A431
xenografts demonstrated that 99mTc-ZEGFR:2377 accumulates
in tumors in an EGFR-specific manner. The tumor uptake
values were 3.6±1 and 2.5±0.4% ID/g at 3 and 24 h after injection, respectively. The corresponding tumor-to-blood ratios
were 1.8±0.4 and 8±3. The xenografts were clearly visualized
at both time-points. This study demonstrated the potential of
99m
Tc-labeled ZEGFR:2377 for imaging of EGFR in vivo.
Introduction
Visualization of alterations in cell-surface receptor expression
in malignant cells may identify molecular targets enabling
specific treatment of an individual tumor. A spectacular
example of such an approach is the clinical use of imaging
of the expression of somatostatin receptors for patient selection for subsequent therapy using radiolabeled somatostatin
analogues (1). Relatively recently, in vivo imaging of receptor
tyrosine kinase (RTK) expression has attracted increased
attention (2,3). RTKs normally regulate cellular division,
differentiation, motility and apoptosis, i.e. phenomena that
are essential in malignancies. Aberrant expression of RTKs is
often one of the driving forces of a malignancy, and targeting
of overexpressed RTKs is one of the major directions in development of anticancer drugs (4). The epidermal growth factor
receptor (EGFR) is an RTK that is often overexpressed in a
variety of malignancies (5). Overexpression/amplification of
EGFR is associated with shorter survival in gastric and esophageal adenocarcinoma (6), pancreatic adenocarcinoma (7),
vulvar carcinoma (8), head and neck squamous cell carcinoma
(HNSCC) (9) and glioma (10). EGFR is a well-established
target for monoclonal antibodies and specific tyrosine kinase
inhibitors (11).
The specific character of anti-EGFR therapeutics necessitates an identification of patients with tumors that will respond
to therapy. The expression level of the receptor is one of the
possible predictors for the response. In some cases, overex-
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pression of EGFR cannot be a sole predicting biomarker. For
example, presence of specific mutations in the kinase domain
of EGFR is a precondition to response of non-small cell lung
cancer (NSCLC) to the tyrosine kinase inhibitor gefitinib
in a number of settings (12,13). Metastatic colorectal cancer
would not respond to anti-EGFR antibody-treatment in the
case of mutations in the intracellular signaling cascades (14).
However, information concerning the expression level of
wild-type EGFR is helpful in selection of the optimal treatment in many other instances. Non-small cell lung cancer
overexpressing EGFR would be more likely to respond to the
addition of cetuximab to a first-line chemotherapy (15) and to
treatment with gefitinib (16,17) compared to NSCLCs with low
EGFR expression. The addition of cetuximab to chemoradiotherapy of stage III HNSCC significantly improves survival of
patients with tumors having high EGFR expression (18). In the
case of low EGFR expression, the use of cetuximab shortens
survival. In HNSCC, high expression of EGFR is associated
with relapse after radiotherapy (19). For such patients, accelerated radiotherapy fractionation would provide advantages
compared to conventional radiation treatment (20,21). High
expression of EGFR in esophageal squamous cell carcinoma
is a precondition for successful treatment with the TKI
icotinib (22). High EGFR expression is a negative predicting
biomarker for response of triple-negative breast cancer to
neoadjuvant therapy using anthracyclines and taxanes (23).
The main problem is that the expression level of EGFR can
vary during the metastasis process, and the discordance rate
between biopsy samples from primary NSCLC and metastases
might be up to 50% (24). This necessitates a reliable methodology for assessment of EGFR expression in disseminated
cancer.
The use of radionuclide molecular imaging has a potential
for non-invasive estimation of EGFR expression in multiple
metastatic sites. Several radiolabeled monoclonal anti-EGFR
antibodies have been evaluated as imaging probes (25-28).
The feasibility of in vivo imaging of EGFR expression has
been demonstrated in these studies. However, all radiolabeled
antibodies clear slowly from blood and non-specific compartments, which results in moderate contrast and requires several
days between injection of the antibody and imaging. The use
of smaller radiolabeled fragments of cetuximab as imaging
agents increased appreciably the contrast of EGFR imaging
and enabled shortening of the time between injection of the
probe and the imaging session (29,30). A smaller size of the
(Fab')2-fragment contributed to both more rapid clearance and
better tumor localization, which demonstrated advantages of a
reduction of the imaging probe size for improved contrast. An
alternative to the use of monoclonal antibodies for imaging of
EGFR is the use of affibody molecules.
Affibody molecules are small affinity proteins that can
be engineered to bind a large repertoire of different target
proteins through creation of combinatorial libraries and a
subsequent selection procedure for the isolation of targetspecific binders (31). Combination of small size (6-7 kDa) with
high affinity makes affibody molecules attractive as imaging
probes, which has been shown in preclinical (32) and clinical
studies (33). Several anti-EGFR affibody molecules have
been developed and labeled with 111In (34,35) for SPECT and
18
F (36,37) or 89Zr (38) for PET imaging. The present study

Figure 1. Structure of 99mTc complex with peptide-based cysteine-contained
N3S chelator at C-terminus.

was focused on the ZEGFR:2377 affibody molecule (35,39),
which has equal affinity to human and murine EGFR. This
feature is essential since EGFR is expressed in a number of
normal tissues. The cross-reactivity with murine receptor
makes mouse models adequate to study all aspects of in vivo
targeting.
The rapid progress in the design and performance of
SPECT cameras during the last years (40) suggests that the
development of molecular imaging probes labeled with
single-photon emitters remains to be of interest. The use of
the generator-produced radionuclide 99mTc as a label would be
preferable for this purpose, as this nuclide offers a number of
advantages compared to alternative labels, such as 111In or 123I
which includes low cost, excellent availability and favorable
dosimetry (41).
We have reported earlier labeling of anti-HER2 affibody
molecule ZHER2:2395 with 99mTc using incorporation of
cysteine at C-terminus (42). The thiol group of cysteine
forms together with amide nitrogen of adjacent amino acids
a N3S chelator providing a stable complex with 99mTc (42)
(Fig. 1). Such approach might be considered for anti-EGFR
affibody ZEGFR:2377 as well. However, our studies have
demonstrated that modification of the amino acid sequence of
affibody molecule might create an alternative binding site for
technetium-99m, providing lower stability of the complex (43).
Since the amino acid composition of ZEGFR:2377 differs
profoundly from the composition of ZHER2:2395 we had to
consider formation of an alternative chelating site as well.
The aim of the present study was to evaluate the feasibility of imaging of EGFR expression with the ZEGFR:2377
affibody molecule labeled with 99mTc using peptide-based
cysteine-containing chelator.
Materials and methods
Tc-pertechnetate was obtained by elution of a generator
(Mallinckrodt-Tyco, Petten, The Netherlands) with sterile
0.9% sodium chloride. Radioactivity in cell and biodistribution
studies was measured by an automated gamma-spectrometer
(1480 Wizard; Wallac Oy, Turku, Finland). The Cyclone
Storage Phosphor system (Perkin-Elmer, Wellesley, MA,
USA) was used for quantitative measurement of radioactivity
distribution in instant thin-layer chromatography strips and
electrophoresis gels.
An unpaired t-test was used to determine if the difference
between the measured values in the biological experiments
was significant (p<0.05).
99m
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Preparation of 99mTc-ZEGFR:2377. The EGFR specific
affibody molecule ZEGFR:2377 was produced as previously
described (45). Briefly, the affibody molecule was recombinantly produced overnight at 25˚C in E. coli BL21 Star
(DE3) (Thermo Fisher Scientific, Inc., Stockholm, Sweden)
by induction with 100 µM IPTG at an OD600 of 0.6. The
lysed cells were heat-shocked at 90˚C for 10 min and the
affibody molecule was recovered using a Q-Sepharose column
(GE-Healthcare, Uppsala, Sweden). A polishing step was done
using RP-HPLC (Zorbax 300SB-C18; Agilent Technologies,
Inc., Palo Alto, Ca, USA). The purity was measured using
RP-HPLC using a gradient from 20-60 for 25 min at a flow
rate of 1 ml/min (A: 0.1% trifluoroacetic acid in water; B: 0.1%
trifluoroacetic acid in acetonitrile). Determination of mass was
done using electrospray on-line mass spectrometry (Agilent
Technologies).
Before labeling, the ZEGFR:2377 affibody molecule
was treated with dithiothreitol (DTT; Merck, Darmstadt,
Germany) to reduce the disulphide bonds formed by cysteines.
For this purpose, a solution of DTT (3.5 µl, 1 M in degassed
0.2 M sodium phosphate buffer, pH 8.0) was mixed with affibody molecules (100 µl, 5 mg/ml in 0.2 M sodium phosphate
buffer, pH 8.0) to obtain a final DTT concentration 30 mM.
The mixture was incubated at 40˚C for 90 min under argon
atmosphere. Purification of reduced affibody molecules was
performed using NAP-5 column equilibrated and eluted with
PBS. The solution of the reduced affibody molecules was
divided in aliquots, 100 µg in 180 µl PBS each and stored at
-80˚C.
A freeze-dried labeling kit containing 75 mg of tin (II)
chloride dihydrate (Fluka Chemika, Buchs, Switzerland),
5 mg of gluconic acid sodium salt (Celsus Laboratories, Geel,
Belgium) and 100 µg of EDTA (Sigma-Aldrich, Munich,
Germany) was prepared for labeling of affibody molecules
with 99mTc as describe earlier (44).
For a typical labeling, 50 µg of the reduced ZEGFR:2377 in
PBS (90 µl), was mixed with one freeze-dried kit and 100 µl of
99m
Tc-pertechnetate generator eluate (typically, 500-800 MBq)
was added. The mixture was incubated at 90˚C for 60 min. To
remove loosly affibody-bound 99mTc, a treatment with excess
of cysteine was used. A fresh solution of cysteine (1 mg/ml in
PBS, 300-fold molar excess to affibody molecules, was added
to the labeled conjugate and incubated at 90˚C for 15 min.
After challenge, 99mTc-ZEGFR:2377 was isolated using sizeexclusion chromatography on disposable NAP-5 columns,
pre-equilibrated and eluted with PBS.
Labeling yield and purity of affibody molecules were
analyzed using ITLC-SG (Agilent Technologies) developed
with PBS (affibody: Rf= 0.0; other forms of 99mTc: Rf=1.0).
The reduced hydrolyzed technetium colloid (RHT) level in the
product was measured using pyridine:acetic acid:water (5:3:1.5)
as the mobile phase (99mTc colloid: Rf= 0.0, other forms of
99m
Tc and radiolabeled affibody molecule: Rf=1.0). The results
of the ITLC measurement were validated by a sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). This
was performed using NuPAGE 4-12% Bis-Tris Gel in MES
buffer (both from Invitrogen AB, Stockholm, Sweden) at
200 V constant during 30 min.
In vitro stability was evaluated using cysteine challenge (45). Samples of 99mTc-ZEGFR:2377 (5.6 µg, 50 µl) after
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purification were mixed with cysteine (5.2 µg, 1 mg/ml in PBS)
to obtain a 300-fold molar excess of cysteine. Control samples
were mixed with equal volume of PBS. In addition, a separate
set of affibody samples was mixed with sodium ascorbate
(13 µg, 1 mg/ml in PBS). The samples were incubated at 37˚C.
At 1, 2 and 4 h after mixing, the radiochemical purity was
determined by radio-ITLC as describe above. The experiment
was performed in triplicate.
In vitro studies. The three different EGFR-expressing cell
lines A431, MDA468 and PC3 (ATCC; purchased via LGC
Promochem, Borås, Sweden), were used in the present study.
The cell lines were cultured in McCoy's medium, supplemented with 10% fetal bovine serum (Sigma-Aldrich), 1%
L-glutamine, and PEST (penicillin 100 U/ml and 100 µg/ml
streptomycin), all from Bookroom AG (Berlin, Germany). The
cells were cultured at 37˚C in a humidified incubator with 5%
CO2.
Binding specificity of the labeled affibody molecules was
tested using cell lines with three different levels of EGFR
expression (A431, MDA468 and PC3). Cells were seeded
to three sets of dishes, ~10 6 cells/dish, and incubated for
1 h at 37˚C with 10 nM 99mTc-ZEGFR:2377. To two sets of
control dishes, a 50-fold molar excess of either non-labeled
ZEGFR:2377 or cetuximab was added before adding 99mTcZEGFR:2377. After incubation, the medium was aspired; the
cells were washed with medium, detached using trypsin and
collected. Radioactivity of cells was measured, and percentage
of cell-bound radioactivity was calculated. The experiments
were performed in triplicate.
To measure the affinity of the conjugate to EGFR, kinetics
of binding of 99mTc-ZEGFR:2377 to and its dissociation from
A431 cells were measured using a LigandTracer Yellow
instrument (Ridgeview Instruments AB, Vänge, Sweden). The
measurements were performed at room temperature to prevent
internalization. Uptake curves were recorded at 0.33, 1 and
3 nM of 99mTc-ZEGFR:2377, thereafter the radioactive medium
was withdrawn, fresh non-radioactive medium was added and
the dissociation curve was recorded. The data were analyzed
using the Interaction Map software (Ridgeview Diagnostics
AB, Uppsala, Sweden) to calculate association rate, dissociation rate and dissociation constant at equilibrium (KD).
Cellular processing of bound 99mTc-ZEGFR:2377 was evaluated using MDA486 and A432 cells. The cells were incubated
with 10 nM 99mTc-ZEGFR:2377 at 37˚C. At 1, 2, 4, 6 and 24 h
after incubation start, the internalized fraction was determined
by an acid wash method adapted and validated for affibody
molecules by Wållberg and Orlova (46). The membrane-bound
affibody molecules were removed from cells by treatment with
4 M urea solution in a 0.1 M glycine buffer, pH 2.5, for 5 min
on ice. The cell debris containing the internalized conjugates
was detached by treatment with 1 M NaOH. Radioactivity of
cells was measured, and percentage of membrane-bound and
internalized radioactivity was calculated. The experiments
were performed in triplicate.
In vivo studies. All applicable international, Swedish national
and Uppsala University guidelines for the care and the use
of the animals were followed. All procedures performed in
studies involving animals were in accordance with the ethical
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Table I. In vitro stability of 99mTc-ZEGFR:2377.
Affibody-bound radioactivity, %
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------No cysteine challenge before purification
Cysteine challenge before purification
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------PBS
300-fold cysteine excess
PBS
300-fold cysteine excess
Sodium ascorbate
1h
2h
4h

60.0±0.4
60.7±0.4
62.6±0.8

66±2
65.3±0.1
63±4

standards of the Uppsala University. The studies were approved
by the Ethics Committee for Animal Research in Uppsala.
Female BALB/C nu/nu mice were purchased from Taconic
M&B a/S (Ry, Denmark). EGFR-expressing xenografts were
established by subcutaneous injection of 107 A431 cells in the
right hind legs of mice. The experiments were performed 12-14
days after tumor implantation. The average animal weight at
the time of experiment was 19±2 g. The average tumor weight
was 550±240 mg.
For biodistribution measurements, mice were randomly
divided into groups of four animals each. To investigate the
specificity of conjugate in vivo, EGF receptors were saturated
in a control group of mice by subcutaneous injection of 2.5 mg
of cetuximab 48 and 24 h before labeled conjugate injection.
Two groups of mice (including control group) were intravenously injected with 99mTc-ZEGFR:2377 (60 kBq in 100 µl
PBS per mouse) for biodistribution measurement at 3 h after
injection. One group of mice was injected with 480 kBq for
measurement of biodistribution at 24 h after injection. The
injected protein dose was adjusted to 38 µg per mouse. This
protein dose has been found to be optimal for imaging using
111
In-DOTA-ZEGFR:2377 in earlier studies (35).
The mice were euthanized at 3 and 24 h pi by overdosing
of anesthesia. Blood, salivary glands, thyroid, lung, liver,
spleen, colon, kidney, tumor, muscle and bone were collected
in weighed plastic bottles. The radioactivity was measured and
uptake was calculated as percent injected dose per gram tissue
(%ID/g).
microSPECT/CT imaging of EGFR-expressing xenografts
using 99mTc-ZEGFR:2377. BALB/C nu/nu mice bearing
subcutaneous A431 xenografts were intravenously injected
with 38 µg (30 MBq) 99mTc-ZEGFR:2377. Whole body scans
were acquired using nanoScan SC (Mediso Medical Imaging
Systems, Budapest, Hungary) at 3 and 24 h after injections. The
mice were euthanized by CO2 asphyxiation immediately before
being placed on camera. The computed tomography (CT) acquisition was carried out at the following parameters: energy peak
of 50 kV, 670 µA, 480 projections, 2.29-min acquisition time.
SPECT acquisition was performed at the following parameters:
99m
Tc energy peak of 140 keV, window width of 20%, matrix of
256x256, acquisition time: 1 h. CT images were reconstructed
in real-time using Nucline 2.03 Software (Mediso Medical
Imaging Systems). SPECT raw data were reconstructed using
Tera-Tomo™ 3D SPECT reconstruction technology. Coronal
SPECT-CT images of the scans are presented as maximum
intensity projections (MIP) in RGB color scale.

96±3
95±4
92±3

98±1
96±2
95.3±0.7

99.6±0.1
99.4±0.2
99±1

Results
Preparation of 99mTc-ZEGFR:2377. The anti-EGFR binding
ZEGFR:2377 affibody molecule was produced and subsequently purified using heat-treatment of cells, anion exchange
for product recovery and a reverse phase-HPLC polishing
step. The purity of the protein was determined to 97.2% and
the mass was resolved using mass-spectrometry to 14,781 Da
(theoretical mass of dimer 14,782 Da and monomer 7,391 Da).
Initially, the labeling was performed according to protocol
of Ahlgren and co-workers (44), i.e. without intermediate challenge before purification. The radiochemical yield was 99.6%
and, after purification using NAP-5 column, radiochemical
purity was 100%. However, the results of the in vitro stability
test (Table I) demonstrated rapid release of 99mTc not only
under cysteine challenge but also during storage in PBS.
There was a possibility that part of 99mTc was bound
not to a cysteine-containing chelator, but to a much weaker
chelating site. Therefore, we have introduced a cysteine challenge between labeling and chromatographic purification.
The isolated yield of such procedure was 69.2±1.2%, and the
purity of the conjugate after NAP-5 purification was 100±0%.
The presence of RHT was 0.2±0.2% in all experiments. The
maximum specific activity of 9 MBq/µg (66.5 GBq/µmol) was
obtained.
The release of 99mTc under in vitro stability test was appreciably reduced, and >95% of radioactivity was associated with
the affibody molecule after the 4-h cysteine challenge. Notably,
there was higher release in the control than in cysteine challenge group. This indicated that a re-oxidation of 99mTc might
play a role in its release. To test the hypothesis, we performed
the stability test using sodium ascorbate as an antioxidant.
The release of 99mTc has been appreciable reduced in this case
(Table I). Sodium ascorbate has hence been included in formulation of 99mTc-ZEGFR:2377 for animal studies.
In vitro studies. The results of the in vitro specificity test of 99mTcZEGFR:2377 are presented in Fig. 2. Pre-saturation of EGFR
with a large excess of both non-labeled ZEGFR:2377 and antiEGFR antibody cetuximab reduced significantly (p<0.0001)
binding of 99mTc-ZEGFR:2377 to EGFR-expressing cells. The
saturable character of the binding suggests its specificity.
The LigandTracer measurements of the 99mTc-ZEGFR:2377
interaction with A431 cells showed a rapid binding (association
rate of 2.77x105 1/M x sec) and slow dissociation (dissociation
rate of 7.73x10 -5 1/sec). The dissociation constant (K D) of
99m
Tc-ZEGFR:2377 interaction with A431 cells was 274 pM.
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Figure 2. In vitro specificity of 99mTc-ZEGFR:2377 binding to three different EGFR-expressing cell lines. Cells were incubated with 10 nM
99m
Tc-ZEGFR:2377. A large molar excess of non-labeled ZEGFR:2377 or
cetuximab was used for blocking of receptors. The data are presented as
average (n=3-6) and SD.
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Figure 4. Specificity of 99mTc-ZEGFR:2377 uptake in A431 xenografts and
EGFR-expressing organs in mice at 3 h after injection. In the blocked group,
receptors were saturated by pre-injection of large excess of non-labeled antiEGFR antibody cetuximab. The data are presented as average (n=4) and SD.

Figure 5. Biodistribution of 99mTc-ZEGFR:2377 in BALB/C nu/nu mice
bearing EGFR-expressing A431 xenografts at 3 and 24 h after injection. The
data are presented as average (n=4) and SD.

Figure 3. Cellular processing of 99mTc-ZEGFR:2377 by EGFR-expressing
MDA468 (A) and A431(B) cell lines. Cells were incubated with 10 nM 99mTcZEGFR:2377. The data are presented as average (n=3) and SD. Error bars are
not seen because they are smaller than point symbols.

The processing of bound 99mTc-ZEGFR:2377 by MDA468
and A431 cancer cell lines is presented in Fig. 3. The common
feature for both cell lines was rapid binding and relatively slow
internalization of 99mTc-ZEGFR:2377. Although the pattern of
internalization was similar, the internalization by A431 cells
was slower than by MDA468. The internalized fractions after
24-h incubation were 23.3±0.3 and 34.9±0.3% of total cellbound radioactivity, for A431 and MD468, respectively.
In vivo studies. The specificity of 99mTc-ZEGFR:2377 binding
to EGFR in vivo was demonstrated by in vivo saturation of
receptors by injection of the monoclonal antibody cetuximab (Fig. 4). The tumor uptake in the control group was

reduced 4.6-fold (p<0.005). Significant (p<0.05) reduction
of radioactivity uptake in blood, liver, lung and muscle was
also observed.
Fig. 5 shows the biodistribution of the 99mTc-ZEGFR:2377
conjugate at 3 and 24 h after injection in BALB/C nu/nu
mice bearing EGFR-expressing A431 xenografts. The blood
concentration was 2.03±0.08% ID/g at 3 h after injection,
which suggests rather rapid blood clearance. The high uptake in
kidneys (146±19% ID/g) indicates that the predominant excretion was via glomerular filtration followed by re-absorption
which is typical for affibody molecules. Liver was the other
organ with prominent uptake (5.6±0.6% ID/g), but excretion
via the bile was minor. The gastrointestinal tracts with content
contained only 4.0±0.5% of injected radioactivity. The tumor
uptake (3.6±1% ID/g) exceeded the uptake in other organs
and tissues except from liver, salivary glands and kidneys.
However, the tumor-to-organ ratios (Fig. 6) were modest at
this time-point. The tumor uptake had a tendency to decrease
at 24 h, but the difference between tumor uptake values at
3 and 24 h was not significant (p= 0.12). There was a highly
significant (p<0.01) decrease of uptake in all other organs and
tissues. This resulted in an appreciable increase of tumor-toorgan ratios at 24 h after injection (Fig. 6). This suggests that
the preferable time-point for imaging would be at 24 h after
injection.
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Figure 6. Tumor-to-organ ratios of 99mTc-ZEGFR:2377 in BALB/C nu/nu
mice bearing EGFR-expressing A431 xenografts. The data are presented as
average (n=4) and SD.

Figure 8. Comparison of biodistribution (A) and tumour-to-organ ratios (B)
of 99mTc-ZEGFR:2377 and 89Zr-ZEGFR:2377 in BALB/C nu/nu mice bearing
A431 xenografts. Data for 89Zr-ZEGFR:2377 are taken from (38).

Figure 7. Imaging of EGFR-expressing A431 xenografts in BALB/C nu/nu
mice using 99mTc-ZEGFR:2377 at 3 and 24 h after injection.

Feasibility of imaging of EGFR-expressing tumors using
Tc-ZEGFR:2377 was demonstrated using microSPECT/CT
(Fig. 7). Tumors on hind legs were clearly visualized. The
irregular pattern of uptake reflected necrotic areas in the tumors.
Radioactivity uptake in kidneys was considerably higher than in
tumors. Other places with high radioactivity accumulation were
liver and salivary gland (at 3 h after injection). At 3 h after injection, urinary bladder and, occasionally, urine contamination on
front legs were also visualized. There was a reasonable contrast
between tumors and other organs and tissues.

99m

Discussion
Clinical studies have demonstrated that affibody molecules
provide excellent sensitivity and specificity in imaging of
HER2-expressing tumors using SPECT (47) and PET (33).
Moreover, preclinical studies demonstrated feasibility of
application of affibody molecules for imaging several molec-

ular targets in cancer xenografts, e.g. EGFR (33), HER3 (48)
IGF-1R (49), PDGFRβ (50) and CAIX (51). It would be attractive to apply our experience in development of HER2-imaging
affibody molecule probes for development of probes to new
targets. However, there are multiple amino-acid-alterations
in the positions forming the target binding sites of new
probes, which might influence both labeling chemistry and
biodistribution pattern. The present study evaluated preconditions to labeling of affibody molecule-derived imaging
probes using peptide-based cysteine-containing chelators.
Chelators of that type provided a stable labeling of antiHER2 affibody molecules with 99mTc and 188Re (42,52). An
apparent advantage of such chelators is that they are ‘built in’
in the recombinantly produced affibody molecule, and there
is no need in additional steps of coupling of the chelator and
purification of the conjugate. In addition, selection of amino
acids in the chelator may enable a fine-tuning of residualizing properties of the label (52-54). However, there was a
risk of losing site-specificity of the label when amino acid
composition of an affibody molecules was modified (43).
Indeed, the first experiments demonstrated release of over
30% of the 99mTc after dilution or under cysteine challenge
(Table I). This might be an indication that some amino acids
in ZEGFR:2377 form a chelating site, which competes with
the cysteine-containing chelator, but has appreciably weaker
complexing of the nuclide. To minimize the influence of such
site, we introduced a cysteine challenge of the labeled conjugate before the final purification. We assumed that weakly
bound nuclide would be stripped from the conjugate. The
overall isolated yield has decreased to 69±1% in this case,
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but the conjugate could withstand the cysteine challenge
(Table I). Adding an anti-oxidizing agent, sodium ascorbate,
reduced the releases further, which indicates that re-oxidation
of technetium is another, although minor, reason of release.
The 99mTc-ZEGFR:2377 retained capacity of specific
binding to EGFR-expressing cells as it has been demonstrated by
saturation of binding sites with both non-labeled ZEGFR:2377
and anti-EGFR antibody cetuximab (Fig. 2). Affinity of 99mTcZEGFR:2377 was 274±16 pM, in the same picomolar range as
affinity of 89Zr-labeled DFO-ZEGFR:2377 (160±60 pM) (38).
The internalization by two EGFR-expressing cell lines was
relatively slow (Fig. 3), which is typical for EGFR-binding affibody molecules (35,38). Blocking of EGFR receptors in A431
xenografts with the antibody cetuximab reduced significantly
(p<0.005) uptake of 99mTc-ZEGFR:2377, which unambiguously demonstrated specificity of in vivo targeting (Fig. 4).
Recently, several approaches for radiofluorination of antiEGFR affibody molecules have been reported (36,37). In similar
tumor models (A431 xenografts), these tracers demonstrated
tumor-to-blood ratios in the range from 1.5 to 2.4 at 3 h after
injection. These values are similar to values provided by 99mTcZEGFR:2377 at this time-point (1.8±0.4). For comparison, the
anti-HER2 99mTc-ZHER2:2395 affibody molecule provided the
tumor-to-blood ratio of 9±2 already 1 h after injection (42). The
moderate values of tumor-to-blood ratios at early time-points
(a few hours after injection) for anti-EGFR affibody molecules
might be determined by two factors. First, there is an expression of EGFR in normal tissues, particularly in liver, and these
tissues sequester part of the radiolabeled affibody molecules.
Second, the affibody molecules are internalized quite slowly
after binding to EGFR, i.e. remain reversibly bound to a cell
surface. Thus, EGFR expressing tissues act as depots. Decrease
of blood concentration of affibody molecules due to renal clearance shifts the equilibrium towards dissociation, and affibody
molecules start to return to blood stream. Due to slower blood
clearance, a good contrast might be obtained only several
hours or at the next day after injection (35). This suggests that
short-lived radionuclides, such as 18F (T1/2=109.8 min) or 68Ga
(T1/2=67.6 min) are suboptimal for labeling of anti-EGFR affibody molecules. The longer half-life of 99mTc, 6.01 h, permits
clinical imaging at several hours or even at the next day after
injection (55,56). Due to absence of corpuscular radiation, more
than 1100 MBq of 99mTc-labeled compounds might be injected
resulting in low dose burden to the patient (57). This study
demonstrated that tumor-to-organ ratios for 99mTc-ZEGFR:2377
increased appreciably at 24 h after injection compared to 3 h
after injection. For example, the tumor-to-blood ratio increased
4.7-fold, and tumor-to-liver, tumor-to-lung, tumor-to-muscle
and tumor-to-bone ratios increased 2-2.5-fold. This determines
better contrast of imaging at later time-points and should
provide better sensitivity of clinical imaging.
It has to be noted that the physical half-life of the label
nuclide is only one of several factors determining contrast and
feasibility of imaging. Chemical properties of a radionuclide
and linker or chelators for its attachment to a tumor-targeting
protein might influence the affinity, the cellular processing
and retention of a radionuclide in tumor and normal tissues,
its off-target interactions, and predominant excretion routes of
a tracer and radiocatabolites (39). This might be exemplified
by comparison of the biodistribution of ZEGFR:2377 labeled
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with 99mTc and with a long-lived (T1/2=78.4 h) positron emitting radionuclide 89Zr. We have recently studied ZEGFR:2377
labeled with 89Zr using deferoxamine (DFO) chelator (38).
Both studies used the same experimental methods and the
same animal models, which facilitates comparison. The tumor
uptake of both probes was similar at 3 and 24 h after injection
(Fig. 8). At 3 h after injection, the uptake in normal organs
and tissues was also quite similar; with exception that uptake
of 99mTc is appreciably higher in salivary gland but lower in
kidneys. At 24 h after injection, uptake of 99mTc is lower in all
normal organ and tissues, which results in higher tumor-toorgan ratios compared to 89Zr-ZEGFR:2377 (Fig. 8). Insight
into why the differences occur might be gained by considering
kidney retention. Affibody molecules are re-absorbed in
proximal tubuli of kidneys and are rapidly internalized. Thus,
the renal retention of a radionuclide depends on its residualizing properties. The renal uptake of 89Zr is equal at 3 and
24 h, which suggests that this nuclide has strong residualizing
properties. The renal uptake of 99mTc decreased ~3-fold at 24 h.
This indicates that the residualizing properties of 99mTc label
are moderate, and radiometabolites ‘leak’ from cells after
internalization. It is likely that this is the reason why 99mTc
clears more rapidly from other normal tissues.
99m
Tc-ZEGFR:2377 enabled good-contrast imaging of
EGFR-expressing xenografts both at 3 and 24 h after injection (Fig. 7). The above suggests that the use of peptide-based
cysteine-containing chelator at the C-terminus of ZEGFR:2377
affibody molecules for labeling with 99mTc is an adequate
approach, providing a conjugate capable of visualization of
EGFR expression in tumors. It would be attractive, of course,
to find a labelling approach permitting a single-vial kit formulation, as for HER2-targeting affibody molecule (44). For
ZEGFR:2377, a two-vial kit is possible, and a purification of
the labeled is required. This complicates somewhat the labelling procedure. An evaluation of alternative approaches for
99m
Tc-labeling might be required before decision for clinical
translation could be made.
In conclusion, the use of a peptide-based cysteine-containing
chelator at the C-terminus provides labeling of the ZEGFR:2377
affibody molecule with 99mTc. However, an intermediate cysteine
challenge is required to ensure that the nuclide is not complexed
by a weak chelating site. Translation of previously gained
knowledge to new affibody molecules is possible, but requires
re-optimization of labeling chemistry since changes in amino
acid composition might influence the site-specificity of labeling
as well as the stability of the label.
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