
Abstract. Tumor cell internalization of targeting agents is of
interest, since internalization influences the local retention
time of a radionuclide and thereby imaging quality in PET
and SPECT and effects of radionuclide therapy. In cases where
nuclear methods are not applicable at the cellular level, quanti-
tative fluorescent techniques are useful as described in this
article. Two fluorescence-based methods to study cellular
internalization were applied: the CypHer and the Alexa488-
quenching methods, both utilized in fluorescence microscopy
and flow cytometry. Two EGFR-binding Affibody molecules
were analyzed in A431 cells: the monomer Z1907 and the
dimer (Z1907)2. EGF, cetuximab and non-specific Affibody
molecules were used as controls. For comparison, internal-
ization of 111In-labeled Z1907 was studied with the acid wash
internalization assay. The Cypher method is straightforward,
but requires equal labeling of all compounds for accurate
quantification. The Alexa488-quenching method is preferable
since it is independent of the dye-to-protein ratio. According
to this method, about 45% of EGF and 19-24% of the bound
Affibody molecules and cetuximab were internalized within
one hour. Similar results were seen with 111In-Z1907 in the
acid wash method, while (Z1907)2 was not removed by acid
and thus could not be studied this way. The fluorescence-based
Alexa488-quenching method is well suited to quantitatively
analyze internalization of targeting agents, also those that
resist acid wash. The internalized fraction showed that both
the monomeric and dimeric Affibody molecules are expected
to give good uptake and thereby good retention of metallic
radionuclides which will render good tumor to background
values.

Introduction

The epidermal growth factor receptor (EGFR) is an interesting
target for radionuclide-based tumor imaging and therapy,
since it is overexpressed in many human tumors such as head
and neck, bladder, breast and lung cancers (1,2). It is a member
of the ErbB receptor tyrosine kinase family, which consists
of EGFR (or HER1 or ErbB1), HER2/ErbB2, HER3/ErbB3
and HER4/ErbB4 (3). Ligand binding to EGFR induces
dimerization with another EGFR or with other members of
the ErbB family, and activates tyrosine kinase residues on
the intracellular domains of the proteins (4). This recruits
down-stream signaling proteins, triggering signal cascades
along a number of pathways that eventually lead to cell growth,
migration and apoptosis resistance (5,6).

Upon ligand binding, EGFR is internalized into endo-
somes. The early endosomes and their receptor cargo are
either recycled to the membrane (7), or further processed into
late endosomes/multivesicular bodies and lysosomes, where
the receptor and its ligand are degraded (8). Internalization is
generally believed to occur via the classical clathrin-coated
pit pathway, but internalization via non-clathrin pathways
has been reported as well (9).

For nuclear medicine applications, the internalization
degree of a radionuclide-delivering EGFR binding agent is of
interest. Internalization will influence the local retention time
of the radionuclide and thereby influence the imaging quality
in PET and SPECT, as well as the radionuclide therapy effect.
The classical way to study internalization is using the ‘acid
wash’ method, where the surface-bound fraction of a radio-
labeled agent is removed under acidic conditions and the
remaining cell-bound fraction is considered to be internalized.
However, this method has its limitations, since not all com-
pounds are easily washed off with acid. In such cases, fluores-
cent methods to quantify internalization must be applied.

Recently, high-affinity Affibody molecules specific for
EGFR and HER2 have been generated. Affibody molecules
are three-helical proteins derived from the B domain of the
IgG-binding staphylococcal protein A (10). Their small size
(7 kDa) and robust structure make them suitable for cancer
imaging and therapy (11). A HER2-specific Affibody molecule
has earlier been shown to render high-contrast radionuclide
imaging in preclinical studies (12,13), and in early clinical
reports (14). Another candidate for molecular imaging, the

INTERNATIONAL JOURNAL OF ONCOLOGY  36:  757-763,  2010 1

Quantification of internalization of EGFR-binding
Affibody molecules: Methodological aspects

LOVISA GÖSTRING1,2,  MING TSUEY CHEW1,  ANNA ORLOVA1,2,  INGMARIE HÖIDÉN-GUTHENBERG2,

ANDERS WENNBORG2,  JÖRGEN CARLSSON1 and FREDRIK Y. FREJD1,2

1Biomedical Radiation Sciences, Rudbeck Laboratory, Department of Oncology, Radiology and Clinical Immunology,

Uppsala University, SE-751 85 Uppsala;  2Affibody AB, PO Box 20137, SE-161 02 Bromma, Sweden

Received August 11, 2009;  Accepted October 5, 2009

DOI: 10.3892/ijo_00000551

_________________________________________

Correspondence to: Dr Lovisa Göstring, Biomedical Radiation
Sciences, Department of Oncology, Radiology and Clinical Immuno-
logy, Rudbeck Laboratory, Uppsala University, SE-751 85 Uppsala,
Sweden
E-mail: lovisa.gostring@bms.uu.se

Key words: 111In, A431, Affibody molecule, Alexa488, cetuximab,
CypHer5E, EGFR, internalization, radionuclide, retention

757-763  23/2/2010  09:53 Ì  Page 1



EGFR-binding Affibody molecule Z1907, has also shown
promising results in preclinical studies, both in terms of cell
binding and retention and in terms of in vivo tumor targeting
of grafted EGFR-expressing tumors (15,16). So far however,
it has not been known to what extent the Z1907 molecule is
internalized.

In the present work, we have studied internalization of the
monomeric (monovalent) Z1907 and the dimeric (divalent)
(Z1907)2 Affibody molecules on EGFR-expressing A431 cells.
We wanted to know whether the monomer and dimer differed
in internalization, and to see if there is a method suitable for
internalization screening of targeting agents. Two different
internalization methods were tested: labeling of the Affibody
molecules with the CypHer fluorophore, and quenching of
Alexa488-labeled Affibody molecules with an anti-Alexa488
antibody. CypHer is a fluorophore that is about 10 times more
fluorescent at low pH, e.g. in acidic intracellular vesicles such
as endosomes an lysosomes, than at neutral pH (17). By
labeling proteins with this fluorophore one can easily study
their internalization in a microscope or flow cytometer (18,19).
The other method was adopted from Austin et al (20). In this
method, the cells are incubated with Alexa488-labeled Affi-
body molecules, and addition of an anti-Alexa488 antibody
quenches fluorescence on the cell surface but not from inter-
nalized molecules (21). In this way, a ratio between internalized
molecules and total amount of bound molecules can be calcu-
lated. The natural ligand EGF and the humanized anti-EGFR
antibody cetuximab were used as reference substances. EGF
is known to trigger internalization and degradation of EGFR
(22), and cetuximab is also internalized when bound to EGFR
although this process is less studied (2,23).

Materials and methods

Cell culture. The epidermal squamous carcinoma A431 cells
(ECACC 85090402) were cultured in Earle's MEM with
glutamine (Cambrex) supplemented with 10% fetal calf serum
(Sigma), non-essential amino acids (Gibco) and PEST
(penicillin 100 IU/ml, streptomycin 100 μg/ml). These cells
were used at our laboratory in Bromma where all Alexa488
experiments were carried out. The immunofluorescence
stainings with CypHer and the acid wash experiments were
performed at our laboratory in Uppsala, where A431 cells
from ATCC (CRL 1555) were used. These were cultured in
Ham's F10 medium supplemented with 10% fetal calf serum,
2 mM L-glutamine and PEST (penicillin 100 IU/ml, strepto-
mycin 100 μg/ml).

Chemicals and reagents. Recombinant EGF was purchased
from Chemicon. Monomeric (Z1907) and dimeric (Z1907)2

anti-EGFR Affibody® molecules as well as the negative
controls, the amyloid beta binding (ZAß)2 (24) and the Taq
polymerase-binding ZTaq (25) Affibody molecules were
produced by Affibody AB (Bromma, Sweden). These have
previously been used as in vitro and in vivo controls (26-29).
The chimeric monoclonal anti-EGFR antibody cetuximab
(Erbitux) was purchased from Apoteket AB, Sweden.

CypHer labeling of EGFR-binding agents. EGF, Z1907,
(Z1907)2, cetuximab and (ZAß)2 were labeled with the pH-

dependent fluorophore CypHer™ 5E mono NHS ester
(Amersham Biosciences, GE Healthcare) in accordance with
the manufacturer's instructions. CypHer™ 5E mono NHS
diluted in DMSO was mixed with the respective proteins
diluted in PBS and sodium carbonate 0.5 M, pH 8.3. This
mixture, with a molar ratio of CypHer5E to protein of 5:1,
was incubated at room temperature for 1 h in the dark.
Uncoupled CypHer5E was removed by dialysis in Slide-A-
Lyzers (Pierce) in PBS at 4˚C overnight. Concentration and
degree of labeling were calculated from absorption measure-
ments with a spectrophotometer (NanoDrop ND-1000).

Alexa488 labeling of EGFR-binding reagents. EGF, Z1907,
(Z1907)2, cetuximab and (ZAß)2 were labeled with Alexa
Fluor 488 carboxylic acid, succinimidyl ester (Molecular
Probes) according to the manufacturer's instructions. One
millgram of each EGFR-binding agent was labeled with 5 times
molar excess of Alexa488 resuspended in DMSO. The mixture
was incubated for 1 h at room temperature, and free Alexa488
was removed in ‘Zeba desalt Spin Columns’, 5 ml (Pierce).
Concentration and degree of labeling were calculated from
absorption measurements done with a spectrophotometer
(NanoDrop ND-1000).

Labeling of Bz-DTPA-Z1907 with 111In. Labeling was done as
previously reported (30). In short, 25 μg of Bz-DTPA-Z1907
was mixed with 34 μl stock solution of 111InCl (25 MBq,
Mallinckrodt, The Netherlands) followed by 35 μl 1 M
ammonium acetate buffer (pH ~5.0). The reaction mixture
was incubated at 60˚C for 1 h and labeling yield was checked
on ITLC plates (Gelman Sciences Inc.) eluted with 0.2 M
citric acid (p.a. Merck). ITLC plates were developed on
Phosphor Imager (Cyclone™ Storage Phosphor System with
OptiQuant™ Image analysis System).

Confocal microscopy with CypHer5E-labeled agents. Inter-
nalization of CypHer5E-labelled EGF, Z1907, (Z1907)2,
cetuximab and (ZAß)2 was tested on A431 cells. Cells (2.3x104)
were seeded on cover glasses and allowed to grow in complete
Ham's F10 medium for 40 h. The glasses were washed in
serum-free medium and incubated in 100 μl serum-free
medium containing 0.3 μM CypHer5E-labeled protein, and
2 μM Hoechst 33342 (Sigma Fluka) for 1.5 h at 37˚C. The
glasses were then washed in serum-free medium, and
photographs were taken in a live-chamber cooled to 4˚C in a
Zeiss LSM 510 META confocal microscope (objective: Plan-
Apochromat 63x/1.4 Oil DIC).

Flow cytometry with CypHer5E-labeled agents. Cells were
stained in a multi-well plate but transferred to tubes before
analyzed in a flow cytometer. A431 cells were trypsinized,
neutralized and suspended in serum-free EMEM medium.
Cells (3x105) were incubated with CypHer5E-labeled EGFR
binders of various concentrations for 1 h at 37˚C, washed
twice and resuspended in PBS and analyzed in a flow cyto-
meter (FACS Canto II, BD Biosciences). The mean fluores-
cence of each reading was calculated by the software (FACS
Diva, BD Biosciences). In order to make the results from five
different experiments compatible, the fluorescence intensity
of each experiment was normalized. For each experiment, the
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mean fluorescence of each compound and concentration was
divided by the mean fluorescence of unstained cells from that
reading. Mean and standard error of the corresponding values
from the five different experiments were calculated.

Quenching of Alexa488 by use of the anti-Alexa488 antibody
microscopy. A431 cells (1x104) were seeded in complete
EMEM medium on 8-well slides (Histolab) and allowed to
grow for 24 h. They were then incubated with 100 nM of
Alexa488-labelled EGF, Z1907, (Z1907)2, cetuximab or
ZTaq in complete medium for 1 h at 37˚C. The cells were
gently washed in cold PBS and incubated in PBS (control) or
500 nM quenching anti-Alexa488 antibodies (Molecular
Probes) for 1 h on ice. After fixation in 2% formaldehyde,
the slides were washed in PBS and mounted in anti-fading
containing DAPI (Vectahield). Pictures were taken in a Leica
microscope (DMLA).

Quenching of Alexa488 by use of the anti-Alexa488 antibody,
flow cytometry and calculation of internalized fraction of
EGFR binders. Two somewhat different protocols for this
method were used, ‘version 1’ and ‘version 2’. Version 1:
50 nM of Alexa488-labelled EGF, Z1907, (Z1907)2 or
cetuximab were incubated with 3x105 A431 cells (ECACC) in
complete medium for 1 h at 37 or 0˚C, respectively. The cells
were washed twice in ice cold PBS in a cold centrifuge, and
resuspended in 500 nM quenching anti-Alexa488 antibody
diluted in ice cold PBS. Identical control tubes were incubated
in PBS only. All tubes were incubated for 1 h on ice. Without
washing, all cells were fixed in two volumes of 2% paraformal-
dehyde for 10 min at room temperature. The paraformal-
dehyde was removed by one wash in PBS, and the cells were
resuspended in PBS and analyzed in a flow cytometer (FACS
Canto II, BD Biosciences). Mean fluorescence from the flow
cytometry reading of 2x104 cells per tube was used for the
calculations. Internalization was calculated as fluorescence of
quenched cells (intracellular compartments only) divided by
that of unquenched cells (both cell surface and intracellular
compartments). The cells incubated with Alexa488-labelled
compounds on ice were used as a control where the antibody's
quenching efficiency on each Alexa-labeled compound was
estimated. Since nothing should be internalized at 0˚C, the
fluorescence measured after quenching with anti-Alexa on
these cells was considered to be unquenchable surface fluores-
cence (background). This amount (5-15% of total fluorescence)
was corrected for when the percentage internalized compound
was calculated. Version 2: In a variant of the method above,
the cells were preincubated with the same binders for 1 h on
ice to allow binding to the EGFR receptors but not internal-
ization. The cells were washed in ice-cold PBS to remove
unbound EGFR binders, incubated for 1 h at 37˚C and further
treated as described above. In this way, there was no constant
presence of Alexa488-labelled binders but only the ones
bound to the receptors were studied. This method was adopted
from Austin et al (20).

Acid wash with 111In-labeled Z1907. This method was per-
formed as described earlier (31). In short, A431 cells (ATCC)
were seeded in petri dishes, 5x105 cells per dish, and allowed
to grow in complete medium overnight. The cells were then

washed and incubated with 6.5 nM (corresponding to 5x
molar excess to the receptors) 111In-labelled Z1907 in complete
medium at 37˚C for 0-60 min. After washing in serum free
medium, the cells were incubated with ice cold acid (0.2 M
glycin, 0.15 M NaCl, 4 M urea, pH 2.0) on ice for 5 min. The
acid (with the cell surface fraction of Z1907) was collected
and cells were washed with additional 0.5 ml acidic solution.
The cells were treated with 1 M NaOH and removed from the
petri dish using a cell scraper. This cell suspension was kept
as the internalized fraction of 111In-Z1907. For each time point,
three petri dishes were used. Radioactivity was measured in a
gamma counter (Wizard 1480). Internalization at each time-
point was calculated as CPM of the NaOH fraction divided
by CPM of the acid + NaOH fractions.

Results

Confocal microscopy with CypHer-labeled agents. To
confirm that the CypHer fluorophore was fluorescent only
when internalized, A431 cells were stained with the CypHer-
labeled agents and viewed in the fluorescence microscope
(Fig. 1). As expected, the CypHer fluorescence could only be
detected intracellularly and not on the cell surface. Both Z1907
and (Z1907)2 could be seen in small intracellular vesicles, a
staining pattern very similar to that of EGF. Cetuximab
showed a similar pattern but with somewhat smaller vesicular
structures. The negative control (ZAß)2 showed no staining.
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Figure 1. A431 cells stained with CypHer5E-labeled EGFR binding com-
pounds (red). The nuclei are counterstained with Hoechst (blue). (1) EGF,
(2) Z1907, (3) (Z1907)2, (4) cetuximab and (5) (ZAß)2 (negative control).
Overlay of confocal fluorescence and phase contrast photomicroscopy.
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Quantification of internalization using CypHer and flow
cytometry analysis. Since CypHer becomes fluorescent when
internalized, internalization of a CypHer-labeled compound
can be easily measured in a flow cytometer. In this way, the
four EGFR-binding compounds and the non-specific (ZAß)2

were tested at different concentrations (Fig. 2). Both Z1907
and (Z1907)2 were internalized, with no significant difference
in signal between the two compounds. EGF seemed to have
somewhat stronger signals, whereas the strongest signals were,
in most cases, seen with cetuximab. According to the spectro-
photometer analyses of the CypHer-labeled compounds, all
agents except cetuximab had a dye-to-protein ratio of about 2.
Cetuximab, which is a larger protein, had a dye-to-protein
ratio of 3.2. No CypHer signal was seen from (ZAß)2 at lower
concentrations, but at 500 nM this non-specific signal was
strong. For further studies, 50 nM was chosen as the optimal
concentration, as this concentration would render strong
specific signals without visible unspecific uptake.

Specificity test with flow cytometry analysis. In order to
confirm that the CypHer signal was specific, the A431 cells
were preincubated with 100-fold molar excess of unlabeled
compound before incubated with the corresponding CypHer-
labeled compound. The CypHer signal of all four substances
was blocked to levels similar to that of the non-specific sub-
stance (ZAß)2 (data not shown).

Quenching of surface fluorescence using the anti-Alexa488
antibody, microscopy. A431 cells grown on glass slides were
incubated with Alexa488-labeled EGFR binders for 1 h,
washed and incubated on ice with or without the fluorescence-
quenching anti-Alexa antibody. As seen in Fig. 3, most surface
fluorescence was quenched by the antibody and mainly
intracellular fluorescence remained. When cells stained with
Alexa488-labeled Z1907, (Z1907)2 or cetuximab were incu-
bated with PBS only (‘unquenched’), most fluorescence was
located to the cell membrane. However, with unquenched
Alexa488-EGF the membrane staining was less pronounced
and the majority of the fluorescence was located to intracellular
compartments. Only faint fluorescence was seen with the
control substance ZTaq.

Quenching of surface fluorescence using the anti-Alexa488
antibody, determination of internalized fraction using flow
cytometry. Internalization was measured as percent of total
amount bound EGFR binder by comparing Alexa488 fluores-
cence of quenched cells to that of unquenched ones in flow
cytometer analysis. Two versions of this method were perfor-
med, version 1 where the fluorescent binders were constantly
present during internalization, and version 2 where the
fluorescent binders were prebound to the cells on ice and the
excess washed off before internalization was monitored at
37˚C. In both versions, unquenchable surface fluorescence
(background) was estimated in parallel tubes on ice. This
unquenchable amount was about 10-15% with Alexa488-
EGF, and 5-10% with Alexa488-labelled Z1907, (Z1907)2 and
cetuximab. This ‘background fraction’ was corrected for in
each individual experiment before the internalization percen-
tage was calculated.

After 1 h at 37˚C, about 47% (version 1) or 41% (version 2)
of the total cell fluorescence from Alexa488-EGF was intra-
cellular (Fig. 4). With Z1907, (Z1907)2 and cetuximab this
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Figure 2. CypHer fluorescence intensity as a function of the amount of
added CypHer5E-labeled EGFR binding compounds and the negative
control (ZAß)2. Studies were performed using flow cytometry. Results from
five experiments are shown as mean values and standard errors.

Figure 3. Quenching of surface-bound fluorescence from Alexa488-labeled
EGFR binders. Unquenched control cells (left column) and cells where
surface fluorescence is quenched with an anti-Alexa488 antibody (right
column).
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number was lower, 22-24% with version 1 and 19-21% with
version 2. There was no significant difference between these
three binders. The results from the different method versions
seemed fairly equal.

Study of internalization kinetics using the Alexa488 quenching
antibody. The two versions of the Alexa488 method were
also used for studies of internalization kinetics of the four
compounds (Fig. 5). The end result after 60 min was similar
with the two versions, when about 60% of EGF and 35% of
the other binders were internalized. However, since the
complex setup in the kinetics studies did not allow parallel
studies on ice, the unquenchable surface fluorescence was
not subtracted in this case. This is why the internalized fraction
was about 10-20 percentage units higher after 60 min in the
kinetics studies than in the results seen in Fig. 4. The inter-
nalization rate was faster with version 2 (Fig. 5B) than with
version 1 (Fig. 5A), and was almost stabilized after about
10 min whereas in version 1, internalization slowly increased
throughout the incubation time. EGF had a significantly
higher internalization rate than the other compounds. No
major differences could be seen between Z1907, (Z1907)2 and
cetuximab.

Acid wash with 111In-labelled Z1907. In order to compare the
results obtained with fluorochrome-based methods to a more
commonly used technique, the monomeric affibody Z1907
was labeled with 111In and used in an acid wash internaliza-
tion study. The uptake of the radiolabeled affibody molecule
was monitored for 60 min (Fig. 6). After 1 h, about 19% of
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Figure 4. Internalization of Alexa488-labeled EGFR binders using the two versions of the Alexa488-quenching method. Cells were incubated in constant
presence of the EGFR binders (A, version 1) or after pre-incubation on ice and removal of excess substance (B, version 2). Flow cytometry was used to
estimate internalized fluorescence as percentage of total fluorescence. Mean values and standard deviations from 8 (panel A) and 9 (panel B) experiments are
shown.

Figure 5. Internalization kinetics of Alexa488-labeled EGFR binders using the two versions of the Alexa488-quenching method. Cells were incubated in
constant presence of the EGFR binders (A, version 1) or after pre-incubation on ice and removal of excess substance (B, version 2). Flow cytometry was used
to estimate internalized fluorescence as percentage of total fluorescence. Mean values and standard deviations from 5 (A) and 3 (B) experiments are shown.

Figure 6. Internalization of 111In-Z1907 by A431 cells as a function of time
during 60 min. Each point corresponds to the mean value and standard
deviation from measurements on three culture dishes.
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the cell associated radioactivity was intracellular. The
dimeric (Z1907)2 could not be analyzed with the acid wash
method since it was not effectively washed away from the
cellular membrane at low pH (not shown).

Discussion

When potential molecular candidates for tumor imaging
and/or therapy are characterized, quantitative determination
of cellular internalization is of importance. A toxin or radio-
nuclide conjugated to a receptor-specific affinity protein may
work more efficiently inside the cell than when localized on
the cell surface, and longer retention time due to internali-
zation will improve SPECT and PET images. Here we have
studied internalization of two EGFR-binding Affibody mole-
cules: Z1907 (monovalent) and (Z1907)2 (bivalent). EGF and
cetuximab were used as reference substances and the non-
EGFR binding Affibody molecules ZTaq and (ZAß)2 as
negative controls.

Two different fluorescence-based methods were used.
The first method, CypHer labeling, measures fluorescence of
the internalized molecule pool, while the second method,
Alexa488-quenching, is based on the difference between
total cell-bound and internalized fluorescence. In addition,
the results were compared to results from 111In delivered with
the monomer Z1907, using the acid wash internalization
method. This method has been verified to be a reliable method
for studies of internalization of EGF, and is a common way
to study internalization. However, it has its limitations and
was not applicable to the dimeric Affibody molecule, appar-
ently due to acid-resistant binding to the cell membrane.
Z1907 and (Z1907)2 have earlier been studied at our labora-
tories using the so called 111In/125I method, which compares
retention of the 111In-labeled binder (residualizing nuclide) to
that of the 125I-labeled binder (unresidualizing nuclide) (16).
This method estimates the influence of internalization and
degradation on cellular retention, but is not a quantitative
method to measure internalization.

Both fluorescent methods were visualized in immuno-
fluorescence stainings (Figs. 1 and 3) and shown to be
functional for the EGFR-binding and control substances used
here. According to flow cytometer analyses of the CypHer-
labeled EGFR-binders, Z1907 and (Z1907)2 were both inter-
nalized and no significant difference in signal could be seen
between the two binders. EGF seemed to render somewhat
stronger signals, whereas the strongest signals were seen with
cetuximab. This may to some extent be a result of the higher
dye-to-protein ratio, ≈3.2, for cetuximab compared to the
other compounds where the values are around 2.0. The NHS
labeling chemistry couples the CypHer fluorophore to any
lysine in the protein, which is probably why the large anti-
body (150 kDa) has more fluorophores coupled to it than the
other compounds (6-13 kDa). Thus, to compare two different
compounds using this method, one must make sure they have
equal dye-to-protein ratios.

Two versions of the Alexa488-quenching method described
by Austin et al (20) were used: Version 1, where an excess of
the Alexa488-labelled EGFR-binding compound was present
throughout the 37˚C incubation, and version 2, where the cells
were pre-incubated with the labeled EGFR binders on ice and

the excess removed before the incubation. In both versions, a
surface fluorescence-quenching anti-Alexa488 antibody was
used to distinguish surface fluorescence from internalized
fluorescence, and an internalized-to-total fluorescence ratio
was calculated for each compound.

The two versions of the quenching method showed nearly
equal results after 1 h, with somewhat less internalization
seen with version 2. A more pronounced difference was seen
when internalization kinetics was studied. As expected, the
initial internalization was faster when version 2 was applied,
since the fluorescent molecules were already bound to the cell
surface when the incubation time started. Both versions of
this method may, however, be relevant depending on the goal
of the study.

According to both versions of the quenching method,
about 40-50% of the cell-associated EGF and 20-25% of the
other compounds [Z1907, (Z1907)2 and cetuximab] had been
internalized after 1 h. This is in fairly good agreement with
earlier acid wash studies on cetuximab internalization, where
about 25-30% of the bound antibodies were internalized after
1 h (32). Although both EGF and cetuximab are known to
be internalized, the dynamics and degree of EGFR down-
regulation seem to differ (32). Cetuximab is internalized more
slowly than EGF, and is recycled more efficiently (23). From
the results seen here, it is likely that the Affibody molecules
are similar to the antibody in this respect. Z1907 and its
unmaturated form Z955 bind to the same domain as cetu-
ximab, i.e. domain III of the extracellular part of EGFR (18).
Thus, the effect of the Affibody molecules on EGFR is
probably more similar to that of cetuximab than to EGF,
which activates the receptor and its internalization by simul-
taneous binding to domains I and III. Although the inter-
nalized amount of Affibody molecules was lower than that
seen with the natural ligand EGF, it is probably enough to
be useful for imaging and therapy when applying radiometals.

The monovalent Z1907, which according to preclinical
studies is more suitable for in vivo imaging than the bivalent
form (16), was radiolabeled with 111In and tested in an acid
wash internalizaion assay. With this assay, about 19% of
bound 111In delivered by Z1907 were internalized after 1 h.
This is in accordance with the results from the surface quen-
ching method. Delivery of 111In with (Z1907)2 was also studied
using the acid wash method, but this bivalent Affibody
molecule could not be washed away with the acid, although
various protocols were tested (data not shown). This is a
drawback of the acid wash method, where differences in pH
sensitivity must be taken into account. For instance, cetuximab
is not removed as readily as EGF by acid wash (23).

In summary, for quantitative internalization screenings of
targeting agents, the Alexa488 quenching method is useful.
The CypHer method requires the same dye-to-protein ratio for
all compounds to be compared, while the Alexa488 quenching
method instead compares each compound to itself, regardless
of the dye-to-protein ratio, and this is an advantage. Acid wash
is a well-established method for EGF but is not useful for all
binders, since some are more resistant to acid-induced detach-
ment from the membrane. Thus, the fluorescence-based
Alexa488 quenching method may be a necessary complement
to the more commonly used radioactivity-based acid wash
method.
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