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Antibody-labeled gold nanoparticles represent a promising novel tool regarding cancer imaging and therapy. Never-
theless, the characterization of biodistribution of such immunonanocarriers has been poorly documented. In this study,
the biodistribution of 89Zr-labeled cetuximab before and after the coupling reaction to gold nanoparticles (AuNPs) was
compared and the quantitative imaging performance of 89Zr immuno-PETwas evaluated. Cetuximabwas functionalized
with the desferal moiety and labeled with 89Zr (89Zr–Df–Bz–NCS–cetuximab). AuNPs with amean diameter of 5 nmwere
synthesized according a newmethod developed in the laboratory, and conjugated to 89Zr–Df–Bz–NCS–cetuximab using
carbodiimide chemistry (AuNPs–PPAA–cetuximab–89Zr). The two tracers were injected in A431 xenograft-bearing mice.
Tumor and liver uptakes were assessed at different times after injection using quantitative PET imaging. The in vivo
specificity of the binding was investigated using a saturating dose of unlabeled cetuximab. Radiolabeled cetuximab
was conjugated to AuNPs with a coupling reaction yield>75%. All conjugates were stable in vitro and to a lesser extent
in plasma. In vivo distribution studies revealed no significant difference in tumor uptake for cetuximab conjugated to
nanoparticles up to 72 h after injection, compared with unconjugated cetuximab. Immuno-PET studies showed that
AuNPs–PPAA–cetuximab–89Zr provided high tumor-to-background ratio. The liver uptake of AuNPs–PPAA–
cetuximab–89Zr was higher, compared with 89Zr–Df–Bz–NCS–cetuximab. In vivo blocking experiments demonstrated
selective tumor targeting after coupling reaction. This study showed that the conjugation of AuNPs to cetuximab did
not affect its tumor accumulation and that the efficacy of EGFR-targeted nanoparticles was unaltered.
The 89Zr-labeled cetuximab-targeted gold nanoparticles could be a valuable tool for theranostic purposes.
Copyright © 2013 John Wiley & Sons, Ltd.
Supporting information may be found in the online version of this paper.
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1. INTRODUCTION

The emerging nanomedicines provide attractive tools that have a
potential to improve cancer detection and therapy efficiency (1).

Gold nanoparticles (AuNPs) are known for their good biocompati-
bility profiles and their interesting properties. Owing to their
optical absorption properties, gold nanoparticles have shown
potential as contrast agents for optoacoustic cancer imaging (2)
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and can be used as photothermal agents in cancer therapy (3).
However, their small size facilitates their entry into various cells
and makes it difficult to use them for targeted delivery to specific
tissues. Development of active targeting of nanoparticles, such as
nanoparticle conjugation to tumor-specific ligands, may constitute
the next generation of polymeric nanoparticles drug delivery
systems and would be a solution to improve targeted delivery
(4). The active targeting involves the incorporation of molecules
that specifically bind an antigen or receptor that is either
exclusively expressed or overexpressed on the tumor cell surface.
Monoclonal antibodies (mAbs) have long been considered as
interesting candidates for targeted cancer therapy and diagnostics,
thanks to their highly specific targeting ability. Although
antibodies are used successfully as intrinsic therapeutic agents,
they have also the ability to be exploited as targeting agents (5).
The antibody-targeted nanoparticles were expected as a strategy
to enhance the efficacy of tumor targeting for nanoparticle deliv-
ery systems while reducing toxicity in normal tissues (4). To
functionalize gold nanoparticles we have chosen cetuximab, a
mouse–human chimeric monoclonal antibody that binds compet-
itively and with high affinity to the epidermal growth factor recep-
tor (EGFR). The EGFR is an attractive target for anticancer therapy
(6) as this tyrosine kinase receptor is overexpressed in many epi-
thelial solid tumors. Currently, cetuximab (ErbituxW) is approved
for the treatment of metastatic colorectal cancer and has been
shown to inhibit ligand binding, receptor dimerization and down-
stream signaling by binding to extracellular domain of the EGFR
(7). Several antibody-based strategies have been developed to
block EGFR activation and are used clinically (8,9). Moreover, EGFR
targeting has also been achieved using several immunoconjugates in-
cluding cetuximab conjugated to gold nanoparticles (10–13).
Many studies have described the biological distribution of

nanoparticles according to their size, shape, surface charge,mechan-
ical properties and chemistry, as well as the route of administration
(14), but few reports are available on biodistribution experiments
with antibody-functionalized nanoparticles (15). For this purpose,
we studied the impact of cetuximab conjugation to gold
nanoparticles on their in vivo distribution behavior compared
with unconjugated antibody. To trace these immunoconjugates,
cetuximab was previously radiolabeled using zirconium-89
(89Zr). 89Zr is a promising candidate for positron emission tomog-
raphy (PET) (16). Immuno-PET using 89Zr has been particularly
applied in cancer research. In addition to numerous animal
studies (17,18), the application of 89Zr-labeled antibodies to detect
primary tumors in human has been successfully demonstrated in
several studies (19,20). In fact, antibody-based radiotracers require
extended in vivo circulation times for optimal biodistribution
and tumor targeting (21). Therefore, the long physical half-life
of 89Zr (78.41 h) is compatible with the time needed for most
intact antibodies to achieve optimal tumor-to-nontumor ratio
(typically 2–4 days). In the current study, we used the labeling
of cetuximab with 89Zr and animal PET imaging to monitor the
influence of gold nanoparticles conjugation on the biological
distribution of the antibody.

2. RESULTS AND DISCUSSION

2.1. Characterization of 89Zr-labeled cetuximab and
89Zr-cetuximab conjugated to AuNPs

Radiolabeling of Df–Bz–NCS-cetuximab with 89Zr-oxalate was
achieved with a mean radiochemical yield of 30% (n= 6),

whereas the radiochemical purity immediately after purification
was >95% (n= 6). The resulting specific activity was 50.9� 9.8
MBq mg�1 of mAb (n = 6). Electrophoresis of 89Zr-labeled
Df–Bz–NCS-cetuximab under nonreducing conditions followed
by radio-TLC and autoradiography showed a single band of
150 kDa corresponding to 89Zr–Df–Bz–NCS–cetuximab and a
single peak of radioactivity (see supplementary figure 1a in
the online Supporting Information), which means that anti-
body integrity remained preserved after labeling reaction.

After coating nanoparticles with PPAA (plasma-polymerized
allylamine), the nanoparticle diameters observed by transmission
electron microscopy (TEM) imaging ranged from 3 to 10 nm
(mean diameter of 4.8� 1.7 nm) (22). The mean diameter of
cetuximab after coupling to gold nanoparticles was determined
by CPS disk centrifuge and was estimated about 31.0� 10.4 nm
(see supplementary figure 2 in the online Supporting Information).
Electrophoresis of cetuximab-labeled gold nanoparticles under
nonreducing conditions followed by radio-TLC showed a lower
migration of AuNPs–PPAA–cetuximab–89Zr compared with 89Zr–
Df–Bz–NCS–cetuximab and two peaks of radioactivity correspond-
ing to the position of the two species on the gel (see supplementary
figure 1b in the online Supporting Information). The percentage of
radioactivity linked to the peak of AuNPs–PPAA–cetuximab–89Zr
expressed the coupling reaction yield, which was greater than
75% (n=3). In order to enhance the coupling yield, the coupling
reaction was achieved overnight. This conjugation step is quite long
and inconvenient for possible future theranostic use of these
nanoconjugates. The coupling reaction of antibodies to gold
nanoparticles could be optimized for later studies by using another
cross-linking method like click chemistry. The modern click chemis-
trymethod is known for its high coupling efficiency and shorter time
of reaction compared with conventional carbodiimide chemistry
(23). Thermogravimetric analysis revealed the number of coupled
antibodies molecules per nanoparticle, which was estimated to
be 5–10 mAbs per nanoparticle (22). Finally, a cell-based ELISA,
phosphorylation assays and subsequent western blot analysis
showed that the in vitro binding activity of cetuximab after coupling
reaction to nanoparticles was quantitatively slightly reduced com-
pared with uncoupled cetuximab but qualitatively preserved (22).

2.2. PET evaluation of 89Zr-labeled cetuximab biodistribution
in mice before and after coupling reaction to AuNPs

Two groups of A431 bearing nude mice were injected with
89Zr–Df–Bz–NCS–cetuximab or AuNPs–PPAA–cetuximab–89Zr,
respectively. We compared the pharmacokinetic behavior of
AuNPs–PPAA–cetuximab–89Zr with that of 89Zr–Df–Bz–NCS–
cetuximab, as a reference compound. Figure 1 shows representative
PET images of A431 xenograft bearing nudemice at 48 h after tracer
injection, and compares the distributions of 89Zr–Df–Bz–NCS–
cetuximab (Fig. 1a) and AuNPs–PPAA–cetuximab–89Zr (Fig. 1b).
The accumulation of the two tracers was most predominantly
observed in the liver (red arrows) and in tumors implanted in both
legs (green arrows). For both radioimmunoconjugates, a similar
pattern was observed, but with a higher liver and spleen uptake
for AuNPs–PPAA–cetuximab–89Zr. This distribution pattern
remained constant at later time points (data not shown). 3D videos
related to PET study are available online as supplementary mate-
rials 3 and 4 for 89Zr–Df–Bz–NCS–cetuximab and AuNPs–PPAA–
cetuximab–89Zr respectively (Supporting Information).

In the tumor, the kineticswere slow for both coupled anduncoupled
89Zr-labeled cetuximab (Fig. 2a), with a maximum uptake reached
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after 48 h and followed by a plateau phase (3.9� 0.1 for
89Zr–Df–Bz–NCS–cetuximab and 3.3� 0.5 for AuNPs–PPAA–
cetuximab–89Zr). No difference in tumor uptake between the
two groups was seen at early time points. A small, statistically sig-
nificant difference of uptake was noted at 96 and 168 h. In terms of
tumor-to-background ratio, a continuous increase was observed
over time, with no difference between the two groups except
for the latest time point (168 h) in favor of AuNPs–PPAA–
cetuximab–89Zr (Fig. 2b). This trend suggested a lower back-
ground for mice receiving antibody conjugated to gold
nanoparticles, which would probably be related to the more im-
portant tracer uptake by the reticuloendothelial system and par-
ticularly by the liver. Thus, we demonstrated that the tumor
uptake of the vectorized gold nanoparticles was mostly similar
to that of uncoupled cetuximab. A small difference could only
be seen for late time points, the tumor uptake being then slightly
lower for the AuNPs–PPAA–cetuximab–89Zr when expressed as
percentage of the injected dose per milliliter (%ID ml�1), but
higher when expressed as tumor-to-background ratio. The pres-
ervation of high tumor contrast after nanoparticle conjugation,
expressed as tumor-to-background ratio, supports the good
imaging properties of AuNPs–PPAA–cetuximab–89Zr.
Major differences between both biodistribution patterns were

observed for liver and spleen uptake (Fig. 1). For each time point
considered, it must be mentioned that the liver uptake for
AuNPs–PPAA–cetuximab–89Zr was quite important, more than
twice as that of the unconjugated cetuximab (Fig. 3). The uptake
by the liver was fast and the maximum uptake value was reached
at 6 h after tracer injection (13.4� 0.6 for AuNPs–PPAA–
cetuximab–89Zr and 7.5� 0.3 for 89Zr–Df–Bz–NCS–cetuximab). One
of the limitations of antibody-based imaging is the high background
signal in the reticuloendothelial system, which was particularly

Figure 1. A431-bearing nude mice, injected with 89Zr–Df–Bz–NCS–cetuximab (a) or AuNPs–PPAA–cetuximab–89Zr (b) (two tumors per mouse), or
AuNPs–PPAA–cetuximab–89Zr 2 h after a blocking dose of unlabeled cetuximab (c) (one tumor per mouse). Coronal (upper) and transaxial (lower)
PET images were obtained 48 h after injection. Color scales, expressed as %ID ml-1, indicate radioactivity uptake levels in tumors (green arrows) and
in liver (red arrows). The bladder is indicated with ‘B’ and the spleen with ‘S’.

Figure 2. Tumor uptake (a) and tumor-to-background ratio (b) of 89Zr–
Df–Bz–NCS–cetuximab (white bars) or AuNPs–PPAA–cetuximab–89Zr
(black bars) in A431-bearing nude mice at 6, 24, 48, 72, 96 and 168 h after
injection. Injected activity ranged from 3.3 to 4.6 MBq, corresponding to
a total of 200–350 mg mAb per mouse. Results are expressed as means
� SEM (n=3–5). * p< 0.05.
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illustrated in our study by liver uptake of 89Zr–Df–Bz–NCS–
cetuximab.Moreover, the colloidal properties of gold nanoparticles
could be the cause of the enhanced AuNPs–PPAA–cetuximab–89Zr
accumulation in the reticuloendothelial system.
The specificity of tumor uptake was investigated by administer-

ing a saturating dose of unlabeled cetuximab 2 h before
AuNPs–PPAA–cetuximab–89Zr injection. In this saturation experi-
ment, the binding of AuNPs–PPAA–cetuximab–89Zr was mark-
edly reduced in the tumor, as illustrated on images obtained 48
h after injection of the tracer (Fig. 1c). The residual activity in
the tumor was significantly lower for the blocking group at each
time point compared with tumor uptake in mice injected with
only AuNPs–PPAA–cetuximab–89Zr (Fig. 4a). In fact, the tumor up-
take value in the blocking group (1.5� 0.1 %ID ml�1) was re-
duced by a factor of 2.2 at 48 h after injection compared with
mice receiving only AuNPs–PPAA–cetuximab–89Zr (3.3� 0.5 %
ID ml�1). In terms of tumor-to-background ratio, the reduction
in tumor uptake for the blocking group was more pronounced
and was significant at each time point, compared with the
nonsaturating group (Fig. 4b). Indeed, the tumor-to-background
ratio value was equal to 3.4� 0.5 for the blocking group and
12.0� 2.3 for mice receiving only AuNPs–PPAA–cetuximab–89Zr,
at 48 h after injection. We demonstrated that administration
of unlabeled antibodies in excess before AuNPs–PPAA–
cetuximab–89Zr injection induced the saturation of EGFR binding
sites and decreased significantly the EGFR-binding of AuNPs–
PPAA–cetuximab–89Zr in tumors. These results suggested the
selective accumulation and the EGFR-specific binding of
AuNPs–PPAA–cetuximab–89Zr in vivo. It also confirmed the pres-
ervation of the EGFR recognition by the antibody after its
radiolabeling and coupling to nanoparticles in agreement with
previous in vitro studies showing its preservation after chelation
and radiolabeling (24,25). Indeed, the functionalization of
cetuximab with a three-fold molar excess of Df–Bz–NCS led to a
reproducible chelate:mAb substitution ratio of 1.5:1. Such a low
chelate–mAb ratio was reported not to alter the pharmacokinetic
nor the immunoreactivity of the antibody. In addition, our previ-
ous studies showed that the in vitro binding activity of AuNPs–
PPAA–cetuximab–89Zr (EC50 0.08 mg ml�1) remained in the same
range as for 89Zr–Df–Bz–NCS–cetuximab (EC50 0.19 mgml�1 ) (22).
Finally, it can also be emphasized that we did not observe

radioactivity accumulation in other nonspecific organs, apart from

liver, spleen and bones. For the two groups of mice and starting
from 24 h after injection, the maximum intensity projection
images showed an accumulation of radioactivity in bones, which
was particularly enhanced at 48 h after injection (Fig. 5). PET
images displayed distinct hot spots in joints (shoulders and knees)
and in the whole mouse backbone. A similar pattern of skeleton
uptake was also reported for 89Zr-labeled trastuzumab (26). The
bone uptake might be assigned to the detachment of 89Zr from

Figure 3. Liver uptake of 89Zr-Df-Bz-NCS-cetuximab (white bars) or
AuNPs-PPAA-cetuximab-89Zr (black bars) in A431 bearing nude mice at
6, 24, 48, 72, 96 and 168 h after injection. Injected activity ranged from
3.3–4.6 MBq corresponding to a total of 200–350 mgmAb per mouse. Results
are expressed as means� SEM (n=3–5). * p< 0.05; *** p< 0.0001.

Figure 5. Maximum intensity projection of 89Zr–Df–Bz–NCS–cetuximab
(left) and AuNPs–PPAAcetuximab–89Zr (right) 48 h after injection in
A431-bearing nude mice (two tumors per mouse). Upper and lower
intensity threshold were set at 100% and 0% respectively.

Figure 4. Tumor uptake (a) and tumor-to-background ratio (b) of
AuNPs–PPAA–cetuximab–89Zr (3.3–4.6 MBq, total of 200–350 mg mAb
per mouse) or AuNPs–PPAA–cetuximab–89Zr (2.2–3.5 MBq, total of 200
mg mAb per mouse) after a blocking dose of unlabeled cetuximab
(2000 mg mAb per mouse) in A431-bearing nude mice at 6, 24, 48, 72,
96 and 168 h after injection. Results are expressed as means� SEM
(n=3). * p< 0.05; ** p< 0.01.
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the desferal moiety. First, we observed that the two tracers were
not fully stable in physiological conditions, a release of free 89Zr
being observed up to 10% after 24 h of plasmatic in vitro
incubation. Second, previous studies attributed constant bone
accumulation to the strong affinity of free 89Zr4+ for hydroxylapa-
tite and phosphate constituents of bones. In fact, zirconium is
known to bind to plasma proteins and it is later deposited in
mineral bone (27). Other studies hypothesized that high murine
bone uptake is also due to the liver metabolism of the conjugate
and the release of free 89Zr into the circulation (28).

3. CONCLUSIONS

Development of more efficient drug delivery systems is important
to effectively target cancer cells. Gold nanoparticles, used as scaf-
folds to which antibodies are attached, were previously described
as valuable tools for imaging and/or treating cancers. Neverthe-
less, the characterization of in vivo distribution of such scaffolds
was poorly documented. Because our group has recently
developed a method to synthesize gold nanoparticles (29), we
addressed in this work the question of the nanoparticle vectorization
through conjugation to cetuximab, a specific monoclonal
antibody directed against EGFR. We combined the targeting
properties of cetuximab and favorable imaging properties of
89Zr to further characterize the in vivo behaviour of these vectorized
nanoparticles and the in vivo impact of nanoparticle conjugation
on antibody distribution by using noninvasive PET imaging.

We demonstrated that the conjugation of cetuximab to gold
nanoparticles does not significantly affect the EGFR-dependent tu-
mor uptake inmice. However, the reticuloendothelial system uptake
of 89Zr-labeled cetuximab conjugated to gold nanoparticles was
higher than for 89Zr-labeled antibody alone. This could be a limita-
tion for the use of radioactive nanoparticles for systemic metabolic
radiotherapy, but not for strategies based on photothermal therapy
where nanoparticle activation can be controlled. Overall, PET-
imaging using 89Zr-labeled antibodies is a powerful tool to analyse
the in vivo properties of complex systems like immunonanocarriers
suggested for theranostic applications and more specifically for
photodynamic therapy, which is an attractive alternative to surgery
or radiation for the management of malignant tumors.

4. EXPERIMENTAL

4.1. Production and purification of 89Zr
89Zr was produced and purified as previously described (30,31).
In brief, 89Zr was produced in-house via a (p,n) reaction on natural
yttrium (89Y) using a CycloneW 30 cyclotron (IBA, Louvain-la-Neuve,
Belgium). For this purpose, 100 mg of 100% (89Y)-Y2O3 powder
(Sigma-Aldrich, Belgium, 99.99% purity) was bombarded with
incident proton-beam (Ep =14 MeV, 10 mA) for about 10 h.

The irradiated 89Y target was dissolved in 6 mol l�1 HCl
(Sigma-Aldrich, Belgium) at 120 �C for 30 min, then diluted with
water (>18 MΩ cm�1, 25 �C, Milli-Q, Millipore) to ensure a
final concentration of 2 mol l�1 HCl. The obtained solution
was loaded onto a solid-phase hydroxamate column (100 mg),
which was prepared as previously reported (30,32). The
column was washed with 2 mol l�1 HCl and Milli-Q water, respec-
tively, to remove 89Y ions and other radionuclidic metal impuri-
ties. 89Zr was finally slowly eluted with 1 mol l�1 oxalic acid
(Sigma-Aldrich, 99.999% purity). All used reagents and solvents
were of trace analysis quality.

4.2. Preparation and characterizationof 89Zr-labeled cetuximab
89Zr–Df–Bz–NCS–cetuximab was prepared according to a proto-
col previously described (33,34). First, cetuximab (ErbituxW 5 mg
ml�1, Merck, Belgium) was purified by discontinuous filtration in
centrifugal filter device with a molecular weight cut-off of 10 kDa
(Vivaspin, Sartorius, Belgium). Then, the purified cetuximab
was functionalized with the bifunctional chelating agent p-
isothiocyanatobenzyl-desferrioxamine (Df–Bz–NCS, Macrocyclics,
Dallas, TX, USA). In short, a three-fold molar excess of Df–Bz–NCS
in 20 ml DMSO (Sigma-Aldrich, Belgium) was added to the anti-
body solution (2 mg in 1 ml 0.1 M NaHCO3 buffer, pH 9.0) and in-
cubated for 30 min at 37 �C. The isothiocyanate group of the
chelate agent forms a thiourea bond with a primary amine of
the antibody lysine groups. Finally, the functionalized cetuximab
(Df–Bz–NCS-cetuximab) was purified by size exclusion chroma-
tography using a PD10 column (GE Healthcare Life Sciences,
Belgium) and radiolabeled with produced 89Zr (111 MBq) at
room temperature for 60 min, followed by gel filtration purifica-
tion using 5 mg ml�1 gentisic acid in 0.25 M sodium acetate
(pH 5.4–5.6) as mobile phase. During the critical steps of the
antibody functionalization and radiolabeling, the pH was carefully
adjusted with a pHmeter (InolabW, pH 730, WTW) equipped with a
micro pH electrode (InlabW Micro, Mettler Toledo).
The radiochemical yield and purity were determined using

instant thin-layer chromatography (ITLC) and 20 mM citric acid
(pH 4.9–5.1) as mobile phase. ITLC migration was followed by
radio-TLC detection (Mini-Gita TLC scanner, Raytest, Germany)
and showed that the radiolabeled antibody migrated with Rf <
0.1, whereas unbound 89Zr migrated to the solvent front (Rf is
the distance that compound has traveled divided by the dis-
tance that the solvent has traveled). In addition, the integrity of
the antibody after radiolabeling was checked using sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (10% SDS–
PAGE gel, under nonreducing conditions), followed by radio-
TLC detection (Bioscan system 200 imaging scanner), and by
scanning gel using Phosphor Imager (Fujifilm FLA-5100) analysis.

4.3. Synthesis and characterization of 89Zr-labeled
cetuximab and conjugated to AuNPs

The gold nanoparticles were synthesized and coated with PPAA by
physical vapour deposition as previously described by our group
(29). The coated nanoparticles (AuNPs–PPAA) were purified by dis-
continuous filtration in centrifugal filter device with a molecular
weight cut-off of 10 kDa. Cetuximab was then coupled to coated
nanoparticles using carbodiimide chemistry, as recently described
(35). In summary, the amino groups present in the polymeric
coating of AuNPs–PPAA were exploited to form an amide
bond with the carboxyl groups of the antibody. About 1 mg of
89Zr–Df–Bz–NCS–cetuximab was added in 5 ml of an aqueous
solution containing 95 mg of 2-(N-morpholino)ethanesulphonic
acid hydrate (Sigma-Aldrich, Belgium), 1 mg of N-hydroxy-
sulphosuccinimide (Sigma-Aldrich, Belgium) and 1 mg of 3-
carbodiimide hydrochloride (Sigma-Aldrich, Belgium). The mixture
was stirred for 20 min at 25 �C, after which the aqueous solution of
AuNPs–PPAA (1.3 mg, 2 ml) was added. The reaction was stirred
at 25 �C for a period of 16 h. The 89Zr-labeled antibodies conju-
gated to nanoparticles (AuNPs–PPAA–cetuximab–89Zr) were pu-
rified by filtration, using membrane filter of molecular weight
cut-off of 300 kDa (Millipore, Belgium).
Transmission electron microscopy (Philips Tecnai 10 transmission

electron microscope) was carried out to assess the morphology
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and size distribution of AuNPs–PPAA as previously described (35).
Differential centrifugal sedimentation (DC 24000 Disc Centrifuge;
CPS Instruments Inc.) was achieved to determine the size of
AuNPs–PPAA–cetuximab–89Zr by measuring the time required
for the radioimmunoconjugates to traverse a sucrose density gra-
dient created in a disk centrifuge. This method uses calibrated
gold nanoparticles coated layer-by-layer with polyelectrolytes to
estimate the size of the tracer (35). The efficiency of conjugation
reaction between gold nanoparticles and radiolabeled cetuximab
was assessed using electrophoresis gel (10% SDS–PAGE
gel, under nonreducing conditions), followed by a radio-TLC
analysis. Thermogravimetric analysis were performed with a
TGA Q500 instrument (TA instruments, Italy) to evaluate AuNPs–
PPAA–cetuximab–89Zr composition as previously reported (22).
A cell-based ELISA was achieved to assess the relative binding
affinity. In addition, phosphorylation assays and subsequent
western blot analysis were carried out to control the preservation
of the cetuximab ability to inhibit the EGF-induced phosphoryla-
tion of EGFR after its conjugation to nanoparticles (22).

4.4. In vitro stability of radioimmunoconjugates in storage
solution and in plasma

Chemical stability of purified 89Zr–Df–Bz–NCS–cetuximab and
AuNPs–PPAA–cetuximab–89Zr in a solution of 5 mg ml�1 gentisic
acid in 0.25 M sodium acetate, pH 5.4–5.6, was checked in storage
conditions at 4 �C. Samples were drawn at regular time points
and the proportion of free 89Zr was analyzed by radio-TLC. In
these conditions, the release of free 89Zr was lower than 20%, 2
weeks after labeling reaction.
In vitro plasmatic stability of both 89Zr–Df–Bz–NCS–cetuximab

and AuNPs–PPAA–cetuximab–89Zr was studied in fresh mouse
plasma, by incubating the solution of radiolabeled antibodies
(1:2 v/v dilution at a final concentration of 1.6 MBq ml�1; sodium
azide added to 0.02%) at 37 �C with stirring. At different time
points (6, 24, 48, 72 and 96 h), aliquots of plasma (10 ml) were
analysed using radio-ITLC and this showed that 89Zr was slightly
dissociated from the antibody over time. Starting from a solution
without free 89Zr (100% purity), the percentages of dissociation
were<5% after 6 h, 10% after 24 h, 15% after 48 h and 20% after
72 and 96 h, for both radioimmunoconjugates.

4.5. Comparative biodistribution studies in mice using
animal-PET imaging

For the biodistribution and PET studies, NMRI male nude mice
(32–37 g, 5–7 weeks old; Janvier, France) bearing human epithe-
lial carcinoma xenografts (A431) were used. A431 cancer cell line
was maintained in appropriate medium Dulbecco’s modified
Eagle’s medium (glucose 4.5 g l�1 without pyruvate, Gibco-
Invitrogen, Belgium), supplemented with 10% heat inactivated
fetal bovine serum (Gibco-Invitrogen, Belgium) and 1%
streptomycin–penicillin (Gibco-Invitrogen, Belgium). A431 cells
(10� 106) were inoculated subcutaneously into flanks of NMRI
nude mice (two tumors per mouse). Mice were used for in vivo
experiments when the diameter of tumors reached 7–8.5 mm.
All animal experiments were conducted in accordance with
national and university animal care regulations.
To compare the pharmacokinetic behavior of radiolabeled

antibody conjugated to gold nanoparticles and uncoupled
radiolabeled antibody, two groups of three to five mice were
injected intravenously into the lateral tail vein with either freshly
prepared 89Zr–Df–Bz–NCS–cetuximab or with AuNPs–PPAA–

cetuximab–89Zr, (3.3–4.6 MBq, total of 200–350 mg mAb per
mouse). Additionally, to assess the in vivo specificity of
cetuximab-conjugated gold nanoparticles, a group of three
A431 tumor-bearing mice (blocking group, one tumor
per mouse) was injected with an excess of unlabeled cetuximab
(2 mg mAb per mouse) 2 h before the injection of AuNPs–PPAA–
cetuximab–89Zr (2.2-3.5 MBq, total of 200 mg mAb per mouse) as
previously described (36). The blocking group was compared
with the group of mice who received only AuNPs–PPAA–
cetuximab–89Zr without a saturating dose.

PET imaging was performed using a dedicated small-animal
PET scanner (MOSAIC, Philips Medical Systems; Cleveland,
USA) with a spatial resolution of 2.5 mm (full width at half
maximum) (37). Mice were imaged under anesthesia by
inhalation of 1.5% isoflurane (Abbott Laboratories, Belgium)–
oxygen gas mixture (2 l min�1). The PET acquisitions were
carried out with an energy window of 410–660 keV. Static
acquisitions were performed at different time points (6, 24, 48,
72, 96 and 168 h after tracer injection). For emission scans,
acquisition time was adapted to compensate for decay in order
to ensure significant statistics. Before reconstruction, raw data
were corrected for random and scattered coincidences, as well
as for system dead time. For attenuation correction of emission
data, transmission scans were acquired using a 370 MBq 137Cs
source. All images were reconstructed with a fully 3D iterative
algorithm (3D-RAMLA). The reconstructed matrix consisted of 120
transverse images of 128� 128 voxels, with a voxel size of 1 mm3.

4.6. PET data analyses

PET data were analyzed using PMOD software (PMOD™, version
3.3, PMOD Technologies Ltd, Zurich, Switzerland). Regions of
interest (ROIs) were delineated after image normalization. An
empirically determined system calibration factor for mice was
used to convert the ROI value (counts per pixel per minute) to
activity concentration (nCi ml�1). Image scale was first corrected
according to the PET calibration factor, including the positron
branching ratio, the physical decay to the time of injection, the
acquisition period and the injected dose. This normalization
was used to parameterize images in terms of percentage of the
injected dose per milliliter.

The 2D ROIs were established on consecutive transversal slices
using a 50% isocontour tool (ROI including the pixel values
greater than 50% of the maximum pixel) that semiautomatically
defined a 3D volume of interest around the tissue of interest. The
tracer uptake was assessed in liver and tumors. Moreover, a
background region was drawn in the pelvic region. The same
background volume was applied for all animal analyses and it
was representative for tissues with low nonspecific uptake. The
tumor uptake was also expressed as tumor-to-background ratio,
calculated as the mean activity in tumor region divided by the
mean activity obtained in the background region.

4.7. Statistical analysis

Results are given as means� SEM values from n animals. Data
calculations were performed with Prism software (Graph Pad™
Software Inc., version 5.02). The differences in tissue uptake be-
tween two groups were considered significant if the p-values
from unpaired t-tests were ≤0.05 (*), ≤0.01 (**) or≤ 0.001 (***).
The differences in tissue uptake at different time points were
assessed by the one-way analysis of variance and Tukey post-
hoc test.
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