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Purpose: To assess the ability of an engineered epidermal growth 
factor receptor (EGFR)–binding fibronectin domain to 
serve as a positron emission tomographic (PET) probe for 
molecular imaging of EGFR in a xenograft mouse model.

Materials and 
Methods:

An EGFR-binding fibronectin domain (fibronectin abbrevi-
ated to Fn when bound) was site-specifically labeled with 
copper 64 (64Cu) (8 MBq/nmol). Copper 64–Fn binding 
was tested in cell cultures with varying EGFR expression. 
Stability in human and mouse serum was measured in 
vitro. Animal experiments were approved by the Stanford 
University Institutional Animal Care and Use Committee. 
Copper 64–Fn (approximately 2 MBq) was used for PET 
in mice (n = 5) bearing EGFR-overexpressing xenografted 
tumors (approximately 5–10 mm in diameter). Results 
of tomography were compared with those of ex vivo 
gamma counting of dissected tissues. Statistical analysis 
was performed with t tests and adjustment for multiple 
comparisons.

Results: Copper 64–Fn exhibited EGFR-dependent binding to mul-
tiple cell lines in culture. The tracer was stable for 24 
hours in human and mouse serum at 37°C. The tracer 
exhibited good tumor localization (3.4% injected dose 
[ID]/g 6 1.0 [standard deviation] at 1 hour), retention 
(2.7% ID/g 6 0.6 at 24 hours), and specificity (8.6 6 3.0 
tumor-to-muscle ratio, 8.9 6 4.7 tumor-to-blood ratio at 1 
hour). Specific targeting was verified with low localization 
to low-expressing MDA-MB-435 tumors (0.7% ID/g 6 0.8 
at 1 hour, P = .018); specificity was further demonstrated, 
as a nonbinding control fibronectin had low localization to 
EGFR-overexpressing xenografts (0.8% ID/g 6 0.2 at 1 
hour, P = .013).

Conclusion: The stability, low background, and target-specific tumor 
uptake and retention of the engineered fibronectin do-
main make it a promising EGFR molecular imaging agent. 
More broadly, it validates the fibronectin domain as a 
potential scaffold for a generation of various molecular 
imaging agents.
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fibronectin scaffold with the quantita-
tive capability of positron emission to-
mography (PET) offers a useful alter-
native for the generation of molecular 
imaging agents directed toward EGFR 
and other targets.

The purpose of this study was to as-
sess the ability of an engineered EGFR-
binding fibronectin domain to serve as 
a PET probe for molecular imaging of 
EGFR in a xenograft mouse model.

Materials and Methods

Production of Copper 64–Fibronectin
A bacterial expression plasmid was 
constructed to express the 92–amino 
acid EGFR-binding fibronectin clone 
EI3.4.3 (17) in which K47 was reverted 
to wild-type glutamic acid and K63 was 
mutated to arginine to create a single 
primary amine at the N-terminus (Fig 
1a). (Fibronectin hereafter is abbrevi-
ated to Fn when binding.) In addition, 
a construct was created to encode for 
a nonbinding fibronectin domain based 
on the wild-type human loop sequences 
(this control later abbreviated as WT), 
except the arginine-glycine–aspartic 
acid sequence in the FG loop was shuf-
fled to arginine–aspartic acid–glycine 

host of targets, which has been exten-
sively validated by multiple laboratories 
(17–19). The current study assesses 
the ability of these biophysical benefits 
to translate into imaging efficacy in liv-
ing subjects.

In particular, the fibronectin scaffold 
is evaluated toward the development 
of a molecular imaging agent targeted 
to the epidermal growth factor recep-
tor (EGFR). EGFR is overexpressed in 
multiple cancer types, and expression 
correlates with reduced survival in gli-
oma (20) and breast (21), colorectal 
(22), gastric (23), non–small cell lung 
(24), and prostate (25) cancers; like-
wise, overexpression is associated with 
reduced survival in 70% of bladder, cer-
vical, esophageal, head and neck, and 
ovarian cancers (26). As such, identi-
fication and localization of cells with 
elevated EGFR levels would serve as a 
useful tool in the cancer clinic for early 
detection, patient stratification, and 
therapy monitoring. Multiple existing 
EGFR imaging agents provide both ben-
efits and disadvantages (Table E1 [on-
line]). Radiolabeled antibodies provide 
high tumor signal (11%–35% injected 
dose [ID]/g) but also modestly high 
liver uptake (12%–15% ID/g), and slow 
clearance yields low tumor-to-blood ra-
tios (1.3–3.4) and necessitates late im-
aging time points (10–13). Alternative 
protein scaffolds, including nanobodies 
(7) and affibodies (1,2), have yielded 
improved tumor-to-blood ratios at ear-
lier time points but with high renal 
signal. Radiolabeled small molecule in-
hibitors (27–29) and epidermal growth 
factor (30) yield modest tumor uptake 
but provide substantial potential antag-
onism and agonism, respectively. The 
combination of the readily engineered 

Engineered protein scaffolds can 
provide a generalizable source 
of targeted domains for molecu-

lar imaging agents. As such, multiple 
protein scaffolds, including affibodies 
(1–3), designed ankyrin repeat proteins 
(4), knottins (5,6), single camelidae 
variable domain nanobodies (7,8), pep-
tides (9), and antibodies and their frag-
ments (10–14), have been explored in 
this context. The 10th type III domain 
of human fibronectin is a strong alter-
native candidate. The small size (ap-
proximately 94 amino acids, 10 kDa) is 
expected to yield fast clearance of un-
bound agent for rapid imaging with low 
background and should elevate vascular 
extravasation (15) and tissue penetra-
tion to improve delivery to solid tumors 
(4,16). High stability (Tm = 86°C) (17) 
may translate to in vivo stability. Ther-
mal stability, the absence of cysteine, 
and the presence of a single lysine distal 
to the binding region enable facile thiol 
or amine conjugation of imaging labels. 
The beta sheet structure contains three 
solvent-exposed loops at one end that 
can be engineered to provide picomo-
lar to nanomolar affinity binding to a 

Implications for Patient Care

 n Copper 64–labeled EGFR-binding 
fibronectin domain EI3.4.39 ex-
hibits potential for clinical trans-
lation for molecular imaging of 
EGFR.

 n The fibronectin domain is a 
potential protein scaffold for a 
generation of molecular imaging 
agents.

Advances in Knowledge

 n A copper 64 (64Cu)–labeled fibro-
nectin domain targeting epider-
mal growth factor receptor 
(EGFR) (64Cu-FnEI3.4.39

) maintains 
stability in mouse and human 
serum for at least 24 hours and 
exhibits EGFR-dependent binding 
to cells in culture.

 n Copper 64–FnEI3.4.39
 exhibits good 

tumor localization (3.4% injected 
dose [ID]/g 6 1.0 at 1 hour), 
retention (2.7% ID/g 6 0.6 at 24 
hours), and specificity (8.6 6 3.0 
tumor-to-muscle ratio, 8.9 6 4.7 
tumor-to-blood ratio at 1 hour) 
in EGFR-overexpressing xeno-
grafted tumors in mice.

 n Copper 64–FnEI3.4.39
 has molecular 

specificity as demonstrated by 
low tumor localization with 
either control tumors (with low 
EGFR expression) or control ra-
diotracer (mutant without EGFR 
binding).
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murine fibroblast cells were cultured 
in high-glucose Dulbecco’s modified 
Eagle medium supplemented with 
10% fetal bovine serum. MCF-7 mam-
mary carcinoma cells were cultured 
in Roswell Park Memorial Institute 
1640 medium supplemented with 
10% fetal bovine serum. A431 cells 
were provided by Zhen Cheng (Stan-
ford University), and SKOV-3, SKBr3, 
MDA-MB-435, and MCF-7 cells were 
provided by Ramasamy Paulmurugan 
(Stanford University). BALB-3T3 cells 
were purchased from ATCC (Manas-
sas, Va). Cells were incubated at 37°C 
in humidified air with 5% CO2. For 
affinity measurement, 100 000 A431 
or BALB-3T3 cells were washed with 

mouse or human serum and incubated 
at 37°C with gentle shaking at 300 rpm 
for 1–24 hours. Trifluoroacetic acid was 
added, and the soluble fraction was clar-
ified with a 0.22-mm filter. The sample 
was separated by using reversed-phase 
high-performance liquid chromatogra-
phy with a C18 column with a gradient 
of 5%–85% acetonitrile in water (both 
with 0.1% trifluoroacetic acid) from 
5 to 35 minutes and analyzed with a 
gamma ray detector.

In Vitro Binding Assays
A431 epidermoid carcinoma, SKOV-
3 ovarian adenocarcinoma, SKBr3 
mammary carcinoma, MDA-MB-435 
mammary carcinoma, and BALB-3T3 

to eliminate integrin binding. The con-
structs also included DNA encoding 
for a C-terminal His6 epitope tag for 
purification. BL21 (DE3) Escherichia 
coli were transformed with the expres-
sion plasmid, grown in 1 L of lysogeny 
broth medium to an optical density of 
a sample measured at a wavelength 
of 600 nm of approximately 1, and 
induced with 0.5 mmol/L isopropyl b-
d-1-thiogalactopyranoside for 1 hour. 
Cells were pelleted, resuspended in 10 
mL of lysis buffer (50 mmol/L sodium 
phosphate, pH 8.0, 500 mmol/L sodium 
chloride, 5% glycerol, 5 mmol/L CHAPS 
detergent, 25 mmol/L imidazole, and 
complete ethylenediaminetetraacetic 
acid–free protease inhibitor cocktail), 
frozen and thawed, and sonicated. The 
insoluble fraction was removed by us-
ing centrifugation at 12 000g for 10 mi-
nutes. Fibronectin was purified by using 
immobilized metal affinity chromatog-
raphy and reversed-phase high-perfor-
mance liquid chromatography with a 
C18 column. Protein mass was verified 
by using matrix-assisted laser desorp-
tion-ionization time-of-flight mass spec-
trometry. Protein was lyophilized, re-
suspended in dimethylformamide, and 
reacted for 1 hour with 20 equivalents 
of the N-hydroxysuccinimide ester of 
DOTA with 2% triethylamine. DOTA-Fn 
was purified by using reversed-phase 
high-performance liquid chromatogra-
phy. Conjugation was verified by using 
matrix-assisted laser desorption-ioniza-
tion time-of-flight mass spectrometry. 
Radioactive 64CuCl2 (approximately 75 
MBq, University of Wisconsin–Madi-
son) was neutralized and incubated 
with approximately 40 mmol/L DOTA-
Fn in 100 mmol/L sodium acetate with 
pH 5.5 at 37°C for 1 hour. Copper 64–
DOTA-Fn (referred to as 64Cu-Fn) was 
purified with a desalting column (PD10; 
GE Healthcare, Piscataway,  NJ) by 
using phosphate-buffered saline (PBS) 
for elution or by using reversed-phase 
high-performance liquid chromatogra-
phy followed by rotary evaporation of 
solvent and dilution in PBS.

Serum Stability
Copper 64–Fn (15 MBq/nmol) in PBS 
was mixed with an equal volume of 

Figure 1

Figure 1: Copper 64 (64Cu)-Fn stability. (a) The fibronectin domain (depicted as the nuclear magnetic 
resonance solution structure of wild-type fibronectin domain [protein database code: 1TTG]) was engineered 
(mutated residues in black) for binding to EGFR (17). Tetraazacyclododecane tetraacetic acid (DOTA) was 
conjugated to the sole primary amine (the N-terminus) and used to chelate 64Cu. (b, c) Graphs show that 
64Cu-Fn

EI3.4.39
 remains intact in 50% (b) mouse and (c) human serum at 37°C.



182 radiology.rsna.org n Radiology: Volume 263: Number 1—April 2012

MOLECULAR IMAGING: EGFR-Overexpressing Tumor Xenografts Hackel et al

Statistical Analysis
Two-sample comparisons were deter-
mined by using a two-tailed t test for 
unequal variances. Multiple compar-
isons were analyzed by using a Krus-
kal-Wallis test followed by a two-tailed 
t test with a Holm-Bonferroni correc-
tion. The nonparametric Wilcoxon test 
was used for the block samples in the 
cell culture assay because of unequal 
variances. Correlations were assessed 
by using the Pearson correlation test. 
Analyses were performed in Excel (Mi-
crosoft, Redmond, Wash) and R soft-
ware (version 2.13.1, http://www.r-
project.org). Data were presented as 
means 6 standard deviations. Statisti-
cal significance was stated and denoted 
for P less than .05 and P less than .005.

Results

Production of 64Cu-Fn
The 92–amino acid EGFR-binding fibro-
nectin clone EI3.4.39 was produced with 
a His6-tag and a single primary amine, 
resulting in a decrease in the affinity 
to 5 nM 6 2 (standard deviation) (Fig 
E1 [online]). FnEI3.4.39

 was purified by 
using immobilized metal affinity chro-
matography and reversed-phase high-
performance liquid chromatography 
and was lyophilized. Correct molecular 
weight was verified by using matrix-as-
sisted laser desorption-ionization time-
of-flight mass spectrometry (10 902 Da 
measured, 10 903 Da expected). The 
copper chelator DOTA was conjugated 
to the N-terminus (Fig 1a), and the re-
sultant DOTA-Fn was purified by using 
reversed-phase high-performance liquid 
chromatography. Conjugation was ver-
ified by using matrix-assisted laser de-
sorption-ionization time-of-flight mass 
spectrometry (11 292 Da measured, 
11 287 Da expected). Coupling efficiency 
was greater than 90%. The affinity of 
the conjugated agent was 17 nM 6 10 
(Fig E1 [online]).

DOTA-Fn was labeled with radioac-
tive 64Cu by incubation with 64CuCl2 at 
37°C for 1 hour. Copper 64–DOTA-Fn 
(or 64Cu-Fn) was purified (. 96%) and 
diluted in PBS. Specific activity ranged 
from 2 to 15 MBq/nmol (mean, 8 MBq/

anesthetized with 2% isoflurane in oxy-
gen at 2 L/min and were injected in the 
tail vein with 1–2 MBq of 64Cu-Fn (n = 
5 for EI3.4.39 with 4 MBq/nmol; n = 3 
for WT9 with 2 MBq/nmol). Five-min-
ute static PET scans were performed 
at 1, 2, 4, and 24 hours after injection 
by using a micro-PET rodent scanner 
(1.9-mm resolution, R4; Siemens, Mal-
vern, Pa). Signals in tumor, kidneys, 
liver, and hind leg muscle were quan-
tified with AsiPro VM (Siemens). Dy-
namic PET data were acquired for 64Cu-
FnEI3.4.39

 (n = 3 with 8 MBq/nmol) with a 
35-minute scan with averaging every 1 
minute for the first 10 minutes, then ev-
ery 2 minutes for the next 20 minutes, 
and a final 5-minute average. Signals in 
the regions of interest were quantified 
at each time point with noncommer-
cial AMIDE software (31). PET/com-
puted tomographic (CT) coregistered 
images were acquired by immobilizing 
the anesthetized mouse on an imaging 
platform for a 5-minute static PET scan 
and a 512-projection scan with a micro-
CT unit (Gamma Medica, Northridge, 
Calif) at 0.17-mm resolution. Images 
were coregistered in AMIDE by using 
four fiducial markers immobilized on 
the imaging platform. Volumetric ren-
dering was prepared in AMIDE.

Xenograft tumors were prepared 
identically for tissue biodistribution 
studies. Anesthetized mice were in-
jected through the tail vein with 1 MBq 
of 64Cu-Fn (n = 3 for EI3.4.39 with 4 
MBq/nmol; n = 4 for WT9 with 11 MBq/
nmol). Mice were sacrificed at 1 hour 
after injection, and the blood, bone, 
brain, heart, intestine, kidney, liver, 
lungs, muscle, pancreas, skin, spleen, 
stomach, and tumor were collected and 
weighed, and activity was measured 
with a gamma ray counter. Decay-cor-
rected activity per mass of tissue was 
calculated.

Radiation dose to the kidneys was 
calculated by using the Medical Internal 
Radiation Dose formalism. The activ-
ities for kidney, liver, muscle, and tumor 
were integrated over time by using the 
trapezoid method. These accumulated  
activities were used to predict human 
renal absorbed dose by using the 64Cu 
dose–to-activity ratio for an adult male.

PBS with 0.1% bovine serum albu-
min and incubated with various con-
centrations of fibronectin. Cells were 
pelleted, washed with PBS with 0.1% 
bovine serum albumin, and incubated 
with fluorophore-conjugated anti-His6 
antibody in PBS with 0.1% bovine se-
rum albumin. Cells were washed and 
analyzed by using flow cytometry. The 
minimum and maximum fluorescence 
and the affinity value were determined 
by minimizing the sum of squared 
errors assuming a 1:1 binding inter-
action. Quadruplicate experiments 
were performed. For in vitro binding 
assay, 50 000 cells were plated in 96-
well plates and grown for 24 hours. 
Cells were washed with PBS and incu-
bated with 0 or 40 nM 64Cu-Fn (2–15 
MBq/nmol) for 20 minutes. Cells were 
washed twice with PBS and detached 
with trypsin–ethylenediaminetetraace-
tic acid. Activity in each well was quan-
tified with a gamma ray counter and 
normalized by cell number, which was 
quantified by using an automated cell 
counter. Activity per cell was normal-
ized to the EI3.4.39 sample. Relative 
EGFR expression was measured by us-
ing flow cytometry. Cultured cells were 
detached by using trypsin–ethylene-
diaminetetraacetic acid, washed with 
PBS with 0.1% bovine serum albumin, 
and placed on ice to prevent EGFR in-
ternalization. Cells were labeled with 
anti-EGFR mouse antibody followed by 
Alexa Fluor 488–conjugated antimouse 
antibody (Invitrogen, Carlsbad, Calif). 
Alexa Fluor 488 signal was quantified 
by using flow cytometry and normal-
ized to the signal from A431 cells.

Small Animal Imaging and Tissue 
Biodistribution
Animal experiments were conducted 
in accordance with federal and insti-
tutional regulations under a protocol 
approved by the Stanford University 
Institutional Animal Care and Use 
Committee. Five million A431 or 8 mil-
lion MDA-MB-435 cells were subcuta-
neously injected into one shoulder of 
8-week-old female nu/nu mice (Charles 
River, Wilmington, Mass). Xenografted 
tumors were grown to approximately 
5–10 mm in diameter. Mice were 
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tumor-to-muscle ratios were 10.3 6 3.9 
and 1.4 6 0.2 (P = .029) (Fig 5b). Tu-
mor-to-blood ratios were 8.9 6 4.7 and 
0.8 6 0.1 (P = .048) (Fig 5b). Tumor 
targeting was further analyzed with 
PET/CT, which exhibited specific signal 
in the left shoulder xenograft (Fig 6, 
Movie [online]).

The primary disadvantage of the 
64Cu-Fn probe is high renal accumu-
lation and retention as evidenced by 
both PET (76% ID/g 6 13 at 1 hour) 
(Fig 3) and resected tissue biodistri-
bution (199% ID/g 6 48 at 1 hour) 
(Fig 5a). Analysis of resected kidneys 
indicated a higher activity than mea-
sured by using micro-PET because of 
inadequacies of PET dead-time correc-
tion at high-activity densities. Activity 
data predicted a human renal dose of 
2.1 mGy/MBq. Previously, in separate 

(Fig 2b), exhibited significantly lower 
tumor uptake of 64Cu-FnEI3.4.39

 at 1, 2, 4, 
and 24 hours (P = .018, P = .002, P = 
.009, and P = .010, respectively, relative 
to A431 xenografts) (Fig 4).

The probe exhibited 1.7% ID/g 
6 0.3 uptake in liver at 1 hour for a 
tumor-to-liver ratio of 2.0 6 0.4 (Fig 
E2 [online]). This was likely because 
of partial hepatic processing of the 
protein and not targeting of native liver 
EGFR, as this agent has only 2.5 mM 
6 1.3 affinity for murine EGFR (Fig E1 
[online]).

The micro-PET imaging results were 
corroborated by using activity measure-
ment of resected tissues. Biodistribution 
analysis revealed 2.4% ID/g 6 1.0 and 
0.6% ID/g 6 0.1 in tumor for the tar-
geted and nontargeted probes, respec-
tively (P = .042) (Fig 5a). Corresponding 

nmol). The radiolabeled tracer was sta-
ble in 50% mouse or human serum for 
at least 24 hours at 37°C (Fig 1b, 1c). In 
addition, as a nontargeted control, a fi-
bronectin domain was produced on the 
basis of the wild-type loop sequences, 
rather than the loops engineered for 
EGFR binding. The arginine-glycine–as-
partic acid sequence in the FG loop was 
shuffled to arginine–aspartic acid–gly-
cine to eliminate integrin avb3 binding 
(Table E2 [online]).

In Vitro Binding Assay
The activity and specificity of 64Cu-
FnEI3.4.39

 was assayed for binding to EG-
FR-expressing cells in cell culture. Forty 
nanomolar 64Cu-FnEI3.4.39

 readily bound 
to A431 cells, whereas the nonbinding 
control 64Cu-FnWT9

 exhibited only back-
ground signal (P , .0001); moreover, 
binding was inhibited by the addition 
of 800 nM unlabeled FnEI3.4.39

 (P = .029) 
(Fig 2a). EGFR specificity was further 
demonstrated by the reduced binding 
to cell lines with reduced EGFR expres-
sion (P = .017, Pearson correlation) 
(Fig 2b). Thus, 64Cu-FnEI3.4.39

 was a spe-
cific probe for EGFR expression. 

Small Animal Micro-PET Imaging and 
Tissue Biodistribution
PET imaging with 64Cu-FnEI3.4.39

 made 
the tumor clearly visible at all time 
points because of low background and 
selective tumor retention (Fig 3, Fig 
E2 [online]). The rapid kinetics of the 
small probe enabled rapid effective im-
aging, as at 1 hour after injection there 
was 3.4% ID/g 6 1.0 in the tumor and 
only 0.4% ID/g 6 0.2 in muscle (P = 
.0025) to yield an 8.6 6 3.0 tumor-to-
muscle ratio. Tumor retention was per-
sistent, as the tumor signal was 2.7% 
ID/g 6 0.6 at 24 hours with a tumor-to-
muscle ratio of 6.9 6 3.1. Tumor tar-
geting was EGFR specific, as the non-
binding control 64Cu-FnWT9

 only yielded 
0.8% ID/g 6 0.2 in the tumor with a 
1.8 6 0.8 tumor-to-muscle ratio at 1 
hour (P = .013 and P = .010, respec-
tively, relative to 64Cu-FnEI3.4.39

). EGFR 
specificity was further tested by using 
xenografts of MDA-MB-435. Xenografts 
of these cells, which express EGFR at 
0.2% 6 0.1 of the level of A431 cells 

Figure 2

Figure 2: Results of cell 
culture binding assay. (a) Graph 
shows that 64Cu-FnEI3.4.39

 exhibits 
specific binding. EI3.4.39 = 
EGFR-binder 64Cu-FnEI3.4.39

. Block 
= 40 nM 64Cu-FnEI3.4.39

 with an 
excess (800 nM) of unlabeled 
Fn

EI3.4.39
. WT9 = nonbinding 

control 64Cu-FnWT9
. None = no 

fibronectin added. Value and 
error bars = mean and standard 
deviation of quadruplicate 
samples. ∗ = P , .05, ∗∗ = P 
, .005. (b) Graph shows that 
binding correlates with EGFR 
expression in A431, SKOV-3 
ovarian adenocarcinoma, MCF7 
mammary carcinoma, SKBr3 
mammary carcinoma, and MDA-
MB-435 mammary carcinoma 
cells. Activity value and error bars 
= mean and standard deviation 
of triplicate experiments with 
six replicates each. Relative 
EGFR expression, as quantified 
with flow cytometry, represents 
mean and standard deviation of 
triplicate samples.
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64–DOTA-cetuximab achieved 13% 
ID/g 6 1, 23% ID/g 6 6, and 11% ID/g 
6 3 in the tumor in xenograft experi-
ments by Cai et al (10), Li et al (13), 
and Niu et al (12), respectively. How-
ever, the slow clearance of antibodies 
from blood resulted in low tumor-to-
blood ratios, even at 30–48 hours after 
injection (2.3 6 0.9, 1.8 6 0.1, and 1.3 
6 0.4, respectively). In addition, liver 
uptake was modestly high (12 6 2, 15 
6 3, and 12 6 3, respectively). Copper 
64–DOTA-panitumumab achieved simi-
lar results (11). A single photon emis-
sion computed tomographic (SPECT) 
study with technetium 99m–labeled 
camelidae variable domain nanobodies 

is useful for both research and clinical 
applications. In fact, results of dynamic 
PET imaging (Fig 7) revealed rapid ac-
cumulation of probe in tumor tissue 
(90% of maximum in 10 minutes) and 
consistently low muscle accumulation 
resulting from rapid blood clearance. 
Thus, effective imaging (4.0 6 0.7 tu-
mor-to-muscle ratio) was achievable as 
early as 20 minutes after injection.

Discussion

The scientific and clinical interest in 
quantitative noninvasive in vivo detec-
tion of EGFR has resulted in multiple 
molecular imaging probes. Copper 

studies, mutation of a single positively 
charged residue to an acidic side chain 
has reduced renal uptake of a peptide 
by 6.2 6 0.9-fold (32) and 7.9 6 1.4-
fold (33). However, mutation of one or 
two arginine residues to glutamic acids 
(R93E or R63E/R93E) did not decrease 
renal signal for 64Cu-FnEI3.4.39

 (Fig E3 
[online]).

Although 3.4% ID/g 6 1.0 in tu-
mor is a moderate signal, the low 
background renders 64Cu-FnEI3.4.39

 as 
an effective molecular imaging probe. 
Moreover, the relatively small size of 
the probe provides rapid clearance 
from blood and muscle, enabling im-
aging at 1 hour after injection, which 

Figure 3

Figure 3: Micro-PET imaging data. A431 epidermoid carcinoma cells were xenografted into nude mice. Approximately 1.8 MBq 64Cu-Fn was 
injected in the tail vein. Five-minute static scans were performed at 1 and 24 hours after injection. (a) Coronal sections. K = kidneys. T = tumor. 
(b) Graphs show signals in the tumor, kidneys, and hind leg muscle quantified with software (AsiPro VM). Value and error bars = mean and 
standard deviation (n = 5 for EI3.4.39, n = 3 for WT9). ∗ = P , .05, ∗∗ = P , .005.
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not clinically limiting from an imaging 
perspective for nonrenal tumors (pre-
dicted human renal dose of 2.1 mGy/
MBq would enable 52 doses at 185 MBq 
prior to reaching a 20-Gy maximum 
tolerated dose [34]), renal activity may 
limit scan dosage or repetition in some 
applications. Yet, strategies exist for re-
duction of renal signal. Although anion-
ization of two surface arginines was in-
effective, further exploration of charge 
dependence is underway. Alternative 
radiochemical labeling, including fluo-
rine 18 (18F), is being tested given that 
previous small protein scaffolds have 
vastly reduced renal uptake on removal 
of acidic chelators. The renal signal at 
1 hour after injection for monomeric 
and dimeric affibody ZHER2:477 decreased 
from 206% ID/g 6 22 and 114% ID/g 
6 11, respectively, when labeled with 
64Cu-DOTA (35) to only 19% ID/g 6 
1 and 7% ID/g 6 1 when labeled with 
18F-N-(4-fluorobenzylidene)oxime (36). 
Renal uptake at 4 hours after injection 
of affibody ZEGFR:1907 decreased from 
88% ID/g 6 15 and 136% ID/g 6 11 
for 64Cu-DOTA (1) and 111In-benzyl-
diethylenetriamine pentaacetic acid 
(37), respectively, to 6% ID/g 6 1 for 

and 111In-labeled epidermal growth fac-
tor (30), which yielded reasonable tu-
mor uptake but were accompanied by 
concerns about antagonism and ago-
nism, respectively.

Only semiquantitative compari-
sons are valid between this multitude 
of experiments because of the use of 
different cell lines and mouse models. 
Nevertheless, the current probe, 64Cu-
FnEI3.4.39

, provided higher tumor-to-
blood ratios (8.9 6 4.7) and faster im-
aging (1 hour) than full antibodies at 
the expense of reduced but reasonable 
tumor uptake (3.4% ID/g 6 1.0). Cop-
per 64–FnEI3.4.39

 offers a PET alternative 
to the nanobody and affibody SPECT 
probes, all of which are characterized 
by strong tumor-to-background ratios, 
rapid imaging, and reasonable tumor 
uptake, but with the same disadvantage 
of high renal uptake. Relative to the af-
fibody PET probe, the fibronectin do-
main exhibited superior tumor-to-blood 
ratio at 1 hour (8.9 6 4.7 for 64Cu-
FnEI3.4.39

, 1.2 6 1.1 for affibody).
The high renal uptake and reten-

tion is the primary disadvantage of 
64Cu-FnEI3.4.39

 as a molecular imaging 
probe. While this off-target signal is 

achieved 4.6% ID/g 6 0.2 in the tumor 
at 1 hour after injection with a 25 6 4 
tumor-to-muscle ratio; however, renal 
uptake was 63% ID/g 6 2 (7). Another 
nanobody achieved 5.2% ID/g 6 0.5 in 
the tumor, but at a later time point (3 
hours) and with reduced specificity (7.4 
6 1.0 tumor-to-muscle ratio and 2.3 6 
0.5 tumor-to-blood ratio) (8).

Two indium 111 (111In)–labeled af-
fibodies yielded 3.8% ID/g 6 1.4 and 
3.2% ID/g 6 0.4 in the tumor at 4 hours 
after injection with 9 6 3 and 4.8 6 
1.2 tumor-to-blood ratios, respectively; 
however, kidney signal was 86% ID/g 6 
14 and 197% ID/g 6 10, and liver signal 
was 17% ID/g 6 2 and 6.4% ID/g 6 
0.3 (2,3). Recently, a 64Cu-DOTA–con-
jugated affibody achieved higher tumor 
uptake (12% ID/g 6 2 at 4 hours), but 
high blood signal yielded a 1.0 tumor-
to-blood ratio (1). Coadministration of 
50 mg of cold affibody elevated the tu-
mor signal to 17% ID/g 6 4 and the 
tumor-to-blood ratio to 9.9 6 3.0 at 4 
hours, although kidney and liver uptake 
were 207% ID/g 6 101 and 13% ID/g 
6 2%, respectively. Other approaches 
included carbon 11–labeled small mole-
cule tyrosine kinase inhibitors (27–29) 

Figure 4

Figure 4: Micro-PET imaging results of xenografts with different EGFR expression. A431 or MDA-MB-435 cells were xenografted into nude 
mice, and 1–2 MBq 64Cu-Fn

EI3.4.39
 was injected in the tail vein. Five-minute static scans were performed at 1, 2, 4, and 24 hours after injection. 

(a) Coronal sections at 1 hour after injection. K = kidneys. T = tumor. (b) Graph shows signals in the tumor quantified with software. Value and 
error bars = mean and standard deviation (n = 6 for A431, n = 4 for MDA-MB-435). ∗∗ = P , .05, ∗∗∗∗ = P , .005.
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iodine 125–p-iodobenzoate (37). Renal 
uptake of affibody ZHER2:342 decreased 
from 172% ID/g 6 13 and 342% ID/g 
6 22 at 4 hours after injection for 111In-
DOTA (38) and 111In-benzyl-diethylene-
triamine pentaacetic acid (39), respec-
tively, to 3.2% ID/g 6 0.4 (at 6 hours) 
and 10% ID/g 6 3 (at 2 hours) by using 
iodine 124–p-iodobenzoate (40) and 
N-2-(4-18F-fluorobenzamido)ethylma-
leimide (41). In fact, preliminary exper-
iments with N-succinimidyl-4-18F-fluo-
robenzoate labeling of FnEI3.4.39

 indicated 
a dramatic reduction in renal signal rel-
ative to the 64Cu-DOTA–labeled probe. 
In addition, pharmacologic measures, 
including administration of lysine, can 
reduce renal uptake (42). Further ex-
ploration of these avenues may bolster 
64Cu-FnEI3.4.0.39

 as a molecular imaging 
agent for EGFR, as well as further the 
case for the fibronectin domain as a 
scaffold for a generation of other mo-
lecular imaging agents.

The stability and rapid specific tu-
mor targeting of 64Cu-FnEI3.4.0.39

 render it 
as a molecular imaging agent with potential 
for clinical translation for identification 
and localization of EGFR-overexpressing 
tumors. This work provides an initial 
validation of the fibronectin domain as 
a PET tracer, thereby setting the foun-
dation for the use of the domain as a 
scaffold for the generation of molecular 
imaging agents.
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Figure 5

Figure 5: Tissue biodistribution. Value and error bars = mean and standard deviation (n = 
3–4). (a) Graph shows values for blood (Bl), bone (Bo), brain (Br), heart (H), intestine (I), kidney 
(K), liver (Li), lungs (Lu), muscle (M), pancreas (P), skin (Sk), spleen (Sp), stomach (St), and 
tumor (T) at 1 hour after injection. (b) Graph shows tumor-to-muscle and tumor-to-blood ratios. 
∗∗ = P , .05.

Figure 6

Figure 6: Micro-PET/CT image 
shows xenografted tumor (T  ) 
in the shoulder is clearly visible 
relative to background. L = liver.
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