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Abstract
Epidermal growth factor receptor (EGFR)-targeted cancer therapy requires an accurate estimation of EGFR expression in tumors
to identify responsive patients, monitor therapeutic effect, and estimate prognosis. The EGFR molecular imaging is an optimal
method for evaluating EGFR expression in vivo accurately and noninvasively. In this review, we discuss the recent advances in
EGFR-targeted molecular imaging in cancer, with a special focus on the development of imaging agents, including epidermal
growth factor (EGF) ligand, monoclonal antibodies, antibody fragments, Affibody, and small molecules. Each substrate or probe,
whether it is an endogenous ligand, antibody, peptide, or small molecule labeled with fluorochrome or radionuclide, has unique
advantages and limitations. Antibody-based probes have high affinity but a long metabolic cycle and therefore offer poor imaging
quality. Affibody molecules promise to surpass antibody-based probes due to their small size, stable chemical properties, and high
affinity to the target. Small-molecule probes are safe, have favorable pharmacokinetics, and show high affinity and specificity, in
addition to having an ideal size, but are inadequate for delayed imaging after injection due to their fast clearance.
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Background

Clinical Relevance of the EGFR Signaling Pathway

The epidermal growth factor receptor (EGFR) is 1 of 4 mem-

bers of the human EGFR (hEGFR) family of receptor tyrosine

kinases.1 The EGFR is a single-chain transmembrane glyco-

protein comprising an extracellular ligand-binding domain, a

transmembrane region, and an intracellular tyrosine kinase

domain2 and is known to be involved in several physiological

processes, such as cell growth, proliferation, differentiation,

and apoptosis. Furthermore, it is well documented that EGFR

plays a crucial role in cancer formation, progression, metas-

tasis, and angiogenesis.3-5 Preclinical data show that over

70% of malignant tumors have abnormal expression of EGFR,

including bladder, lung, and breast cancers.6-9 In addition,

clinical trials have shown that, besides being associated with

poor prognosis and short survival time, EGFR overexpression

is a reliable predictor of tumor invasiveness and chemother-

apy and radiotherapy resistance.10,11 Thus, EGFR has

emerged as a potential diagnostic and therapeutic biomarker

in cancers.12

A variety of EGFR-targeted drugs approved by the Food and

Drug Administration (FDA) are available for clinical applica-

tions, including monoclonal antibodies (mAbs) such as cetux-

imab (IMC-C225, Erbitux) and panitumumab (ABX-EGF,

Vectibix), which block the extracellular ligand-binding domain

of the receptor and tyrosine kinase inhibitors (TKIs) such as

gefitinib, which prevent the activation of the cytoplasmic

kinase portion.13 However, a wide range of clinical effects has

been reported, from minor or no clinical benefits to nearly

complete response. For instance, in a phase III clinical trial

on 1125 patients with advanced non-small-cell lung cancer
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(NSCLC) treated for 15 months with cetuximab and che-

motherapy (n ¼ 557) or chemotherapy alone (n ¼ 568),

patients receiving cetuximab therapy survived for longer than

those in the chemotherapy-alone group.14 However, other stud-

ies on unselected (not screened for gene mutation or protein

expression) patients failed to achieve similar results. The multi-

center study (Iressa Survival Evaluation in Lung Cancer)

revealed that unselected patients receiving gefitinib had no

clinical benefits compared to the placebo group in NSCLC.15,16

These studies have raised awareness for the need to evaluate

EGFR expression before targeted treatment in order to select

responsive patients and predict clinical results more accurately.

Methods to detect expression levels of EGFR protein

include biopsy and serological detection. Although biopsy and

immunohistochemistry are currently the most commonly used

methods, they present several limitations. First, biopsy

involves an invasive examination and is therefore not suitable

for repeated interventions. Second, tumor heterogeneity may

reduce the accuracy of the biopsy results.17-19 Indeed, different

EGFR expression levels may be obtained within the same

tumor or between the primary tumors and the metastatic

lesions.20 Furthermore, EGFR expression levels in tumors can

change during treatment and may also be influenced by the

detection method.21-23 Serological detection, such as enzyme-

linked immunosorbent assay, is simple, fast, and reproducible

but has low sensitivity, poor specificity, a high rate of false

positives,24,25 and a relatively long time lag for positive

results.26 Finally, the results between serological examinations

and biopsy are not always consistent,27 and serology cannot

confirm lesion location or provide quantitative information. It

has therefore become necessary to develop an accurate nonin-

vasive method for detecting EGFR expression in vivo, to select

patients potentially responsive to EGFR-targeted treatment, to

monitor changes in EGFR expression levels during treatment,

and to guide the selection of adequate clinical treatments. In

recent years, the development of molecular imaging has

enabled the visualization of cells, molecules, and metabolic

processes in real time in vivo. Thus, EGFR-targeted imaging

in vivo could be a valuable tool for noninvasive identification

of EGFR expression.

Relationship Between EGFR Signaling Pathway
and Cancer

The EGFR binding to its natural ligand, epidermal growth

factor (EGF), activates the Ras/Raf/MEK/ERK-MAPK, PI3K-

Akt(PKB)/mTOR, and JAK/STAT signaling pathways, thereby

promoting proliferation, differentiation, migration, and apop-

tosis inhibition.3-5 Numerous studies have shown that EGFR is

upregulated in most malignancies and that it plays a crucial role

in phenotypic transformation and maintenance. Indeed, EGFR

activation is closely associated with tumor angiogenesis,

metastasis, and treatment resistance.11,28 In addition to direct-

ing affecting cellular proliferation and survival, EGFR is a key

mediator in biochemical and molecular events underpinning

carcinogenesis.29 The signaling pathways downstream of

EGFR have multiple crossing sites with oncogenes, such as

Ras, PI3K, PLC-g, and STAT, which in turn can regulate each

other, ultimately leading to oncogenesis.30,31 Furthermore,

EGFR downstream signaling pathways can also interact with

the focal adhesion kinase pathways to regulate cell prolifera-

tion and invasion.32,33 The EGFR activation leads to upregula-

tion of signal transducer and activator of transcription 3

(STAT3), specificity protein 1, and hypoxia-inducible factors,

which induce expression of vascular endothelial growth factor

(VEGF), a central mediator of angiogenesis.33 The EGFR is

also closely related to programmed cell death ligand 1 (PD-

L1).34-36 Indeed, there is a correlation between EGFR pathway

activation and a signature of immunosuppression manifested

by upregulation of programmed cell death 1 (PD-1), PD-L1,

cytotoxic T-lymphocyte antigen-4, and multiple tumor-

promoting inflammatory cytokines.

The studies discussed earlier are merely a small selection

from a vast amount of research demonstrating the essential role

of EGFR in malignant transformation. Thus, EGFR-targeted

imaging has strong potential as an invaluable tool for tumor

diagnostics and therapy efficacy monitoring.

Review

Molecular Imaging Agents Based on EGF Ligand

The EGF (*6.4 kDa) is the natural ligand of EGFR and has

therefore high affinity to the receptor. Velikyan et al37 labeled

hEGF with gallium-68 ([68Ga]Ga-DOTA-hEGF) to image

EGFR using positron emission tomography (PET) in a precli-

nical model. Although EGFR-positive A431 tumors (squamous

cell carcinoma [SCC]) could be visualized with micro-PET, the

imaging quality was not ideal due to high tracer uptake in the

abdominal region. Li et al38 used the positron emitter fluorine-

18 to label EGF ([18F]F-FBEM-cEGF) for EGFR-targeted

imaging in vivo. Micro-PET images of UM-SCC1 tumors

(human head and neck squamous cell carcinoma [HNSCC])

were clearly visible in comparison to the contralateral back-

ground. The tumor uptake (%ID/g, percentage of the injected

dose per gram of organ or tissue) of [18F]F-FBEM-cEGF was

2.60 + 0.59, 1.87 + 0.44, and 0.98 + 0.33%ID/g at 30, 60,

and 120 minutes postinjection (pi), respectively. Both liver and

kidneys showed high uptake at 30 minutes pi at 7.23 + 0.51

and 15.5 + 1.21%ID/g, respectively; however, the tracer was

rapidly washed out of these tissues (Figure 1). In another study,

EGF and anti-EGFR mAb (mAb 528, *150 kDa) were labeled

with indium-111 ([111In]In-DTPA-hEGF and [111In]In-

DTPA-mAb 528).39 Biodistribution and tumor imaging assays

were performed after injection of the probes into mice bearing

xenografts from cells with low (MCF-7), medium (MDA-MB-

231), and high (MDA-MB-468) EGFR expression. The maxi-

mum uptake of [111In]In-DTPA-mAb 528 in MDA-MB-468

breast cancer cells (21.6%ID/g vs 2.2%ID/g) was higher than

that of [111In]In-DTPA-hEGF, and similar results were

obtained with tumor-to-normal tissue ratios. Thus, radiolabeled

anti-EGFR mAbs show more promise than peptide-based
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radiopharmaceuticals such as hEGF for future studies in

patients with cancer, as they have higher tumor uptake and

provide better visualization of tumors at lower tumor-to-

blood ratios.

Molecular Imaging Agents Based on Anti-EGFR
Antibodies

Cetuximab (C225, Erbitux) was the first FDA-approved mAb

that blocks the ligand-binding domain of EGFR with an affinity

comparable to the natural ligand. With a dissociation constant

(KD) of 1.0 nmol/L, cetuximab competes for binding to EGFR,

thereby inhibiting receptor activation and subsequent autopho-

sphorylation and ultimately inducing its internalization and

degradation.40 The overall pharmacokinetics of cetuximab are

slow (elimination rate ranging from 65 to 95 hours), partly

because of the large size (*152 kDa) of the antibody.41 Con-

sequently, cetuximab has become a promising new therapy

agent in oncology and is increasingly used in clinical trials,

mainly in combination with chemotherapy or radiotherapy.42,43

Cetuximab is a human/mouse chimeric immunoglobulin G1

(IgG1) mAb, whereas panitumumab is a human IgG2 mAb that

binds to a different epitope of the EGFR antigen than cetux-

imab, and is used in the treatment of patients with

chemotherapy-refractory metastatic colorectal carcinoma

(CRC).44 The EGFR is internalized upon binding to cetuximab

or panitumumab, and the ligand–receptor complexes are targeted

for lysosomal degradation, resulting in signal attenuation.45

As the biological half-life of cetuximab in the blood is 65 to

95 hours,41 a radioactive tracer with a long half-life is needed to

visualize its uptake. Cetuximab labeled with indium-111 (half-

life ¼ 2.83 days) and iodine-125 (half-life ¼ 60.14 days) was

assessed with single-photon emission computed tomography

(SPECT) imaging in nude mice bearing HNSCC FaDu cell.46

[111In]In-cetuximab showed significantly higher uptake in

tumors than [125I]I-cetuximab (P ¼ .002) at all time points,

and similar results were obtained with tumor-to-blood ratios

(6.03 + 1.69 vs 1.91 + 0.72). [125I]I-IBPA-cetuximab is a

new bifunctional linker for radiohalogenation of antibodies

(IBPA, N-(4-isothiocyanatobenzyl)-2-(3-(tributylstannyl)phe-

nyl)acetamide [patent no. 10-1550399KR]). Kim et al47

showed that the tumor uptake value of [125I]I-IBPA-

cetuximab was higher than that of [125I]I-cetuximab for up

to 168 hours in athymic mice bearing human colorectal adeno-

carcinoma LS174T tumor xenografts (12.42 + 1.63%ID/g vs

7.10 + 1.54%ID/g at 48 hours after injection). The thyroidal

uptake value of [125I]I-IBPA-cetuximab (0.09 + 0.05%ID/g)

after injection was *8-fold lower than that of [125I]I-

cetuximab (0.69 + 0.36%ID/g), with a statistically significant

difference (P < .005). Given that [125I]I-IBPA-cetuximab is

stable and resistant to deiodination in vivo, IBPA shows great

potential as a bifunctional linker for radioiodination of

internalizing mAbs for in vivo applications, including radio-

immunotherapy. Another study48 revealed that [111In]In-

DTPA-cetuximab accumulated in colorectal HCT-15 xenograft

tumors (50 and 250 mm3), whereas the tumor-to-muscle ratio in

the large tumor was 7.5-fold, further suggesting that [111In]In-

DTPA-cetuximab may prove valuable for early diagnosis of

EGFR-positive tumors in the clinical practice. The PET images

with [111In]In-DTPA-cetuximab show high spatial resolution,

good signal-to-noise ratio, and the tumor-to-muscle and tumor-

to-blood ratios are comparable to those of [89Zr]Zr-DFO-

cetuximab (half-life of approximately 78 hours)49 and

[64Cu]Cu-DOTA-cetuximab (half-life of approximately 12.7

hours; 2.96 + 0.40 vs 12.4 + 0.50 at 4 hours, respectively).50

However, [64Cu]Cu-labeled cetuximab was observed to have a

better biodistribution profile than [111In]In-DTPA-cetuximab

at 48 hours pi.51 Cai et al52 uncovered a positive correlation

between EGFR expression and uptake of [64Cu]Cu-DOTA-

cetuximab in tumor-bearing mouse models. The conjugate was

cleared mainly through the hepatobiliary system, with little to no

renal uptake or renal clearance being observed.

Over recent years, cancer immunotherapy has attracted sig-

nificant research interest within the scientific and medical

Figure 1. A, PET/CT overlay of UM-SCC1 tumor-bearing mice imaged with [18F]F-FBEM-cEGF at 30 minutes after injection. B, Decay-
corrected whole-body coronal microPET images of UM-SCC1 tumor-bearing mice at 30, 60, and 120 minutes after injection of 3.7 MBq
(100 mCi) of [18F]F-FBEM-cEGF. Tumors are indicated by arrows. Adapted and reproduced with permission from Li et al.38 PET indicates
positron emission tomography; CT, computed tomography; SCC, squamous cell carcinoma; EGF, epidermal growth factor.
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communities. Immuno-PET provides comprehensive informa-

tion about tumor location, phenotype, susceptibility to therapy,

and treatment response, particularly to radioimmunotherapy.

Immuno-PET, micro-SPECT/computed tomography (CT), and

biodistribution assays showed that specific uptake of radiola-

beled cetuximab in esophageal squamous cell carcinoma

(ESCC) tumors correlated to EGFR expression levels.53 Tumor

uptake of [64Cu]Cu-cetuximab and [177Lu]Lu-cetuximab in

mice bearing TE-8 (ESCC cell line) xenografts peaked at 48

and 120 hours (17.5 + 4.4%ID/g vs 55.7 + 6.5%ID/g, respec-

tively). Radioimmunotherapy with [177Lu]Lu-cetuximab

(half-life ¼ 6.7 days) showed significant inhibition of

tumor growth (P < .01) and marked reduction in [18F]F-

fluorodeoxyglucose (FDG) standard uptake value (SUV), when

compared to the control on day 14 after treatment (0.66 + 0.12

vs 0.94 + 0.12, P < .05). These results suggest that radiophar-

maceutical [64Cu]Cu-PCTA-cetuximab/[177Lu]Lu-PCTA-

cetuximab may be useful as a diagnostic tool for patient

selection and as a potent radioimmunotherapy agent in

EGFR-positive ESCC tumors.

Fluorescence imaging is among the most widely utilized

molecular imaging methods. Cetuximab labeled with

IRDye800CW, a near-infrared fluorescent dye, was assessed

by optical imaging in nude mice bearing HNSCC cell lines

(SCC5 and SCC1).54 Cetuximab-IRDye800CW showed spe-

cific and high-affinity binding to EGFR (KD ¼ 0.31 nmol/L).

Both PET and fluorescence imaging have complementary

features, particularly in the clinical setting. Indeed, PET is

especially well suited for whole-body evaluation, whereas

fluorescence imaging is more adequate for the analysis of

superficial tissue layers at the cellular level. To facilitate trans-

lational imaging research, ideally these complementary ima-

ging modalities would seamlessly be applied both preclinically

in animal models and clinically in particular patient groups. To

achieve this, Cohen et al55 developed a cetuximab probe dual-

labeled with IRDye800CW and zirconium-89, without impair-

ment of immunoreactivity and pharmacokinetics of the mAb.

Biodistribution assays of [89Zr]Zr-cetuximab-IRDye800CW

in A431 xenograft-bearing nude mice revealed that uptake in

tumors (*20%ID/g) was higher than in normal tissues and

organs (no more than 10%ID/g), except in the liver (above

20%ID/g).56 Bevacizumab, recombinant humanized mAb, is

the first approved drug by FDA to inhibit tumor angiogenesis.

It can bind to human VEGF and block its biological activity.

Dual-mode imaging of [89Zr]Zr-bevacizumab-IRDye800CW

in a FaDu xenograft-bearing nude mouse showed that tumors

could be clearly visualized both by optical and PET imaging.

However, the liver could only be visualized by PET imaging,

probably because it is a deep-seated organ.56

In summary, mAb probes can not only provide a clear ima-

ging of EGFR expression in tumors but may also detect EGFR

expression levels based on probe uptake quantifications. How-

ever, the results from studies addressing these questions are not

always in agreement. For instance, no correlation was found

between the evaluation of EGFR expression using flow cyto-

metry and the accumulation of radiopharmaceutical in mice

bearing human SCC xenografts. Niu et al showed that EGFR

expression was higher in SCC1 than in UM-SCC-22B HNSCC

cells.57 In contrast, SCC1 tumors had much lower [64Cu]Cu-

DOTA-cetuximab accumulation than UM-SCC-22B tumors.

Furthermore, [64Cu]Cu-DOTA-panitumumab accumulation

in tumor-bearing mice revealed that probe uptake was higher

in UM-SCC-22B low EGFR expression EGFR xenografts than

in SQB20 high EGFR expression xenografts at 30 hours pi

(31.42 + 10.77%ID/g vs 31.42 + 10.77%ID/g).58 Aerts

et al59 found a similar disparity between [89Zr]Zr-labeled

cetuximab tumor uptake and in vivo EGFR expression levels,

but uptake in normal tissue was consistent across different

tumor models, suggesting that additional pharmacokinetic or

pharmacodynamic mechanisms affect antibody-targeted ther-

apy. These mechanisms may also explain why receptor expres-

sion levels alone are not sufficient to predict patient response.

Clinical research using [89Zr]Zr-cetuximab (half-life of

approximately 78 hours) PET imaging demonstrated a strong

correlation between uptake and treatment response, and further

clinical validation suggested that [89Zr]Zr-cetuximab PET

may be an innovative patient selection method for cetuximab

treatment in patients with advanced CRC60 and head and neck

cancer.61 In 2016, a phase I clinical trial was performed by Van

et al62 to determine the safety of using [89Zr]Zr-cetuximab for

assessing tumor uptake, with the aim of identifying patients

with cancer most likely to benefit from targeted treatment.

[89Zr]Zr-cetuximab administration schedules of 2 consecutive

doses of 60 MBq, or a single dose of 120 MBq, were shown to

be safe for patients (toxicity according to the CTCAE 3.0 scor-

ing system). The recommended dose for future trials was 60

MBq, with a minimum time interval for scanning of 6 days.

[89Zr]Zr-cetuximab dosimetry has recently been studied by

Makris et al in patients with CRC.63 The liver received the

highest absorbed dose of 2.60 + 0.78 mGy/MBq, followed

by the kidneys, spleen, and lungs, whereas the effective

whole-body dose was 0.61 + 0.09 mSv/MBq. The ultimate

aim of these studies is to determine the feasibility and the

optimal conditions for using these tracers in the treatment,

monitoring, and therapy response prediction of cancer. In addi-

tion, anti-EGFR tracers could potentially aid in determining

nodal metastatic disease.

Molecular Imaging Agents Based on Antibody Fragments

Despite the encouraging results in preclinical and clinical stud-

ies, molecular imaging with mAbs presents many limitations.

As they have large molecular weight (*150 kDa), mAbs pro-

duce high imaging background, low tumor-to-background

ratio, and poor imaging quality, particularly in the first hours

after injection. Furthermore, their large size also limits pene-

tration into the tumor area, which reduces probe access to the

molecular target, thereby affecting imaging quality. To over-

come these technical challenges, in recent years significant

research efforts have been made to develop antibody frag-

ments, instead of whole antibodies, for molecular imaging.
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Fab is an antigen-binding fragment of any antibody. How-

ever, in this review, Fab specifically refers to a human anti-

EGFR antibody fragment (*55 kDa) and can recognize and

bind to the extracellular domain of EGFR in its native confor-

mation.64 Fab retains the targeting specificity of whole IgG but

can link to therapeutic payloads (such as radionuclides).

Furthermore, Fab can be engineered into diagnostic and ther-

apeutic tracers, as it is nonimmunogenic in vivo and its superior

biodistribution and blood clearance properties compare to IgG.

Xu et al64 showed that the affinity of [125I]I-Fab bound to

A431 (high EGFR expression) and U118 (moderate EGFR

expression) was 3- and 2-fold greater, respectively, than that

of NIH 3T3 (EGFR-negative mouse fibroblast). The monova-

lent F(ab) fragment has only 1 antigen-binding region, whereas

the polyvalent F(ab0)2 fragment has 2 antigen-binding regions,

which are bound together by disulfide bonds. The F(ab0)2 frag-

ment produces 2 univalent Fab0 fragments and a free sulfur

group that can be used to bind other molecules. Cetuximab-

F(ab0)2 (*110 kDa) was labeled with [111In]In by Van et al.65

Micro-SPECT imaging showed high uptake in EGFR-

expressing HNSCC xenografts. Specifically, the probe uptake

was 5.7 + 1.1%ID/g (SCCNij202, high-), 7.5 + 2.2%ID/g

(SCCNij153, moderate-), 2.7 + 0.3%ID/g (SCCNij185, mod-

erate-), 2.2 + 0.7%ID/g (SCCNij167, negative-), and 1.7 +
0.6%ID/g (mice receiving a blocking dose by cetuximab).

Tumor uptake of [111In]In-cetuximab-F(ab0)2 was proportion-

ally associated with cetuximab treatment response in 3 out of 4

xenograft models. The same team conducted another study

comparing [111In]In-cetuximab-F(ab0)2 and [111In]In-cetuxi-

mab.66 Tumor uptake of [111In]In-cetuximab-F(ab0)2 was sig-

nificantly lower than that of [111In]In-cetuximab (10.3 +
5.2%ID/g vs 26.9 + 3.3%ID/g) at 24 hours pi, and tumor-to-

blood ratios and tumor-to-muscle ratios at 24 hours pi were

significantly higher for [111In]In-cetuximab-F(ab0)2 (31.4 +
3.8 vs 1.7 + 0.2, 107.0 + 17.0 vs 69.7 + 3.9, respectively;

Figure 2). These studies suggest that cetuximab-F(ab0)2 is more

suitable than whole antibody for EGFR visualization, and

potentially for selecting responsive patients for treatment with

EGFR inhibitors.

[18F]F-FDG is a glucose analog widely used in oncology as

a PET radioligand. This probe was designed based on the

observation that tumors generally have increased glycolysis

rates; however, inflammatory cells are also glycolytically

active.67 Thus, detection of high glycolytic activity with

Figure 2. Serial micro-SPECT images of [111In]In-cetuximab-F(ab0)2 obtained at 4, 24, and 48 hours after injection and of [111In]In-cetuximab
at 4, 24, 48, and 168 hours after injection, including mice that received a blocking dose of unlabeled cetuximab. Tumor in the right flank. Adapted
and reproduced with permission from Van et al.66 SPECT indicates single-photon emission computed tomography; pi, postinjection.
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[18F]F-FDG in CRC when there is also increased glycolysis

due to inflammatory bowel disease may result in poor target-to-

background ratio. In contrast, since EGFR overexpression

occurs in approximately 80% of cases with CRC 68 and inflam-

matory cell lineages do not overexpress EGFR, imaging based

on EGFR expression in colitis can provide high target-to-

background ratios.69 Turker et al70 compared PET imaging

with [18F]F-FDG and [64Cu]Cu-DOTA-cetuximab-F(ab0)2 in

CT26 (colonic adenocarcinomas) tumor-bearing mice with and

without DSS-induced colitis. The tumor-to-background ratio

for CT26 tumors was high for both [18F]F-FDG (3.95 +
0.13) and [64Cu]Cu-DOTA-cetuximab-F(ab0)2 (4.42 + 0.11)

in control mice. However, while the tumor-to-background of

the EGFR-targeted probe remained high (3.78 + 0.06) in coli-

tis, with [18F]F-FDG it was markedly reduced (1.54 + 0.08).

Furthermore, there was a correlation between radiotracer accu-

mulation in spontaneous colonic lesions and EGFR staining

level ex vivo, further suggesting that [64Cu]Cu-DOTA-cetux-

imab-F(ab0)2 is a clinically translatable PET imaging probe for

assessing EGFR levels.

Molecular Imaging Agents Based on Affibody Molecules

Affibody molecules (Affibody) are 3-helix bundle nonimmu-

noglobulins based on a scaffold protein of small size (*7 kDa,

VENKFNKEMRNAYWEIALLPNLNNQQKRAFIR-

SLYDDPSQSANLLAEAKKLNDAQAPK) derived from the

IgG-binding B-domain of staphylococcal protein A analog

Z.71 Affibody phage display libraries were created by Smith

in 1985 to provide a link between genotype and phenotype and

thereby allow the selection of peptides or proteins with desired

functions.71 Mutational studies performed on the 58 residues of

Affibody have shown that the 3-helix bundle structure is highly

tolerant to single, as well as multiple, random amino acid sub-

stitutions on the molecular surface involved in the binding to

the fragment crystallizable (Fc) region of IgG. Indeed, these

residue substitutions affected only the Fc-binding characteris-

tics (the affinity of Affibody), but not its stability or overall

structure.71,72 The randomization was targeted to residues Q9,

Q10, N11, F13, Y14, L17, and H18 in the first helix and E24,

E25, R27, N28, Q32, and K35 positioned either close to (E24)

or at the helix 2 surface (Figure 3).73 The isoleucine at position

31 in the Z domain (Figure 3B) was not included in the rando-

mization because this residue was earlier proposed to be impor-

tant for the helix–helix packing.74 Affibody has high affinity

and specificity and is therefore considered a molecular imaging

probe of great potential.75 Table 1 summarizes the character-

istics of Affibody molecules discussed in this review.

ZEGFR:955 is a typical representative of the first-generation

anti-EGFR Affibody molecules, which form dimers that bind

EGFR on cultured cells with low nanomolar affinity.76 A com-

parative study on the imaging performance of [125I]I-

(ZEGFR:955)2, EGF, and cetuximab in A431 cells showed that

all probes have specificity for EGFR.77 The cellular uptake of

[125I]I-(ZEGFR:955)2 and cetuximab peaked at *4 to 8 hours,

retaining 20% and 25% after 48 hours, while the uptake of EGF

peaked at 2 hours and disappeared almost completely after

24 hours. Competitive inhibition experiments showed that EGF

and cetuximab can block binding of [125I]I-(ZEGFR:955)2 to

EGFR with an efficiency of up to *97% to 98%, indicating

that these 3 probes bind to the same, or nearly the same, binding

site of EGFR. In addition, Nordberg et al78 demonstrated that

[111In]In-(ZEGFR:955)2 accumulated specifically in A431 cells

(38.0% + 1.2%) and retained for 72 hours, while in vivo A431

tumor uptake was 3.8 + 1.4%ID/g at 4 hours after injection,

and the tumor-to-blood ratio was about 9.1.

ZEGFR:1907 is an outstanding representative of second-

generation anti-EGFR Affibody molecules. Compared to

ZEGFR:955, the affinity of ZEGFR:1907 is nearly 30-fold higher76

and its fluorescence intensity approximately 20-fold stronger.79

Furthermore, ZEGFR:1907 shows no unspecific cross-reaction to

any serum protein or to other EGFR family members.79 First

proposed by Nord et al71, Affibody connected to free

cysteine80,81 could be easily labeled site specifically via the

cysteine thiol groups (–SH).82 Ac-Cys-ZEGFR:1907 showed

higher affinity to A431 cells when labeled with Alexa680 than

with Cy5.5 (KD values of 28.3 and 43.6 nmol/L, respec-

tively).83,84 However, the image quality was poor due to high

background.83 To obtain a clear image, Wang et al85 labeled

ZEGFR:1907 with fluorogen-activating protein dL5**

(FAPdL5**). FAP-Affibody retained the ability of FAP to

increase fluorescence intensity while showing the specificity

and sensitivity of Affibody targeted to EGFR in A431 cells (KD

value is 37 nmol/L). As this fluorophore can be linked to a

variety of substances and retain low nanomolar KD values, it

may be possible to directly target radionuclides and nanophase

materials for PET/SPECT imaging or magnetic resonance ima-

ging (MRI)/optical imaging.

Zhao et al assessed the feasibility of using Affibody Ac-

Cys-ZEGFR:1907 labeled with copper-64 or Alexa680 to evaluate

EGFR expression in hepatocellular carcinoma (HCC) tumor

Figure 3. Graphic representation of the wild-type Z domain (residues
5-58) based on the NMR structure. A Main-chain trace ribbon diagram
showing the 3-helix bundle structure. B Space-filling representation of
the domain showing the positions of the 13 amino acids located in
helices 1 and 2 subjected to the randomization (red). The position of
Ile31 (blue) is also shown. Adapted and reproduced with permission
from Nord et al.73
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models with different EGFR expression levels.86 Hep3B (high

expression) and PLC/PRF/5 (moderate expression) xenografts

could be distinguished clearly from the background from 1

hour pi by PET imaging, with the signal reaching a peak at

24 hours and tumor uptakes of 8.52 + 1.10 and 6.46 +
0.59%ID/g, respectively. PLC/PRF/5 xenografts were visible

by optical imaging at 4 hours pi with a low tumor-to-normal

tissue ratio (maximum 1.6 at 1 hour pi). However, the fluor-

escent signal was weak in Hep3B xenografts, probably because

of the abundance of tumor blood vessels, which may hinder or

absorb the fluorescence signal (a well-known limitation of

optical imaging). Finally, no signal was detected in HepG2

(no expression) xenografts.

Fluorine-18 is a more clinically suitable radionuclide due to

its shorter physical half-life. Miao et al developed [18F]F-

FBEM-Cys-ZEGFR:1907 and assessed tumor uptake using differ-

ent EGFR-expressing lines (A431, SQ20B and SAS, high

EGFR; U87MG and 22B, low EGFR; HT29, no EGFR).87

Biodistribution assays revealed moderate-to-high tumor uptake

(1.0%-4.8%ID/g) in HT29, U87MG, 22B, SQ20B, and SAS

xenograft models (HT29, colon cancer; U87MG, glioma;

SQ20B, 22B, and SAS, head and neck cancer; Figure 4A).

Radioactive accumulation in all other organs was low,

except in the liver and kidneys in A431 xenografts (9.28 and

3.78%ID/g at 3 hours pi, respectively). However, accumulation

of ZEGFR:1907 labeled with copper-64 in the liver and kidneys

was higher (18.99 and 88.45%ID/g at 4 hours pi, respec-

tively).88 Small animal PET also revealed rapid tumor targeting

and accumulation of [18F]F-FBEM-Cys-ZEGFR:1907 in several

EGFR-positive tumors (Figure 4B). Interestingly, radioactive

uptake in A431 xenograft tumors was clearly increased upon

co-injection with 45 mg of Ac-Cys-ZEGFR:1907 (3.9%ID/g vs

8.1%ID/g at 3 hours pi), whereas 500 mg of Ac-Cys-ZEGFR:1907

blocked uptake (8.1%ID/g vs 1.0%ID/g at 3 hours pi, 88%
inhibition; Figure 4C).

A multimodal molecular imaging probe based on iron oxide

nanoparticles (IONPs), [64Cu]Cu-NOTA-Au-IONP-Ac-Cys-

ZEGFR:1907, was recently developed by Yang et al for PET,

optical, and MRI in EGFR-positive tumors.89 In vitro and in

vivo studies showed that the nanoprobe has high specificity and

sensitivity, and excellent tumor contrast in PET and MRI of

A431 cells and xenografts. Tumor accumulation was 3.5%ID/g

at 4 hours and peaked to 4.6%ID/g at 24 hours after injection in

small animal PET imaging, and the maximum tumor-to-muscle

ratio was about 6 at 24 hours pi. Comparing with the specific

targeted imaging, the blocking group clearly showed lower

tumor uptake (with unlabeled Ac-Cys-ZEGFR:1907; 1.9%ID/g

vs 4.6%ID/g at 24 hours pi, P < .05). Furthermore, the overlap

between the reflection signal of the gold component DAPI

(40,6-diamidino-2-phenylindole), immunofluorescence stain-

ing in optical imaging showed that the nanoprobe was targeted

to the cell surface of EGFR-positive cells. In MRI, the signal

intensity dropped 44% in tumor sites at 8 hours after injection,

suggesting that Au-IONP could serve as an efficient MR con-

trast agent. Finally, the PET and MRI results were highlyT
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correlated, confirming the feasibility of performing multichan-

nel multifunctional molecular imaging with these probes.

Notably, ZEGFR:2377 appears to have similar affinity for

hEGFR and mouse EGFR.90-92 The cross-reactivity between

hEGFR and mouse EGFR is useful for assessing specificity

and biodistribution in preclinical models, which is particularly

relevant in EGFR-expressing normal tissues in humans.

[99mTc]Tc-ZEGFR:2377 showed specificity to 3 different EGFR

expression cell lines (A431, epithelial carcinoma; MDA468,

breast cancer; and PC3, prostatic cancer) and was successfully

used for EGFR quantification.93,94 The KD value of

[99mTc]Tc-ZEGFR:2377 was in the picomolar range (274 pM),93

similarly to [89Zr]Zr-DFO-ZEGFR:2377 (160 pM).95 Studies in

mice bearing A431 xenografts demonstrated that the tumor

uptake of [99mTc]Tc-ZEGFR:2377 was 3.6 + 1.0 and 2.5 +
0.4%ID/g at 3 and 24 hours after injection, respectively. At

3 hours, tumor-to-blood and tumor-to-muscle ratios were

1.8 and 7.8, respectively, and increased to 8.0 and 17.5 at

24 hours. Nevertheless, radioactivity uptake in the liver, but

mostly in the kidneys, was high (5.6 + 0.6 and 146 +
19%ID/g, respectively), indicating that the probe has high

hydrophilicity and is excreted mostly via the urinary system.

Molecular Imaging Agents Based on Other Peptides

Vosjan et al96 and Huang et al97 developed novel tracers based on

Nanobody (minimal antigen-binding fragment of the heavy chain

in antibody, *15 kDa). [99mTc]Tc-8B6 could specifically bind

to EGFR-positive cells (A431 and DU145), but not to EGFR-

negative cells (NIH3T3). Tumor uptake revealed by SPECT ima-

ging was 5.2 + 0.5 and 1.8 + 0.3%IA/cm3 at 3 hours after

injection for A431 and DU145 xenografts, and the corresponding

tumor-to-background ratios were 7.4 + 1.0 and 3.2 + 0.9,

respectively. Thus, EGFR-binding nanobodies have high specifi-

city and selectivity toward EGFR-overexpressing cells.

Another probe, [64Cu]Cu-fibronectin, developed by Hackel

et al,98 exhibited EGFR-dependent binding to multiple cell lines

in culture. The tracer displayed good tumor accumulation (3.4+
1.0%ID/g at 1 hour), retention (2.7 + 0.6%ID/g at 24 hours),

and specificity (8.6 + 3.0 tumor-to-muscle ratio, 8.9 + 4.7

tumor-to-blood ratio at 1 hour). Specific targeting was revealed

by the low accumulation of the probe in low EGFR-expressing

MDA-MB-435 (mammary carcinoma) tumors (0.7 + 0.8%ID/g

at 1 hour). Furthermore, the fibronectin nonbinding control

showed poor localization to EGFR-overexpressing xenografts

(0.8 + 0.2%ID/g at 1 hour), indicating the probe has high spe-

cificity to EGFR. With its high stability, low background, and

high target specificity and retention, [64Cu]Cu-fibronectin is a

promising EGFR-targeting molecular imaging agent.

Nanofitins are cysteine-free protein scaffolds derived from

the hyperstable DNA-binding protein Sac7d (*7 kDa, 66

amino acids) of Sulfolobus acidocaldarius.99 The in vivo

tumor-targeting and imaging profile of radiolabeled anti-

EGFR Nanofitin Cys-B10, [18F]F-FBEM-Cys-B10, was

investigated by Goux et al in xenograft models.100 The

EGFR-positive tumors (A431) were clearly delineated when

compared to EGFR-negative tumors (H520), and with a signif-

icant tumor-to-background contrast. [18F]F-FBEM-Cys-B10

showed significantly higher retention in A431 tumors than in

H520 tumors at 2.5 hours pi, with an uptake A431-to-H520

ratio of 2.53 + 0.18 and a tumor-to-blood ratio of 4.55 +
0.63. This was the first study reporting that Nanofitin scaffold

is a viable EGFR-targeting PET radiotracer, thereby promoting

the development of valuable alternative PET-based approaches

for in vivo imaging of EGFR-expressing tumors.

Molecular Imaging Agents Based on Small Molecule

Small molecule-based probes (molecular weight <500 Da) dis-

play high affinity and selectivity and adequate lipophilicity or

Figure 4. A, Biodistribution of [18F]F-FBEM-Cys-ZEGFR:1907 at 3 hours after injection in 6 xenograft models with different EGFR expression
levels (n ¼ 3). B, Representative [18F]F-FBEM-Cys-ZEGFR:1907 PET of 5 tumor xenograft models with EGFR overexpression: SQ20B, SAS, and
22B (head and neck cancer); HT29 (colon cancer); U87MG (glioma cancer). C, Small-animal PET of [18F]F-FBEM-Cys-ZEGFR:1907 in A431
(epithelial cancer) xenograft model co-injected with 0, 45, and 500 mg (blocking dose) of Ac-Cys-ZEGFR:1907. Adapted and reproduced with
permission from Miao et al.87 EGFR indicates epidermal growth factor receptor; PET: positron emission tomography; Tm, tumor; Bl, blood; Ht,
heart; Lv, liver; Ln, lungs; Ms, muscle; Kd, kidney; Sp, spleen; Br, brain; In, intestine; Sk, skin; St, stomach; Pc, pancreas.

8 Molecular Imaging



hydrophily and are therefore currently the most promising

molecular tracers for in vivo imaging. Song et al developed

[18F]F-IRS ([18F]F-N-(3-chloro-4-fluorophenyl)-7-(2(2-(2-

(2-(4-fluorine)ethoxy)ethoxy)-ethoxy)-6-(3-morpholinopro-

poxy)quinazolin-4-amine) and assessed its feasibility for

detecting mutant EGFR in NSCLC, particularly the EGFR 19

exon-deleted mutation.101 Figure 5 shows the chemical struc-

ture of [18F]F-IRS. Cellular uptake assays showed a rapid and

significant uptake of [18F]F-IRS in HCC827 (EGFR 19 exon-

deleted mutation) cells at 7.51% after 15 minutes of incubation,

and reaching a peak at 14.07% after 120 minutes. The PET/CT

images revealed a high accumulation of [18F]F-IRS in

HCC827 tumors at 120 minutes; however, probe uptake was

difficult to detect in H1975 (EGFR L858R/T790M mutation),

H520 (negative EGFR), and H358 (EGFR wild-type) tumors at

all time points. Although probe uptake in HCC827 tumors

reached 4.27%ID/g at 120 minutes pi in biodistribution assays,

in H1975, H520, and H358 tumors [18F]F-IRS uptake was

significantly lower at 1.71, 1.62, and 1.68%ID/g at 120 minutes

pi, respectively. HCC827 tumor uptake was blocked by gefiti-

nib (1.21%ID/g at 120 minutes), suggesting that [18F]F-IRS

binds specifically to EGFR 19 exon-deleted mutation.

Another molecular tracer, [18F]HO-J (a series of HO com-

pounds with a 4-(anilino)pyrido[3,4-d]pyrimidine scaffold),102

was designed and synthesized for discriminating between

L858R and L858R/T790M mutant EGFR in NSCLC in PET

imaging. Biodistribution assays revealed that [18F]HO-J dis-

played a high tumor-to-muscle, tumor-to-blood, and tumor-to-

lung ratios in H3255 (L858R mutation) tumor-bearing mice

(13, 3, and 3 at 3 hours pi, respectively). Co-injection of excess

AZD9291 (highly selective EGFR mutant inhibitors, IC50 of

exon 19 deletion type, and L858R/T790M EGFR and wild-type

EGFR were 12.92, 11.44, and 493.8 nM, respectively) resulted

in a significant decrease in 54.3% in tumor uptake in H3255

xenografts at 3 hours pi, without any significant effect in other

tissues, which demonstrates that tracer uptake is specific for

EGFR-TK. In addition, H3255 tumors could be visualized

more clearly than H1975 (L858R/T790M mutation) tumors at

3 hours pi by PET imaging.

PD153035 is the most studied small molecule quinazoline

imaging agent. Dai et al assessed the efficacy of [11C]C-

PD153035 (PD153035, 4-N-(3-bromoanilino)-6,7-dimethoxy-

quinazoline) PET imaging in detecting EGFR-TKI sensitivity

in NSCLC models.103 They found that cells highly sensitive to

EGFR-TKIs exhibited higher [11C]C-PD153035 uptake

(HCC827 and PC9 cells), whereas A549 cells, which are

moderately sensitive to EGFR-TKIs, showed higher uptake

than EGFR-TKI-resistant H1975 cells. Radioactive accumula-

tions were positively correlated with phosphorylated EGFR

expression in all cells. The PET/CT showed that radioactivity

was highest in HCC827 xenografts and the radioactivity in PC9

xenografts was higher than that in A549 and H1975 xenografts.

Patients with advanced chemotherapy-refractory NSCLC were

prospectively enrolled in a trial of erlotinib and imaged by

[11C]C-PD153035 PET/CT to predict survival.104 Patients

with higher SUVmax lived for over twice as long as patients

with lower SUVmax (median overall survival ¼ 11.4 months

vs 4.6 months, P ¼ .002; progression-free survival [PFS] ¼
4.4 months vs 1.8 months, P < .001). These preliminary results

suggest that [11C]C-PD153035 PET/CT may be a noninvasive

and rapid method for identifying patients with refractory

advanced NSCLC likely to respond to EGFR-TKIs.

Zhang et al105 explored the feasibility of using [99mTc]Tc-

3PRGD2 ([[99mTc]Tc(HYNIC-3P-RGD2)(tricine)(TPPTS)]:

where HYNIC is 6-hydrazi nonicotinyl; 3P-RGD2 is

PEG4-E[PEG4-c(RGDfK)]2; PEG4 is 15-amino-4,7,10,13-

tetrao-xapentadecanoic acid; and TPPTS is trisodium triphe-

nylphosphine-3,30,300-trisulfonate) SPECT/CT imaging to

monitor the efficacy of EGFR-TKI therapy in patients with

advanced-stage lung adenocarcinoma. The tumor-to-

nontumor ratio in the partial response and stable disease groups

was 35.8% and 8.9%, respectively, while in the progressive

disease group was 76.1%. For receiver operator characteristic

analysis, using a cutoff value of 23.8% decreased the tumor-to-

nontumor ratio. The sensitivity and specificity in identifying

responders were 80.0% and 87.5%, respectively. The median

PFS with responders was 18 months, and with nonresponders

was 7 months (P ¼ .006). Thus, [99mTc]Tc-3PRGD2 imaging

can evaluate the early response to EGFR-targeted therapy and

predict PFS in patients with lung adenocarcinoma.

In 2018, Sun et al106 developed [18F]F-MPG (N-(3-

chloro-4-fluorophenyl)-7-(2-(2-(2-(2-18F-fluoroethoxy)

ethoxy) ethoxy) ethoxy)-6-methoxyquinazolin-4-amine) and

evaluated its suitability for noninvasive PET imaging and

for the quantification of EGFR-activating mutation status in

preclinical models of NSCLC, as well as in patients with

primary and metastatic NSCLC undergoing EGFR-TKI

treatment. In NSCLC animal models, there was a significant

correlation (R2 ¼ .9050) between [18F]F-MPG PET uptake

and activating EGFR mutation status. In patients with

NSCLC (n ¼ 75), an overlap of 84.29% was found between

the evaluation of EGFR activation by [18F]F-MPG uptake

and tissue biopsy. In addition, the patients who showed

greater response to EGFR-TKIs (81.58% vs 6.06%) and had

a longer median PFS (348 days vs 183 days) also had a high

[18F]F-MPG PET SUVmax (�2.23 vs <2.23). Thus,

[18F]F-MPG promises to be a powerful method for pre-

cisely quantifying EGFR-activating mutation status in

patients with NSCLC, and ultimately for noninvasively

identifying patients sensitive to EGFR-TKIs and for moni-

toring the efficacy of EGFR-TKI therapy.

Figure 5. Chemical structure of F-IRS.
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Conclusions

Molecular-targeted therapy is the future of cancer treatment.

Clinical research on EGFR-targeting therapy shows that mod-

ulating EGFR expression has remarkable therapeutic effects.

The assessment of curative effect resulting from EGFR-

targeted molecular imaging overcomes the limitations of

traditional monitoring methods based on tumor volume or

pathological and serological examinations using tumor mar-

kers. The EGFR molecular imaging may provide more accurate

information in the quantification of EGFR expression in vivo,

thus providing a reliable basis for screening patients, evaluating

treatment efficacy, and estimating prognosis. The development

of more high stability, high affinity, and high specific and also

suitable hydrophilic and lipophilic probes would open the way

for the clinical translation of EGFR molecular imaging. In the

future, if imaging radionuclide could be replaced by the thera-

peutic radionuclide used in tumor-targeting drugs, imaging

would harmonize with local treatment. Such an integration of

diagnosis and treatment could bring revolutionary progress in

tumor treatment with added clinical benefits that would signif-

icantly improve the lives of patients and their families.
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