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Abstract: Non-small cell lung cancer (NSCLC) is a type of lung cancer that affects 85% of all lung 

cancer diagnoses. For NSCLC patients, epidermal growth factor receptor – tyrosine kinase inhibitor 

(EGFR-TKI) is a viable therapeutic approach. However, first- and second-generation EGFR-TKI 

therapies result in EGFR mutations, eventually leading to resistance. Before administering TKI therapy, 

the type of mutation in NSCLC must be identified in order to reduce resistance. A biopsy is a common 

diagnostic technique; however, a repeat biopsy in NSCLC patients is invasive. Due to the small sample 

size and the heterogeneous nature of cancer, the biopsy was unable to identify the mutation type 

accurately. The use of molecular imaging techniques such as Positron Emission Tomography (PET) 

and Single Photon Emission Computed Tomography (SPECT) is a promising option because it is non-

invasive and can determine mutation strata in detail. Thus, this study aims to review the radiotracer 

developed to detect EGFR mutations, especially the double mutation EGFR L858R/T790M. Literature 

searches were conducted on reputable databases such as Pubmed, SciFinder, and Scopus. Our results 

showed that several probes were found that have high in vitro and in vivo selectivity toward double 

mutations EGFR L858R/T790M, such as [18F]FEWZ, [125I]ICO1686, [77Br]BrCO1686, [125I]I-

osimertinib, and [77Br]Br-osimertinib. The summary report explains that these radiotracers are 

insufficient to produce a high-contrast tumor in tissues. Thus, these radiotracers need to be modified by 

a structural modification to increase the imaging contrast of the targeted tumor for a clinical study. 
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1. Introduction 

First and second-generation tyrosine kinase inhibitors (TKIs) such as gefitinib and 

erlotinib have been extensively developed as potent epidermal growth factor receptor (EGFR) 

targeted drugs [1-3]. These generations of TKI have been widely evaluated for their use in non-

small cell lung cancer (NSCLC) patients [3,4]. This class of drugs can specifically bind to the 

intra-endothelial TK domain of EGFR and consequently block signaling pathways, thereby 

inhibiting tumor growth. Therefore, using these drugs is considered successful in treating cases 

in NSCLC [5-7]. However, treatment resistance occurs in some cases due to genetic mutations 

in the EGFR after several months of using first and second generations TKI [8-11]. 

The third-generation EGFR-TKI, osimertinib, was approved by the food drug 

administration (FDA) in 2015 [12]. Followed by olmutinib, which was approved for use in 

South Korea in 2016, and almonertinib was approved in China in 2020 [13-15]. To maximize 

the therapy of third-generation TKI, it is necessary to determine drug sensitivity in NSCLC 
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patients by detecting the type of EGFR mutation [10,16]. The diagnostic technique commonly 

used is the biopsy method. Gene sequencing, immunohistochemistry, and fluorescence in situ 

hybridization (FISH) analyses are frequently used in companion diagnostics following a biopsy 

[17-20]. However, cancer tissues are known to be heterogeneous [21,22], and a biopsy can only 

provide limited information on the entire cancer tissue [23]. Furthermore, patients must be 

burdened by recurrent intrusive biopsies [24]. Meanwhile, whole-body nuclear medicine 

imaging using positron emission tomography (PET) or single photon emission computed 

tomography (SPECT) may assess the amount of expression of a target molecule and the 

mutation status [25-28]. As a result, companion diagnostic imaging in nuclear medicine may 

be beneficial to patients.  

Nuclear imaging is a diagnostic technique that is relatively safer and non-invasive than 

biopsy [23,29]. In addition, the nuclear imaging approach can provide complete information 

on the pathophysiological status and level of metastasis in cancer patients [28,30]. Positron 

emission tomography (PET) and single-photon emission tomography (SPECT) are two 

methods commonly used in nuclear imaging because of their ability to produce adequate 

contrast of radiotracer compounds bound to molecular targets [25,31-33]. 

Although PET and SPECT imaging probes targeting EGFR-TK with the 

L858R/T790M mutation have been developed [16,34-36], there has been little discussion of 

these imaging probes. This data is essential to provide an overview to future researchers 

regarding the optimal molecular modification technique in producing radio imaging probes that 

are selective for EGFR double mutations. Therefore, in this study, we aim to conduct a 

literature review of the results of studies that develop a selective radiotracer for EGFR 

L858R/T790M mutations. Several reputable databases, including Pubmed, SciFinder, and 

Scopus, were utilized to conduct literature searches. 

This literature review was synthesized using a narrative method by grouping similar 

data according to the results measured to answer the objectives. Research journals that match 

the inclusion criteria are then collected, and a journal summary is made, including the 

researcher's name, the year of publication of the journal, and a summary of the results or 

findings. Then the summary of the research journal was entered into the table. 

Our study showed that several radiotracers based on third-generation EGFR TKI were 

developed. However, only five targeted the double mutation EGFR L858R/T790M in NSCLC. 

Therefore, we described deeply the five radiotracers targeting double mutation EGFR. The 

types of NSCLC cells used in the articles reviewed are H1975 cells that expressed the EGFR 

L858R/790M mutation; H3255 and HCC827 cells expressing EGFR L858R; H441 and A549 

cells expressing wild-type EGFR. 

2. Radiolabeled on Third-Generation EGFR TKI 

Third-generation EGFR TKI development focused on three critical aspects: inhibiting 

T790M isoform-specific kinase activity, preserving effectiveness against exon 19 and 21 

mutations, and sparing inhibition of EGFR wild-type [37,38]. Osimertinib, WZ4002, EGF816, 

olmutinib, PF-06747775, YH5448, avitinib, and rociletinib (CO-1686) are among them 

[14,39]. They are effective inhibitors of T790M mutant EGFR while having little action against 

the wild-type receptor [39]. The covalent connection formed by these inhibitors with the C797 

residue within the EGFR ATP-binding pocket is a characteristic of them [37,40]. In addition, 

CO-1686 promotes the formation of hydrophobic interactions with Met790 as the mutant 
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gatekeeper residue [4,16,35]. However, the only three that have received regulatory clearance 

are osimertinib, olmutinib, and almonertinib [13,14,41,42].  

To successfully employ third-generation EGFR-TKIs on patients with NSCLC who 

have EGFR L858R/T790M mutations, PET or SPECT imaging would be a useful and non-

invasive method for identifying patients who are susceptible to third-generation EGFR-TKIs. 

Some radiolabeled based on third-generation EGFR are provided in Table 1. This data 

exhibited that only four lead compounds were modified to synthesize these radiolabeled 

compounds, as shown in Figure 1. 

Table 1. Radiotracer-based 3rd generation EGFR TKI. 
No. Radiotracer Author Targeting 

1. [11C]rociletinib  Ballard et al., 2016 [43] Brain exposure  

2. [11C]osimertinib Ballard et al., 2016 [43] Brain exposure 

3. [18F]FEWZ Goggi et al., 2019 [34] Imaging EGFR L858R/T790M 

4. [125I]ICO1686 Fawwaz et al., 2020 [16] Imaging EGFR L858R/T790M 

5. [77Br]BrCO1686 Fawwaz et al., 2021 [35] Imaging EGFR L858R/T790M 

6. [125I]I-osimertinib  Mishiro et al., 2022 [36] Imaging EGFR L858R/T790M 

7. [77Br]Br-osimertinib Mishiro et al., 2022 [36] Imaging EGFR L858R/T790M 

 
Figure 1. The chemical structure of radiolabeled based 3rd generation EGFR TKI. 

2.1. [11C]rociletinib and [11C]osimertinib. 

Ballard et al. reported PET imaging probes based on third-generation EGFR-TKIs, 

osimertinib, and rociletinib, using 11C-labeled radiotracers, [11C]osimertinib and 

[11C]rociletinib. This study assessed how well these radiotracers penetrated the brain to treat 
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patients with brain metastases. However, the potential of these radiotracers as imaging probes 

for EGFR-TK with L858R/T790M double mutations was not evaluated [43]. 

2.2. [18F]FEWZ. 

WZ4002 is the world's first third-generation TKI shown to be a strong inhibitor of 

T790M mutant EGFR compared to the wild-type receptor [37,44]. The radiotracer [18F]FEWZ 

was synthesized by combining the WZ4002 with the molecule fluorine isotope radionuclide 

[18F]. Furthermore, the purity of the [18F]FEWZ radiotracer exceeded 97%. Three different 

kinds of NSCLC cells were utilized to evaluate the accumulation of [18F]FEWZ. The studies 

included cytotoxicity, cell uptake, blocking assays, and radiotracer biodistribution by 

determination of percent injection dose per gram tissue (%ID/g) [34]. 

Cytotoxic evaluation of WZ4002 and [19F]FEWZ using the cell counting kit (CCK-8) 

protocol with the optical density in 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H tetrazolium monosodium salt (WST-8) assay exhibited that both WZ4002 

and [19F]FEWZ have high cytotoxic effects on HCC827 and H1975 cells compared to A549 

[34]. However, the addition of fluoride resulted in a slight decrease in the therapeutic 

effectiveness of [19F]FEWZ, most likely owing to ethyl fluoride interfering with interactions 

with Leu792. 

The radiotracer uptake [18F]FEWZ on A549 was much lower than that of HCC827 and 

H1975 cells in the cell uptake study (Table 2). The blocking experiment, which used WZ4002 

as an inhibitor, revealed a substantial reduction in radiotracer accumulation in both HCC827 

and H1975 cells. In the meantime, radiotracer accumulation in A549 cells remained unchanged 

[34]. These results exhibited a preference uptake of radiotracer toward the mutation variant of 

EGFR. 

Table 2. Assessment of [18F]FEWZ radiotracer accumulation. 

Cell line EGFR status 
Cellular uptake  

(counts/well) 

Biodistribution (%ID/g) 

5 min 90 min 

A549 Wild-type 86544   ± 7138 0.49 ± 0.22 0.58 ± 0.18 

HCC827 Active mutant L858R 231650 ± 18318 0.52 ± 0.25 0.52 ± 0.16 

H1975 Dual mutation L858R/T790M 209435 ± 13585 0.69 ± 0.23 0.90 ± 0.26 

The biodistribution study showed that the accumulation of radiotracer in tumor H1975, 

was the highest of all tumors at five- and 90-minutes post-injection (P < 0.05) [34]. Although 

the accumulation of radiotracer [18F]FEWZ was higher in the H1975 tumor, the retention value 

in the H1975 tumor was still relatively low at 0.90 ± 0.26% ID/g. This is because the adenosine 

triphosphate (ATP) binding site on EGFR is intracellular. Thus the [18F]FEWZ must compete 

with high intracellular ATP concentrations for binding. Based on the evaluations above, it can 

be concluded that the [19F]FEWZ radiotracer has shown some specificity to EGFR 

L858R/T790M. However, the overall binding is insufficient to provide contrast value by the 

imaging modality [34]. Thus, further studies are needed to develop the [19F]FEWZ radiotracer 

to detect tumors with the EGFR L858R/T790M mutation.  

2.3. [125I]ICO1686. 

The initial synthesis was the non-radioactive iodinated compound N-(3-{[2-({4-[4-

acetylpiperazine-1-yl]-2-methoxyphenyl}amino)-5-(trifluoromethyl)pyrimidine-4-yl]amino}-

5-iodophenyl)acrylamide (ICO1686) followed by synthesis the radioactive iodination 
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[125I]ICO1686. Radiotracer [125I]ICO1686 was synthesized using the lead compound CO-1686 

labeled with an iodine isotope radionuclide in two-step reactions. The purity of the radiotracer 

was >99%. Three NSCLC cells, H1975, H3255, and H441, were used to evaluate the 

radiotracer. The assessment included cytotoxic tests, cell uptake, a blocking assay, and 

biodistribution. 

The ICO1686 and CO-1686 revealed the cytotoxicity against EGFR L858R/T790M 

compared to the EGFR wild type. Although the half inhibitory concentration (IC50) of ICO1686 

was 0.31 M on EGFR L858R/T790M was weaker than that of CO-1686 (IC50 = 0.04 M), the 

ICO1686 showed a higher selectivity index (SI >32) of the EGFR with the L858R/T790M 

double mutation than the wild type EGFR. This result is comparable to the selectivity index of 

CO-1686 (SI=42). Therefore, compound ICO1686 also has high specificity for EGFR 

L858R/T790M [16]. 

The cell uptake study exhibited that the accumulation of radiotracer [125I]ICO1686 in 

H1975 cells was 101.52% dose/mg protein at 4 h incubation, as shown in Table 3. This value 

was significantly higher compared to H3255 and H441 cells. The high accumulation of 

radiotracer [125I]ICO1686 in H1975 cells was due to the T790M activating mutation in the TK 

domain of EGFR, where T790M as a gatekeeper in the EGFR double mutation could be 

inhibited by the third generation of EGFR-TKI, namely CO-1686 which is the parent 

compound of the radiotracer [125I]ICO1686 [16]. 

Table 3. Assessment of [125I]ICO1686 radiotracer accumulation. 

Cell line EGFR status 
Cellular uptake  

(% dose/mg protein) 

Biodistribution (%ID/g) 

1 h 4 h 

H441 Wild-type 8.95 - - 

H3255 Active mutant L858R 33.52 1.63 ± 0.23 0.70 ± 0.13 

H1975 Dual mutation L858R/T790M 101.52 1.77 ± 0.43 0.43 ± 0.08 

The blocking study showed that the addition of CO-1686 to H1975 cells caused a 

decrease in the amount of radiotracer absorption [125I]ICO1686 from 101.52% dose/mg protein 

to 45.61% dose/mg protein. This indicates that the radiotracer [125I]ICO1686 and CO-1686 

compete to bind to the cells' EGFR receptor. Meanwhile, adding gefitinib did not change the 

amount of radiotracer absorption [125I]ICO1686 in H1975 cells. Although H1975 cells still had 

the L858R mutation, adding gefitinib could not reduce the accumulation of the [125I]ICO1686 

radiotracer. This is due to the T790M mutation that inhibits the binding of gefitinib to the TK 

domain of EGFR, causing H1975 cells to resist gefitinib. On the other hand, adding gefitinib 

to H3255 cells decreases the radiotracer accumulation by more than 50% because gefitinib is 

the L858R EGFR-specific inhibitor [16]. 

Biodistribution evaluation was carried out to determine the accumulation of radiotracer 

[125I]ICO1686 in vivo. Evaluation of the [125I]ICO1686 was performed on normal mice and 

tumor carrier mice inoculated with H1975 cells and H3255 cells. Normal mice injected with 

radiotracer [125I]ICO1686 were observed at 10 min, 1, 4, and 24 h. The highest accumulation 

was in the liver after 10 min of radiotracer injection. After 24 hours of injection, almost 70% 

of the radiotracer was excreted in the feces. The accumulation of the [125I]ICO1686 in the 

H1975 tumor was comparable to that of the H3255 tumor [16]. These findings suggest that the 

nonspecific accumulation of radiotracers in the H3255 xenograft is greater than in the H1975 

xenograft. Therefore, modification of this radiotracer is necessary to improve the accumulation 

in the targeted tumor. 
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2.4. [77Br]BrCO1686. 

The CO1686 analog was carried out by introducing bromine in the benzene ring of 

CO1686. Radiotracer [77Br]BrCO1686 was synthesized starting from the non-radioactive 

BrCO1686. The radiotracer purity was >99%, with high stability in the phosphate buffer saline 

and plasma. Evaluation of the [77Br]BrCO1686 used three NSCLC cells, namely H1975, 

H3255, and H441. The evaluations were carried out in cytotoxic tests, cell uptake, blocking 

assays, and biodistribution fields [35]. 

The IC50 of BrCO1686 toward H1975 and H3255 were 0.18 M and 0.20 M, 

respectively. These data are comparable to that in parent compound CO1686, with the IC50 

toward H1975 and H3255 were 0.14 M and 0.15 M, respectively, indicating that the bromine 

substituent in the BrCO1686 does not significantly affect the activity on L858R and 

L858R/T790M mutated EGFR. In contrast, the cytotoxicity of the BrCO1686 against H441 

cells was meaningless [35]. 

The cellular uptake study in Table 4 exhibited that the accumulation of [77Br]BrCO1686 

in H1975 cells was much greater than in H3255 and H441 cells. In vitro blocking assay with 

CO1686 as an inhibitor reduced radiotracer accumulation on H1975 to 56.9% dose/mg. 

Meanwhile, adding gefitinib as an inhibitor did not affect radiotracer accumulation in H1975 

cells. However, gefitinib might reduce radiotracer accumulation in H3255 cells with the EGFR 

L8585R mutation [35]. The biodistribution in the normal mice revealed that the radiotracer 

accumulated 10 min post-injection, with the largest accumulation in the small intestine 

(25.38% ID/g), whose accumulation did not alter significantly 1 h post-injection [35]. 

Table 4. Assessment of [77Br]BrCO1686 radiotracer accumulation 

Cell line EGFR status 
Cellular uptake  

(% dose/mg protein) 

Biodistribution (%ID/g) 

1 h 6 h 

H441 Wild-type < 100 3.71 ± 0.13 3.30 ± 0.54 

H3255 Active mutant L858R < 100 - - 

H1975 Dual mutation L858R/T790M 136.30 4.51 ± 0.17 3.48 ± 0.50 

The radioactivity in the large intestine reached 47.73% ID/g 4 h post-injection. 

Furthermore, the accumulation of [77Br]BrCO1686 was greater in H1975 tumors than in H441 

tumors 1 h post-injection. However, compared to blood and muscle, radiotracer accumulation 

in the L858R/T790M tumor was insufficient. As a result, producing appropriate contrast via 

imaging modalities is difficult [35].  

2.5. [125I]I-osimertinib. 

Radiotracer [125I]I-osimertinib was synthesized from the parent compound Osimertinib. 

Osimertinib is a third-generation kinase inhibitor that the FDA has approved for use by NSCLC 

patients. The osimertinib analog was carried out by introducing iodine at an indole ring in 

Osimertinib [36]. The radiosynthesis obtained high purity and high stability of radiotracer. 

Evaluation of in vitro uptake study showed a high activity of radiotracer in H1975 and H3255 

cells, which represents the dual mutations of EGFR. Meanwhile, the activity in H441 cells was 

low [36]. 

Evaluation of the biodistribution study showed the limited gastric absorption of [125I]I-

osimertinib suggests that in vivo deiodination of [125I]I-osimertinib practically ever occurs since 

free iodine ions considerably accumulate in the stomach. It is well known that free iodine ions 

also accumulate significantly in the thyroid. The thyroid, however, was not resected in this 
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investigation because they anticipated that accumulation in the stomach would be a valid 

indicator of deiodination [36]. Table 5 exhibited that the radiotracer accumulation in H1975 

was higher than H3255 at 1 h post-injection. However, radiotracer retention toward H3255 was 

higher than H1975 at 4 h post-injection. Furthermore, in vivo blocking evaluation with 

osimertinib reduced radiotracer accumulation on H1975 tumor significantly (P < 0.05). 

Meanwhile, adding osimertinib as an inhibitor did not affect radiotracer accumulation in H3255 

tumor. Radiotracer accumulation in L858R/T790M tumor was dominant compared to blood 

and muscle. Thus, it is possible to produce adequate contrast by SPECT imaging modality. 

However, the accumulation of [125I]I-osimertinib in the lung was much higher than in the tumor 

[36]. As a result, the visibility of tumors in NSCLC patients must be limited in clinical practice. 

Table 5. Assessment of [125I]I-osimertinib radiotracer accumulation 

Cell line EGFR status 
Biodistribution (%ID/g) 

1 h 4 h 24 h 

H441 Wild-type - - - 

H3255 Active mutant L858R 1.73 ± 0.30 2.93 ± 0.11 1.90 ± 0.65 

H1975 Dual mutation L858R/T790M 2.04 ± 0.25 1.97 ± 0.30 0.84 ± 0.27 

2.6. [77Br]Br-osimertinib. 

Br-Osimertinib was developed by adding a bromine atom at the 5-position of the indole 

group in osimertinib. 5-fluoro-2-nitrophenol and 5-bromoindole were used as starting reagents 

for synthesizing Br-Osimertinib in six stages. Tributylstannyl osimertinib was produced as a 

radiolabeling precursor in a palladium-catalyzed cross-coupling procedure with a 6.4% yield 

[36]. 

The WST cell viability and kinase inhibition experiments indicated that Br-Osimertinib 

has substantial in vitro efficacy against the H1975 corresponded to L858R/T790M EGFR but 

is much less active against the wild-type EGFR. This finding supports the hypothesis that 

halogenation at the 5-position of the indole does not affect osimertinib's affinity for the EGFR. 

In enzymatic studies, Br-Osimertinib exhibited excellent selectivity for the L858R/T790M 

double mutations; however, in cell viability assays, they appeared to show superior selectivity 

against H3255 with the L858R single mutation [36]. 

The radiolabeling was done with carrier-free radionuclides and with no carrier added. 

The radiolabeled molecules and their tributylstannyl precursor were entirely isolated by HPLC 

purification. The radiosynthesis results obtained high purity with high stability in the phosphate 

buffer saline [36]. 

The biodistribution study toward normal mice showed that in vivo debromination of 

[77Br]Br-osimertinib scarcely ever happens, according to organ accumulation. However, 

[77Br]Br-osimertinib clearance in the blood is slow. As a result, [77Br]Br-osimertinib is 

transferred to some organs, and its radioactivity is preserved for an extended time. In the 

biodistribution study toward tumor-bearing mice, the H1975 tumor accumulation of [77Br]Br-

osimertinib was extremely dominating compared to that in blood and muscle. Although the 

radiotracer accumulation in the H1975 tumor was higher than that of blood and muscle, the 

uptake of this radiotracer was higher in the H3255 tumor compared to H1975 at 4 and 24 h 

post-injection (Table 6). These findings suggest that the nonspecific accumulation of 

radiotracers in the H3255 xenograft is greater than in the H1975 xenograft. Furthermore, 

[77Br]Br-osimertinib accumulations in the lung were substantially greater than in the tumor. As 

a result, in clinical practice, the visibility of tumors in NSCLC patients must be hampered [36]. 
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Table 6. Assessment of [77Br]Br-osimertinib radiotracer accumulation 

Cell line EGFR status 
Biodistribution (%ID/g) 

1 h 4 h 24 h 

H441 Wild-type - - - 

H3255 Active mutant L858R 2.68 ± 0.64 3.42 ± 0.05 2.00 ± 0.59 

H1975 Dual mutation L858R/T790M 2.73 ± 0.32 1.96 ± 0.33 0.86 ± 0.14 

3. Discussion 

In this study, we have outlined a few of the most important findings about small 

molecules that have been produced as radiotracers for the imaging of dual mutant EGFR. Most 

studies in this review evaluated tracers based on their capacity to discriminate cancers based 

on EGFR expression or mutational status. Some cell lines have been utilized for either purpose 

in multiple investigations. The L858R/T790M EGFR mutation-expressing H1975 cell line is 

the only one employed as an indicator for effective dual mutation EGFR targeting. This cell 

line's accumulation was compared to those of active mutant L858R and/or wild-type EGFR 

cell lines. 

All studies have included blocking experiments to demonstrate the tracer's specificity. 

Self-blocking has become a prevalent method. However, this is an unfavorable strategy as any 

affinity for another kinase will not be demonstrated by self-blocking, as the cold compound 

will also block these off-target receptors [45]. Therefore, it is recommended to utilize a 

different TKI to inhibit the EGFR in order to reduce the possibility of the compound occupying 

the same off-target kinases.  

Mice are most often used to test small molecule radiotracers preclinically. In the ex vivo 

biodistribution of [125I]ICO1686, a substantial difference in radioactivity concentration was 

found between male ddY mice and female BALB/C nu/nu mice. Whether this was attributable 

to mouse strain or sex wasn't discussed. As sex can affect the pharmacokinetics, metabolism, 

and bioavailability of xenobiotics, it's important for studies to take this into account [46]. 

4. Conclusions 

Some radiolabeled imaging probes for EGFR L858R/T790M double mutations were 

discovered, including [18F]FEWZ, [125I]ICO1686, [77Br]BrCO1686, [125I]I-osimertinib, and 

[77Br]Br-osimertinib. These radiolabeled probes were developed based on the third-generation 

EGFR-TKIs with fundamental evaluations such as in vitro and in vivo evaluations. Our finding 

showed that these radiolabeled probes exhibited preference accumulation toward double 

mutation EGFR L858R/T790M compared to wild-type. However, the summary report states 

that these probes must be structurally modified to increase the imaging contrast for clinical 

studies. 
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