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Abstract The activation proteins released by fibroblasts in the tumor microenvironment regulate tumor

growth, migration, and treatment response, thereby influencing tumor progression and therapeutic out-

comes. Owing to the proliferation and metastasis of tumors, fibroblast activation protein (FAP) is typi-

cally highly expressed in the tumor stroma, whereas it is nearly absent in adult normal tissues and
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benign lesions, making it an attractive target for precision medicine. Radiolabeled agents targeting FAP

have the potential for targeted cancer diagnosis and therapy. This comprehensive review aims to describe

the evolution of FAPI-based radiopharmaceuticals and their structural optimization. Within its scope, this

review summarizes the advances in the use of radiolabeled small molecule inhibitors for tumor imaging

and therapy as well as the modification strategies for FAPIs, combined with insights from structure

—activity relationships and clinical studies, providing a valuable perspective for radiopharmaceutical

clinical development and application.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tumors are heterogeneous diseases that benefit from the micro-

environment1. They are not only clusters of abnormally prolifer-

ating cells in tissues or organs, but also heterogeneous collections

of microenvironments2,3. The composition and characteristics of

the tumor microenvironment (TME) vary significantly across

different tumor types, yet hallmark features, including immune

cells, stromal cells, blood vessels, and the extracellular matrix,

remain constant2. There is a dynamic interplay and mutual de-

pendency between cancer cells and the microenvironment2,4—6.

Remodeling and degradation of the extracellular matrix facilitate

cancer cell migration and invasion. Blood vessels provide oxygen

to cancer cells, while cancer cells secrete angiogenic factors to

promote angiogenesis. The TME is a unique environment for tu-

mors that has a profound impact on tumor progression7.

Cancer-associated fibroblasts (CAFs) constitute a subset of

cells within the cancer microenvironment8 that participate in

cancer progression, including growth, migration, and invasion.

The overexpression of fibroblast activation protein (FAP) is

observed in more than 90% of epithelial cancers within their

microenvironment9—11, including pancreatic cancer, breast cancer,

colorectal cancer, and high-grade glioblastoma12—14. The over-

expression of FAP offers a promising and stable target for tumor

imaging and therapy.

As a widely explored target, FAP has attracted attention for

many years. A number of meaningful studies have been conducted

by integrating positron emission tomography/computed tomogra-

phy (PET/CT) imaging. Since the discovery of the pioneering lead

compound UAMC-111015, research on FAP has flourished. In our

previous work, we summarized the development of antibody and

peptide-based radiopharmaceuticals targeting FAP11, from the first

FAP-targeting antibody ([131I]mAbF19) in 1994 to the clinical

application of FAP-2286, and discussed the advantages and pit-

falls of antibody- and peptide-based radiopharmaceuticals target-

ing FAP from the perspective of clinical applications. To

distinguish from reported reviews on FAPIs recently which have

focused mainly on clinical applications (disease diagnosis and

therapy)8,16—18, this review takes an alternative aspect. Starting

from the discovery of initial FAP inhibitors (FAPIs) and then la-

beling with multiple radionuclides, we emphasize the varied

structures for optimizing the in vivo pharmacokinetic properties of

FAPI radiopharmaceuticals. In addition, the mechanism of FAPIs

is briefly introduced in terms of molecular interactions19 and

downstream signal regulations after binding with FAP20 (Fig. 1).

We provide a comprehensive overview of the discovery of a series

of radionuclide-labeled FAP molecules, and summarize their

structural features along with their clinical applications.

2. Lead compounds targeting FAP

Early works on the discovery of small molecules targeting FAP

provided a fundamental core structure motif that is essential for

bioactivity. Notably, Val-boro-Pro, also known as talabostat or PT-

100 (1, Fig. 2), represents a pioneering advancement in the clinical

application of FAP inhibition21—23. PT-100 exerts its bioactivity

through interacting with bone marrow stromal cells, resulting in

the upregulation of specific cytokine production in hematopoietic

tissues, thereby promoting the growth and survival of hemato-

poietic cells24—26. In particular, PT-100 strongly inhibits and is

specific for FAP, a key orchestrator of peptide bioactivity essential

for sustaining cytokine production27. Investigations by Adams

et al. revealed that while PT-100 exhibits no discernible effect on

in vitro tumor growth, its oral administration in murine models

significantly suppressed the progression of various tumors27.

Clinical studies have corroborated the inhibitory potential of PT-

100 across diverse tumor types (Table 1).

Despite substantial inhibitory effects of PT-100 on FAP, it

simultaneously robustly inhibits DPP-IV, DPP8, and DPP9, which

is attributed primarily to its dipeptidyl peptidase activity22. To

increase selectivity toward FAP, Tran et al.28 synthesized a series

of N-acyl-Gly-, N-acyl-Sar-, and N-blocked-boroPro derivatives

and systematically explored the structure—activity relationship to

optimize selectivity for FAP. Compound 2 (Fig. 2) emerged as a

prototypical molecule in this class, distinguished by its cyclic

amide structure and potent inhibitory effect on FAP. In addition,

Tsai et al.29 undertook the challenge of developing selective

FAPIs, culminating in the discovery of pyroglutamic acid-based

FAPIs, marked by higher selectivity for FAP than other dipep-

tidyl peptidases. Notably, compound 3 (Fig. 2), featuring a fluo-

rine substituent on the pyrrolidone ring, displayed superior

targeting selectivity and bioactivity, with an impressive half

maximal inhibitory concentration (IC50) value of 0.022 μmol/L for

FAP.

Since most reported FAPIs are boronic acid compounds,

Ryabtsova et al. diverted their focus toward compounds bearing a

carbonitrile warhead21,28,30, which was recognized as a potent

affinity enhancement moiety prevalent in reported inhibitors tar-

geting DPP-IV, DPP8, DPP9, and prolyl oligopeptidase (PREP)31.

They synthesized FAP-selective compounds based on the structure

of N-acylated glycyl-(2-cyano) pyrrolidines, which displayed

notable selectivity against DPP-IV, DPP9 and DPP-II. Among

them, compounds 4—8 (Fig. 2) displayed exceptional targeting

selectivity against FAP. In addition, they disclosed the effects

of the N-acyl group and structural modification of the

2-cyanopyrrolidine residue. Notably, compound 5, characterized

by a 1-naphthoyl group, was the most effective inhibitor. The
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introduction of substituents at the 4-position of the (2-cyano)

pyrrole alkyl compounds, exemplified by fluoridation inhibitors

6—8, resulted in heightened inhibitory activity compared with that

of compounds 4 and 5, particularly in the presence of mono- or di-

fluorinated substituents.

Because of the exopeptidase and endopeptidase activities of

FAP, the identification of specific FAPIs concurrently targeting

DPPs and PREP posed a formidable challenge32,33. Jansen

et al.34,35 used PT-100 and linagliptin (9, Fig. 2), an FDA-

approved DPP-IV inhibitor exhibiting substantial FAP

affinity, as reference compounds to design novel FAPIs. Their

synthetic endeavors yielded an N-(4-quinolinoyl)-glycyl-(2-

cyanopyrrolidine) scaffold, heralding the emergence of the first

structure capable of achieving low nanomolar FAP affinity while

manifesting a selectivity exceeding 103-fold for DPPs and prolyl

PREP. Within the framework of structure—activity relationships,

Figure 1 Molecular interactions and biological mechanisms of FAPIs bind with FAP. (A) Docking models of FAPI-04 with FAP (PDB: 1Z68).

FAPI-04 serves as a representative FAPI, and the molecular docking is conducted in a similar binding pocket according to the reported literature19.

Left: electrostatic potential surrounding the interface between FAPI-04 and FAP. Right: detailed interactions between FAPI-04 and FAP. FAPI-04

is shown in yellow, and FAP is shown in grey. The main possible interactions of FAPI-04 with FAP are highlighted with residues of D60, W155,

K209, and W298 in the binding position. (B) The proposed biological mechanisms by which FAPIs targeted FAP. In the context of cancer

treatment, the mechanisms involve two main pathways. First, FAPIs suppress FAP activity through downstream signaling pathways such as the

PI3K/AKT, Ras/ERK, and FAK pathways, leading to the inhibition of tumor cell proliferation, migration, and invasion. Second, FAPI radio-

pharmaceuticals deliver radiation that directly induces cell damage by causing DNA damage, leading to mitochondrial apoptosis, pyroptosis via

the STING—NLRP3 axis, and cancer cell senescence. Indirectly, radiation triggers the generation of reactive oxygen species (ROS), enhancing

inflammatory responses that further damage cancer cells20. Overall, the antitumor effects of FAP targeting involve regulating signals from cancer-

associated fibroblasts to tumor cells, inhibition of cancer progression, damaging the tumor microenvironment, and improving infiltration of

therapeutic agents into tumors.

Radiopharmaceuticals targeting FAP 4513



the N-(4-quinolinoyl) moiety plays a pivotal role in binding af-

finity with FAP. Compound 10 (Fig. 2), which features this moiety,

surpassed compound 5 in terms of FAP affinity30. Notably, the

introduction of substituents at the 5-position of the quinoline ring

with chlorine or bromine resulted in compounds 11 and 12

(Fig. 2), which exerted a minimal effect on FAP binding affinity

but maximized selectivity for PREP. In addition, inspired by

electrophile-bearing drugs that target serine or threonine proteases

available on the pharmaceutical market, Poplawski et al.36 syn-

thesized ARI-3099 (13, Fig. 2), which was characterized by the N-

(pyridine-4-carbonyl)-D-Ala-boro-Pro motif and demonstrated

high selectivity for FAP against both DPPs and PREP.

In 2014, Jansen et al.15 used compounds 1, 3, 9, 10, 12, and 13

as reference compounds to explore the affinity and selectivity of

the active structural group of 4-quinolinoyl-Gly-cyanoPro. These

findings elucidated that the incorporation of either 4S-fluoro or

4,4-difluoro substitutions within the 2-cyanopyrrolidine ring

effectively optimized FAP affinity. However, the affinity of FAP

was significantly reduced or entirely lost once the motif of glycine

or amide bonds was changed. Through kinetic and mechanistic

investigations, UAMC-1110 (14, Fig. 2) emerged as the most

promising FAPI within the spectrum of compounds assessed,

distinguished by its prolonged in vivo half-life.

In this section, lead compounds are introduced. PT-100, which

is characterized by a Val-boro-Pro motif, plays a significant role in

FAPIs development. Through structural—activity relationship

studies, novel FAPIs with high binding affinity and specificity

were designed and evaluated. By replacing boronic acid with a

cyan group and then introducing fluorine and quinoline groups,

UAMC-1110 was developed and has high biological activity and

Figure 2 Molecular structures of lead FAPI compounds (blue: bioactive motif targeting FAP).

Table 1 Clinical trials of PT-100. PT100 has been used in treatment of various cancers, such as kidney cancer, lung cancer, brain tumors,

and other advanced cancers. It is a pioneering FAPI for developing Val-boro-Pro based molecules. PT-100 has been investigated clinically

for cancer therapy without labeling radionuclides despite its lower specificity in targeting FAP compared with its derivatives. However, the

discovery of PT-100 inspired researchers to develop more potent FAPIs for targeted diagnosis and therapy for tumor. We summarized the

applications and status of clinical studies of PT-100 for cancer therapy. Registration numbers are retrieved from www.clinicaltrials.gov.

Identifier Phase Tumor Purpose Status

NCT00489710 2 Kidney cancer Treatment Terminated for safety reasons

NCT00080080 2 Lung cancer Treatment Completed

NCT00116389 2 Pancreatic cancer Treatment Terminated (FDA hold May 2007)

NCT00303940 1 Brain tumors or other solid tumors Treatment Completed

NCT00290017 3 Non-small cell lung cancer Treatment Terminated (FDA hold May 2007)

NCT04171219 2 Advanced malignant solid cancers Treatment Not recruiting

NCT00083239 2 Melanoma Treatment Completed

NCT00083252 2 Melanoma Treatment Completed

NCT00086203 2 Chronic lymphocytic leukemia Treatment Completed

NCT00243204 3 Non-small cell lung cancer Treatment Terminated (FDA hold May 2007)
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proper pharmacokinetics, which offers profound significance for

radiopharmaceuticals that target FAP.

3. Radiolabeled small molecule FAPIs

On the basis of the structure of UAMC-1110, FAPIs are modified on

the quinoline side chain and then conjugated with DOTA, NOTA or

other chelators for radionuclide labeling. Radiopharmaceuticals are

faced with unprecedented opportunities for deciphering clinical

challenges in disease diagnosis and therapy and demonstrating great

potential in clinical translations37—40. Multiple targets, such as PD-

L1 and α5ß1, have been proven effective in tumor imaging41—44.

FAP is overexpressed in tumor tissue and is an ideal target for

radiotheranostics. In this section, we introduce the development of

radiolabeled FAPIs with proper chemical modifications of linkers,

chelators, multimerizations, and heterodimerizations. In addition,

the biodistributions and pharmacokinetics of modified FAPIs are

included as summarized in Table 245—75.

3.1. FAPIs with varied linkers

As a hallmark of cancer imaging, FAP targeted radiopharmaceu-

ticals outperform conventional tracers (such as [18F]FDG)76. To

develop effective radiolabeled FAPIs, modifications conducted on

linkers have been demonstrated promising methods. In 2018,

Loktev et al.45 refined quinoline-based FAPIs, yielding

radioiodine-labeled FAPI-01 (15, Fig. 3). The synthesis of FAPI-

01 involved a bromine/lithium exchange on 5-bromoquinoline 4-

carboxylic acid using the palladium-catalyzed bromine/tin ex-

change method. In parallel, the synthesis of FAPI-02 (16, Fig. 3)

was conducted in a well-orchestrated five-step process, and DOTA

was incorporated into the foundational FAPI scaffold. This

modification strategy facilitated subsequent radiolabeling through

the introduction of radioactive metals. Notably, experimental ev-

idence underscored the susceptibility of [125I]FAPI-01 to

deiodinase-induced loss of inhibitory activity. To circumvent this

challenge, the non-halogenated derivative FAPI-02 emerged, with

its FAP-binding moiety thoughtfully coupled with DOTA. This

ingenious design not only enhanced the stability but also extended

the potential applications of FAPI-02 as both a diagnostic and

therapeutic agent. The specificity, tumor uptake characteristics,

and minimal background activity of FAPI-02 were validated

through PET/CT imaging in xenograft mouse models. In a case

involving locally advanced lung adenocarcinoma, comparisons

with the widely employed clinical radiotracer [18F]FDG revealed

that [68Ga]FAPI-02 provided superior imaging contrast, accom-

panied by increased uptake in metastatic lesions, which collec-

tively enhanced contrast and lesion visibility. This comparative

assay demonstrated that FAPI-02 possesses an exceptional po-

tential for precise FAP targeting, making it a formidable tool for

rapid, high-contrast imaging within mesenchyme-rich tumor

environments.

Nevertheless, the therapeutic potential of FAPI-02 may be

constrained by its limited retention time in tumors. In response,

Lindner et al. designed 13 new FAPIs to investigate potential

therapeutic applications46. Within this distinguished cohort, FAPI-

04 (17, Fig. 3) was identified as the most valuable tracer for

clinical conversion. FAPI-04, distinguished by its 4,4-

difluoroproline structure, exhibited enhanced stability, height-

ened affinity, and a more deliberate in vitro tracer excretion pro-

file. Subsequent PET imaging in mice and patients revealed the

elevated uptake and extended retention of FAPI-04 within tumor

sites. Remarkably, PET/CT imaging conducted on two patients

with metastatic breast cancer confirmed the rapid accumulation of

[68Ga]FAPI-04 in the metastatic lesions and its clearance from the

bloodstream, primarily through the kidney. Moreover, these pa-

tients were treated with [90Y]FAPI-04, resulting in alleviated pain

symptoms, and a noteworthy absence of adverse effects was

observed, particularly in terms of hematotoxicity.

Comparative studies involving FAPI-04 juxtaposed against

alternative tracers have further contributed to a deeper compre-

hension. In a preliminary dosimetric evaluation, Giesel et al.76

compared [68Ga]FAPI-02 and [68Ga]FAPI-04. This inquiry

involved the examination of two patients at different intervals after

tracer injection. It was determined that tumor uptake exhibited a

greater decrease for [68Ga]FAPI-02 at 1—3 h after injection.

However, both tracers resulted in similar tumor-to-background

ratios at 1 h after injection (Fig. 4A). In addition, a comparison

of tumor uptake between [18F]FDG and [68Ga]FAPI-02 revealed a

noteworthy finding: the mean standardized uptake value maximum

(SUVmax) for [68Ga]FAPI-02 in the brain, liver, and oral/pharyn-

geal mucosa was significantly lower than that for [18F]FDG. This

disparity enhances imaging contrast within the context of

pancreatic cancer and colorectal cancer liver metastases while

improving the delineation of esophageal cancer. In the case of all

other organs, no substantial differences were observed.

FAPI-04 has been subjected to examination across diverse

tumor types. In a study conducted by Kratochwil et al.77 [68Ga]

FAPI-04 was administered to 80 cancer patients, allowing for the

quantitative assessment of tracer uptake across various tumor

categories, thereby shedding light on potential future indications.

PET imaging showed that patients with sarcoma, esophageal

cancer, breast cancer, and cholangiocarcinoma presented the

highest tumor uptake, with an average SUVmax greater than 12 at

1 h post-injection. These findings provided invaluable insights into

the detection and treatment of tumors characterized by increased

tracer uptake. In addition to investigations into tumor uptake,

other researchers had investigated the diagnostic accuracy and

temporal sensitivity of FAPI-04. Chen et al.78 compared [68Ga]

FAPI-04 with [18F]FDG PET/CT in 75 patients, which represented

diverse cancer types. The results revealed that [68Ga]FAPI-04 was

more sensitive and precise than [18F]FDG in detecting primary

and metastatic lesions (Fig. 4B). However, [68Ga]FAPI-04 PET

had a greater number of false positives, which made it less specific

for detecting metastatic lesions. Additionally, Ding et al.79

assessed the potential of these two tracers in the early-stage

diagnosis of tumor metastasis. PET imaging of tumor-bearing

mice revealed the increased sensitivity of [68Ga]FAPI-04 and its

increased uptake in lung and lymph node metastases, facilitating

early-stage detection of lung and lymph node metastases in the

cancer milieu.

Furthermore, researchers have investigated the radiolabeling of

FAPI-04 with different radionuclides. Watabe et al.80 performed a

series of experiments involving the radiolabeling of FAPI-04 with
64Cu and 225Ac, which have long half-lives. These radiolabeled

tracers were subsequently administered to mice for PET scans and

the results of these investigations showed similar physiological

accumulation patterns, characterized by notable accumulation in

the liver and kidneys. Specifically, [64Cu]FAPI-04 exhibited rapid

renal clearance and a gradual tumor washout profile. Notably,

compared with [68Ga]FAPI-04, [64Cu]FAPI-04 displayed

enhanced accumulation in both tumor and normal organ tissues

and reduced urinary excretion. In addition, [225Ac]FAPI-04

Radiopharmaceuticals targeting FAP 4515
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Figure 3 Chemical structures of FAPIs with various linkers (blue: various functional linkers used for radiolabeling or optimizing in vivo

pharmacokinetic properties).

4518 Yuxuan Wu et al.



substantially inhibited tumor growth in xenografted human

pancreatic tumor-bearing mice. These findings support the po-

tential utility of these two radiotracers in pancreatic cancer ther-

apy, particularly in cases characterized by FAP overexpression.

Among FAPI-based radiopharmaceuticals, FAPI-04 exhibited

high uptake in FAP-positive tumors in clinical settings80—82. To

improve its therapeutic efficacy, increase tracer uptake in tumors,

and prolong intratumoral retention, Loktev et al.10 synthesized 15

novel FAPIs by modifying the structure of the quinoline moiety

and the linker region between the quinoline and the chelator. All of

these new compounds exhibited higher affinities for FAP, with

binding affinities similar to or greater than those of FAPI-04. Based

on the results of the in vitro experiments, ten compounds were

selected for PET imaging in mice. These studies showed that all

compounds rapidly accumulated in the tumors and were primarily

excreted via the kidneys. Remarkably, FAPI-21 and FAPI-46 (18

and 19, Fig. 3) showed even greater tumor uptake than FAPI-04,

leading to significantly higher tumor-to-normal ratios. Therefore,

these two tracers were selected for initial diagnostic applications in

the clinical setting. Subsequent PET/CT imaging confirmed their

ability to accumulate rapidly in both primary and metastatic tumors

while exhibiting low uptake in normal tissues, with predominant

renal excretion. Notably, contrasted with FAPI-21, FAPI-46

demonstrated superior suitability as a therapeutic agent in clinical

studies because of its lower uptake in normal tissues and superior

tumor uptake (Table 2).

Additionally, the optimal timing for FAPI-based imaging re-

mains under investigation. Ferdinandus et al.83 conducted a

comprehensive review of FAPI-46, which systematically investi-

gated its utility in early- and late-stage imaging among a diverse

cohort of cancer patients. This study included 69 patients who

underwent imaging at two different time points, resulting in the

detection of a total of 400 lesions, with an almost equiprobable

distribution between early and late detection cases. Nevertheless,

two lesions were exclusively identified at the early time-point

imaging. In addition, a reduction in inflammatory uptake from

the early to late imaging stages endowed this temporal disparity

with the potential to discriminate between inflammatory and

malignant uptake. Compared with late-stage imaging, early-stage

imaging featured streamlined procedures, increased scan volumes,

and reduced waiting time and proved feasible for clinical imple-

mentation. Furthermore, FAPI-46 labeled with different radionu-

clides had been studied. Liu et al.47 evaluated the efficacy of

α-based therapy [225Ac]FAPI-46 and ß-based therapy [177Lu]

Figure 4 PET/CT comparisons of different FAPIs used in preclinical and clinical studies. (A) Comparison of PET imaging between [68Ga]

FAPI-02 and [68Ga]FAPI-04 in patients at various time points. Reproduced with permission from Ref. 76. Copyright © 2019 SNMMI. (B)

Comparison of [18F]FDG and [68Ga]FAPI-04 PET/CT in vivo. Left: [18F]FDG PET/CT revealed no tumor. Right: [68Ga]FAPI-04 PET/CT clearly

revealed the position of tumor. Reprinted with the permission from Ref. 78. Copyright © 2020 Springer Nature. (C) PET images of HT1080hFAP

xenografts generated via [18F]FGlc-FAPI and [68Ga]FAPI-04. Reprinted with the permission from Ref. 125. Copyright © 2020 SNMMI. (D) PET/

CT images of [68Ga]FAPI and [18F]FDG in ovarian cancer (a) and pancreatic cancer (b) patients, with the tumors indicated in green ([68Ga]FAPI)

and red ([18F]FDG). Reprinted with the permission from Ref. 161. Copyright © 2021 Springer Nature. (E) PET/CT images of [68Ga]FAPI in nine

different rare malignancies (CUP�Cancer of unknown primary, EN�Esthesioneuroblastoma, CCC�Cholangiocarcinoma, UBC�Urinary

bladder cancer, EHE � Epithelioid hemangioendothelioma). Reprinted with the permission from Ref. 162. Copyright © 2022 Springer Nature.

(F) PET/CT images of [18F]AlF-NOTA-FAPI-04 in cancer patients. Reprinted with the permission from Ref. 56. Copyright © 2022 Springer

Nature.
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FAPI-46 in pancreatic cancer models. The results displayed a

dose-dependent increase in tumor inhibition in both groups. While

[177Lu]FAPI-46 exhibited a comparatively prolonged therapeutic

response, [225Ac]FAPI-46 displayed a more rapid onset of thera-

peutic effects. In conclusion, radiotracers hold promise as poten-

tial therapeutic modalities for treating pancreatic cancer. However,

future research efforts are essential to determine the optimal

radionuclide for prospective therapeutic applications.

Following the success of UAMC-1110, a novel FAP-targeted

radiopharmaceutical, DOTA.SA.FAPi (20, Fig. 3), was synthe-

sized by Moon et al.84 using DOTA as a chelator and square amide

(SA) as a linker. SA, a cyclic aromatic diacid, constitutes the

backbone of the linker structure, forming the essential squaramide

moiety85—89. The incorporation of SA into the chelator and target

vector was achieved via a straightforward chemical process, which

imparted favorable pharmacological properties to the resulting

compounds86,90—92. Notably, previous studies on SA-containing

inhibitors, particularly those targeting prostate-specific mem-

brane antigen (PSMA), have demonstrated high tumor uptake and

commendable in vivo kinetics93—95. DOTA.SA.FAPi displayed

remarkable inhibitory potency against FAP, exhibiting a low

nanomolar affinity akin to that of UAMC-1110. This underscored

the notion that the introduction of additional structural elements in

the quinoline ring did not compromise its FAP-targeting affinity.

Furthermore, [68Ga]DOTA.SA.FAPi demonstrated exceptional

stability, resisting transmetallation and transchelation processes.

Subsequent PET/CT imaging validated its ability to achieve rapid

accumulation in tumors while maintaining minimal uptake in

normal tissues84. The tracer was primarily cleared through the

kidneys. Notably, compared with FAPI-04 in multiple tumor

models, consistent results were observed despite variations in

experimental series and tumor models80.

Interestingly, a comparative analysis conducted by Ballal

et al.48 included [68Ga]DOTA.SA.FAPi and [18F]FDG PET/CT

scans in 54 patients representing 14 different cancer types. This

investigation revealed the consistent uptake of [68Ga]DOTA.SA.

FAPi, coupled with rapid clearance from normal organs. Of

particular note, [68Ga]DOTA.SA.FAPi exhibited distinctive

behavior in scenarios involving brain metastases, lung nodules,

and lymph nodes, presenting minimal uptake within normal brain

parenchyma, thereby enhancing its diagnostic utility for condi-

tions that are not clearly detectable by [18F]FDG.

Additionally, Millul et al.96 introduced OncoFAP, a novel FAP-

specific ligand with a submillimolar-level affinity for human FAP.

The chemical structure of OncoFAP incorporated a carboxylic

acid segment that facilitates conjugation with various payloads

through amide coupling. Radiolabeling with 177Lu led to the

synthesis of OncoFAP-DOTAGA (21, Fig. 3), which was evalu-

ated for its tumor-targeting capabilities in mice. The results

showed the selective accumulation of [177Lu]OncoFAP-DOTAGA

in FAP-positive tumors, with uptake increasing proportionally to

the injection dose until it reached saturation above 500 nmol/kg.

Notably, the versatility of OncoFAP-DOTAGA had versatility

extended to radiolabeling with 68Ga. Backhaus et al.49 synthesized

and assessed [68Ga]OncoFAP, revealing its compelling affinity

(IC50 � 0.51 ± 0.11 nmol/L) for FAP, low lipophilicity, and

excellent stability. In comparison with [68Ga]FAPI-46, [68Ga]

OncoFAP exhibited significantly greater uptake in FAP-positive

tumors in mice. On the basis of promising preclinical results,

clinical imaging employing [68Ga]OncoFAP in 12 cancer patients

underscored its exceptional affinity for primary tumors, lymph

nodes, and distant metastases, positioning it as a potential

alternative to existing FAP tracers, although further evaluation in

clinical contexts is warranted.

In parallel, Slania et al.50 synthesized QCP01 and QCP02 (22,

Fig. 3), small molecule FAPIs based on the (4-quinolinoyl)-glycyl-

2-cyanopyrrolidine scaffold. These compounds shared structural

similarities with FAPI-02 but deviated by employing a flexible

linear linker group instead of semirigid piperazine moieties,

potentially enhancing binding to the target site. Employing 111In,

known for its dual emitted photons and extended physical half-

life, as an imaging radionuclide, these tracers achieved robust

tumor uptake97—99, which was attributed to the strong affinity of
111In with the carboxylate group on DOTAGA, the chelating group

of QCP02100—102. Of note, [111In]QCP02 demonstrated robust

binding in all the FAP-positive cell lines while displaying negli-

gible binding in FAP-negative cell lines. In addition, comparative

uptake evaluations alongside FAPI-02 and FAPI-04 revealed

higher [111In]QCP02 accumulation in tumors and normal organs.

Strikingly, optimal imaging results were achieved 30 min after

injection. This research has been patented under the U.S. Patent

and Trademark Office (Patent No. 20200330624A1)103.

Generally, the introduction of polyethylene glycol (PEG) group

can prolong the in vivo drug half-life52,104—114, Lin et al.51 syn-

thesized [68Ga]FAPtp (23, Fig. 3), a novel FAPI tracer distin-

guished by a short PEGylating linker and peptide amide core

structures for the diagnosis and treatment of FAP. Compared with

the reference FAPI tracer, [68Ga]FAPI-04 demonstrated similar

tumor uptake levels in U87MG tumor bearing mice. Notably,

[68Ga]FAPtp outperformed its counterpart by increasing tumor

uptake and accelerating renal and hepatic clearance kinetics. The

pronounced hepatic clearance of [68Ga]FAPtp was threefold

greater than that of [68Ga]FAPI-04, which was attributed to the

hydrophilic nature of the polyethylene glycol linker. This expe-

dited excretion presents a potential advantage of [68Ga]FAPtp for

clinical translation.

To further explore the utilization of PEG in FAPI tracer

development, Hu et al.52 applied PEG to develop a new FAPI,

denoted [18F]AlF—P-FAPI (24, Fig. 3). The synthesis of the tracer

involved the introduction of a PEG linker between the chelating

agent NOTA and the pharmacophore-targeted FAP, followed by

chelation with Al18F. The chelator NOTA was instrumental in

facilitating efficient Al18F radiolabeling of the peptides, ensuring

a high labeling yield and enabling automated production115—119.

In this context, PEGylation served to prolong the in vivo half-life

of the tracer105,120. [18F]AlF—P-FAPI displayed notable charac-

teristics, including high hydrophilicity, robust stability and spe-

cific binding to FAP. Comparative assessments with [18F]FAPI-42

revealed lower efflux and heightened in vivo stability for [18F]

AlF—P-FAPI. PET/CT imaging substantiated its superior tumor

uptake and enhanced tumor-to-background ratios compared with

[18F]FAPI-42 and [68Ga]FAPI-04. These promising attributes

prompted a preliminary clinical study in patients with nasopha-

ryngeal cancer, where PET/CT imaging with [18F]AlF—P-FAPI

highlighted strong radioactive uptake in lymph node metastases

and primary tumors. Importantly, the tracer exhibited renal

excretion with minimal brain uptake, ensuring clear delineation of

primary tumor lesions and lymph node metastases. The combined

evidence underscores the favorable characteristics of [18F]AlF—P-

FAPI in preclinical evaluation, indicating its potential translation

into clinical practice52.

In parallel, Huang et al.121 synthesized [18F]AlF-FAPT (25,

Fig. 3), another innovative PEGylated FAPI tracer. The incorpo-

ration of amino acids and hydrophilic linkers into [18F]AlF-FAPT,

4520 Yuxuan Wu et al.



contributed to heightened hydrophilicity and reduced lipophilicity,

consequently minimizing hepatobiliary metabolism. Comparative

PET/CT imaging studies in tumor-bearing mice revealed the

tracer’s predominant urinary excretion pathway. Furthermore,

[18F]AlF-FAPT demonstrated enhanced stability, maintained

elevated tumor uptake and was stable for up to 120 min. In

contrast, [18F]FAPI-42 exhibited decreased tumor uptake over

time. Most importantly, [18F]AlF-FAPT exhibited lower hep-

atobiliary uptake than did [18F]FAPI-42, indicating that [18F]AlF-

FAPT is a valuable tool for abdominal tumor imaging.

This section provides a collection of various radiolabeled

FAPIs developed early. The majority of these compounds share

the quinoline-Val-Pro motif to maintain binding affinity and a

chelator linked with different linkers. Among them, FAPI-04 and

FAPI-46 demonstrated high binding affinity and specificity. Ga-

68-labeled FAPIs are more sensitive in the diagnosis of tumors.

Lu-177-labeled FAPI-04 and FAPI-46 are effective therapeutic

radiopharmaceuticals that have been studied in the clinic. Through

chemical modification of the side chains of FAPIs, many radio-

nuclides, such as Ga-68, F-18 and Lu-177, are capable of labeling

these ligands. To develop more potent radiopharmaceuticals tar-

geting FAP, researchers have also synthesized FAPIs conjugated

with more functional chelators.

3.2. Advances in chelator-modified FAPI tracers

In the quest for optimizing FAPI performance, researchers have

explored the modification of chelators, recognizing their crucial

role in radiotracer dynamics. When 68Ga-labeled FAPIs were

applied for PET/CT imaging, a recurring challenge emerged: the

high internalization rate of the tracer but with significant efflux,

leading to relatively short internal tumor half-lives10,46. To

enhance the therapeutic potential of FAPIs, it became imperative

to align the physical half-life of the radionuclide for labeling with

the biological half-life of the ligand. Given the rapid elimination

rate of FAPIs within tumors, 188Re is a better choice than 177Lu

and 225Ac122,123. Building upon this premise, Lindner et al.124

designed and evaluated specific FAPI variants for labeling with
99mTc and 188Re. Their initial efforts led to the development of the

first 99mTc-labeled derivative, FAPI-19. While FAPI-19 displayed

specificity and high affinity for FAP-positive cells, a significant

portion of its radioactivity was observed to accumulate in the liver

rather than in tumor sites. In pursuit of enhanced tumor uptake, the

research team introduced hydrophilic amino acids into the

chelating moiety. Encouragingly, the inclusion of glutamic acid

promoted tumor uptake. Subsequent structural refinements yielded

FAPI-34 (26, Fig. 5), featuring carboxyglutamic acid, notable for

its robust in vivo stability and substantial tumor accumulation.

Consequently, [99mTc]FAPI-34 was selected for use in monitoring

[90Y]FAPI-46 treatment in cancer patients when PET detection is

not available.

Moreover, Toms et al.125 synthesized alkyne-bearing FAPI-04,

employing click chemistry-based 18F-fluoroglycosylation to

construct the novel FAPI glycoconjugate [18F]FGlc-FAPI (27,

Fig. 5) as a promising FAP ligand (FL) for preclinical evalua-

tion. The introduction of 18F-labeled glycosylated moieties holds

Figure 5 Structures of FAPIs with different chelators (blue: various chelators for labeling with multiple radionuclides).
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promise for enhancing radioactive tracer clearance dynamics, with

glycosylated molecules demonstrating stability in the bloodstream

and optimized active drug delivery53,126,127. [18F]FGlc-FAPI,

which had slightly less affinity for FAP than FAPI-04, still

maintained an IC50 value within the nanomolar concentration

range and exhibited high stability. PET/CT imaging in mice

indicated that this tracer was predominantly involved in hep-

atobiliary excretion, distinguishing it from the almost exclusive

bladder and kidney excretion of [68Ga]FAPI-04. Both tracers

displayed specific tumor uptake within 60 min after injection

during small animal PET imaging (Fig. 4C). They also found

greater tumor uptake of the tracer than [68Ga]FAPI-04. Moreover,

[18F]FGlc-FAPI had a lower tumor-to-background ratio and

showed lower blood clearance because of higher plasma protein

binding. Notably, [18F]FGlc-FAPI demonstrated elevated uptake

in bone tissues, making it a prospective tool for monitoring con-

ditions such as arthritis.

Building upon the synthesis of DOTA.SA.FAPi, Moon et al.84

synthesized the novel FAP-targeting radiotracer, DATA5m.SA.

FAPi (28, Fig. 5), using the bifunctional DATA5m chelator.

Similarly, DATA5m.SA.FAPi also showed inhibitory efficacy

against FAP, exhibiting a low nanomolar FAP affinity range

similar to that of UAMC-1110. The DATA5m chelator, a bifunc-

tional derivative of DATA, afforded unique capability of 68Ga

labeling at room temperature128—133. Radiolabeling with 68Ga

yielded [68Ga]DATA5m.SA.FAPi with high yield, characterized by

remarkable stability in vivo and in vitro. A significant milestone

was achieved with the initiation of the first clinical trial in

collaboration with the University Medical Center Bonn, where

[68Ga]DATA5m.SA.FAPi was administered to a patient with met-

astatic cancer, yielding promising PET/CT images that distinctly

highlighted tumor-specific uptake134.

Meanwhile, Kreppel et al.135 investigated the correlation be-

tween [68Ga]DATA5m.SA.FAPi and Ki-67, a marker of tumor

aggressiveness in patients with neuroendocrine tumor (NET) liver

metastases. PET imaging studies involving 13 patients with NET

liver metastases, revealed a correlation between the tracer and Ki-

67 in NETs. Notably, [18F]FDG PET/CT and [68Ga]DATA5m.SA.

FAPi, while correlated with Ki-67, were grounded in fundamen-

tally different imaging principles that [18F]FDG uptake hinged on

the glucose metabolism of tumor cells and manifested predomi-

nantly at the lesion center136—139. Conversely, [68Ga]DATA5m.SA.

FAPi PET signals primarily emanated from FAP expression in

CAFs in the tumor stroma, resulting in a more localized imaging

pattern around the lesion. This difference had implications for

diagnosing NET patients with dedifferentiation. In addition,

Greifenstein et al.140 demonstrated the feasibility and repeatability

of the automated synthesis of [68Ga]DATA5m.SA.FAPi. Moreover,

they embarked on the first application of this tracer in patients

with multiple solid tumors, confirming its diagnostic potential for

detecting CAFs across a spectrum of cancers, including lip-

osarcoma, soft tissue tumors, and bone metastases.

In addition, Moon et al.141 explored the integration of the

AAZTA5 chelator, 1,4-bis-(carboxylmethyl)-6-[bis-(carbox-

ymethyl)-amino-6-pentanoic-acid]-perhydro-1,4-diazepine to

fashion the squalamine-containing compound AAZTA5.SA.FAPi

(29, Fig. 5) targeting FAP. In the same manner as DATA5m.SA.

FAPi, SA was coupled to the terminal carboxyl group of AAZTA5

and subsequently bound to the FAP-targeting part84. AAZTA5.SA.

FAPi exhibited subnanomolar FAP affinity, akin to the FAP af-

finity profile of DOTA.SA.FAPi and DATA5m.SA.FAPi. In addi-

tion, AAZTA5.SA.FAPi was highly selective for PREP and DPPs.

AAZTA, renowned for its capacity to complex under mild con-

ditions and maintain high stability142,143, enables rapid complex-

ation with 44Sc and 177Lu, both of which were vital for achieving

high coordination144,145. Compared with the DOTA derivatives,

AAZTA5.SA.FAPi labeled with 68Ga, 44Sc, and 177Lu exhibited

elevated radiochemical yields. Notably, [44Sc]AAZTA5.SA.FAPi

necessitated fewer precursors and yielded higher specific activity.

Intriguingly, all radioactive complexes showcased impeccable

stability.

While 68Ga-labeled tracers have shown high tumor uptake

rates and image contrast76,77, their utility is often hampered by

limited remote supply owing to the short half-life and minimal

elution from generators54,146. In contrast, 18F, which is charac-

terized by a longer half-life, limited positron range, and superior

spatial resolution for PET/CT imaging147—154, emerges as an

enticing alternative155. Given these advantages, Wang et al.55

synthesized [18F]AlF-NOTA-FAPI (30, Fig. 5), a novel tracer for

FAP-targeted tumor imaging. [18F]AlF-NOTA-FAPI exhibited

robust stability and specific binding to FAP. Compared with [68Ga]

DOTA-FAPI-04, this tracer demonstrated a higher clearance rate

and lower uptake in normal organs. PET/CT imaging in cancer

patients revealed the capability of [18F]AlF-NOTA-FAPI to detect

more tumor lesions than [18F]FDG and to differentiate between

benign and malignant lesions. While it was imperative to temper

enthusiasm, as [18F]FDG imaging outperformed [18F]AlF-NOTA-

FAPI in select patients, it remained pivotal that [18F]AlF-NOTA-

FAPI evinced lower uptake in the spleen and brain than [18F]FDG,

thereby engendering a superior tumor-to-background ratio. These

findings collectively positioned [18F]AlF-NOTA-FAPI as a pro-

spective candidate and adjunctive tool for clinical imaging.

Based on previous studies, [18F]AlF-NOTA-FAPI ([18F]FAPI-

42) demonstrated favorable performance in terms of both tumor

uptake and detection. The optimal timing for PET imaging

remained unclear, prompting Hu et al.156 to investigate the kinetics

of [18F]FAPI-42 in different cancer patients. The PET/CT imaging

results were striking, revealing that [18F]FAPI-42 exhibited

remarkable tumor uptake, rendering the lesions conspicuously

visible. A noteworthy characteristic of this tracer was its swift

accumulation in tumors, attaining significant levels at just 18 min

post-injection. Furthermore, a comparison was made between [18F]

FAPI-42 and [68Ga]FAPI-04 revealing that both tracers exhibited

equivalent proficiency in detecting positive lesions, indicating that

substituting DOTA with NOTA and chelating with Al18F did not

compromise the affinity of the tracer for FAP. In fact, [18F]FAPI-42

outperformed [68Ga]FAPI-04 in terms of uptake in liver and bone

lesions, underscoring its potential in detecting such lesions.

As discussed above, the use of 68Ga-labeled FAPIs is con-

strained in clinic use because of limited production batch sizes and

the short half-life of the radionuclide157,158. Lindner et al.159

synthesized seven new radiofluorinated FAPI ligands in 2021. All

of these compounds demonstrated high binding affinities for FAP.

Notably, [18F]FAPI-74 (31, Fig. 5) and [18F]FAPI-75 emerged as

particularly promising radiotracers, demonstrating high tumor

uptake and efficient renal excretion. PET imaging confirmed that

their tumor accumulation and contrast mirrored those of [68Ga]

FAPI-04. Of particular note, [18F]AlF-FAPI-75, featuring a

difluoro substitution on cyanopyrrolidine, exhibited heightened

tumor uptake owing to its enhanced affinity. However, from the

time activity curves, [18F]AlF-FAPI-74 exhibited lower uptake in

nontarget tissues and expeditious clearance. Consequently, FAPI-

74 was selected for PET/CT imaging in a cancer patient, yielding

images predominantly concentrated in primary and metastatic
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tumors and virtually absent in normal tissues, thus producing

high-contrast images.

The NOTA group in FAPI-74 accommodates facile labeling

with 68Ga and 18F at ambient temperature, conferring versatility

for routine use. Leveraging this advantage, Giesel et al.54 evalu-

ated the biological distribution and absorbed dose of PET scans

utilizing 18F-labeled and 68Ga-labeled FAPI-74. The results illu-

minated that the optimal contrast for primary tumors, lymph

nodes, and distant metastases was achieved 1 h post-injection. In

PET/CT imaging of lung cancer patients, [18F]Al-FAPI-74 out-

performed diagnostic CT scans by identifying more distant me-

tastases, akin to the efficacy of [18F]FDG PET. In essence, as a

pragmatic and versatile tracer, FAPI-74 is ideally labeled with

Al18F, facilitating mass production and distribution via satellite

concepts, an advantage over previous ligands in terms of pro-

duction capacity.

Additionally, Giesel et al.160 compared PET imaging utilizing

[68Ga]FAPIs (FAPI-02, FAPI-04, FAPI-46, and FAPI-74) in 71

cancer patients juxtaposed with [18F]FDG. Compared with [18F]

FDG, [68Ga]FAPI showed lower uptake in most normal tissues

while maintaining comparable or superior tumor-to-background

ratios. Importantly, there was no significant difference in the

mean SUVmax between these tracers in primary tumors or total

metastases. However, as shown in Fig. 4D, [68Ga]FAPI PET/CT

displayed robust tumor uptake, whereas [18F]FDG PET/CT

exhibited only mild to moderate uptake in select patients. This

underlines the potential utility of [68Ga]FAPI for enhancing the

diagnosis of tumors characterized by high physiological uptake of

[18F]FDG.

Dendl et al.161 performed [68Ga]FAPI (FAPI-04, FAPI-46, and

FAPI-74) PET/CT scans in 55 patients afflicted with rare tumors

to evaluate their applicability in the context of uncommon ma-

lignancies. The outcomes of these investigations revealed minimal

tracer uptake within the majority of normal organs. Across various

rare malignancies, [68Ga]FAPI PET/CT exhibited outstanding

tumor visualization capabilities, yielding a high tumor-to-

background ratio (Fig. 4E), which underscored the potential of

[68Ga]FAPI PET/CT as an indispensable imaging tool for evalu-

ating diverse malignancies.

Wei et al.56 introduced a new tracer, [18F]AlF-NOTA-FAPI-04

(32, Fig. 5), which was a product of the chelation of Al18F-labeled

FAPI-04 with NOTA. This tracer exhibited a robust FAP binding

affinity and rapid uptake in U87MG tumors, with peak uptake

recorded at 1 h post-injection and sustained retention at 2 h.

Notably, the tracer exhibited extremely low uptake in most normal

organs. The utility of this tracer was further explored through

PET/CT imaging in different cancer patients. The scans revealed

the substantial accumulation of [18F]AlF-NOTA-FAPI-04 in pri-

mary tumors, lymph nodes, and liver and bone metastases

(Fig. 4F). Additionally, uptake in other normal organs remained

low, resulting in high-contrast images. Furthermore, radioactive

metabolites were mainly excreted via the kidney. To demonstrate

diagnostic efficacy, dual-tracer imaging was performed using [18F]

AlF-NOTA-FAPI-04 and [18F]FDG in seven patients with

advanced lung cancer. Compared with [18F]FDG, [18F]AlF-

NOTA-FAPI-04 exhibited superior capabilities in identifying

metastatic lesions when compared with [18F]FDG, suggesting its

potential contribution to tumor staging.

In addition, Wei et al.162 investigated the discriminatory po-

tential of [18F]AlF-NOTA-FAPI-04 in distinguishing various

subtypes of lung cancer based on varying levels of radiotracer

uptake. While no appreciable differences were observed in tracer

uptake between primary tumors and the combined entity of pri-

mary and metastatic tumors of the same pathological type, vari-

ations were evident in the uptake of metastatic tumors with

different pathological characteristics. This intriguing finding

suggested that [18F]AlF-NOTA-FAPI-04 may serve as a valuable

tool for discerning different pathological subtypes of lung cancer

through PET/CT imaging of metastatic lung cancer lesions.

To expand the horizons of its clinical application, FAP-targeted

tracers have been explored for the diagnosis of rheumatoid

arthritis (RA)163—165. Ge et al.166 conducted preclinical and pre-

liminary clinical investigations into RA by employing [18F]AlF-

NOTA-FAPI-04. In stark contrast to [18F]FDG, this tracer

exhibited high uptake in inflamed joints in the early phase of RA,

and its uptake was positively correlated with RA severity scores.

However, [18F]FDG exhibited negligible accumulation in inflamed

joints and pronounced uptake in the brain, chest, and muscle tis-

sues. In addition, PET/CT imaging was performed in two RA

patients, revealing conspicuously elevated uptake of the radio-

tracer within the synovial tissue of affected arthritic joints. These

findings underscored the potential of [18F]AlF-NOTA-FAPI-04 as

a valuable diagnostic tool for RA imaging.

This section focuses on chelators used for FAP/PET imaging.

Ga-68 is generally the most used radionuclide and chelated by

DOTA. To improve tumor uptake and reduce normal organ

accumulation, various chelators, such as DATA5m and AAZTA5,

have been introduced into the side chain of FAPIs. NOTA-

conjugated FAPIs have been well developed for F-18 labeling to

optimize diagnostic accuracy. The effects of various linkers and

chelators on the pharmacokinetics and binding affinity between

FAPIs and FAP are illustrated in Table 3.

3.3. Albumin binder-conjugated FAPIs

Owing to the limited retention time of radiolabeled FAPIs within

tumors76, strategies aimed at modulating their pharmacokinetics

(PK) through increased binding to serum albumin have been

gained prominence167—171. This approach, which improves the

uptake and retention of radiolabeled ligands within tumors, is

founded upon the established concept that albumin binding alters

drug distribution a phenomenon initially demonstrated with

paclitaxel in chemotherapy172—176. This strategy has been suc-

cessfully applied to increase the uptake of radioligands targeting

receptors such as the folate receptor and PSMA177—184, and

recent investigations have extended its applicability to FAP

inhibitors.

In 2021, Kelly et al.185 designed a PSMA-targeting trifunc-

tional ligand that integrated an albumin-binding group, a chelator,

and a targeting moiety through a flexible linker. The PK of this

ligand was determined by the interplay of targeting affinity, serum

albumin affinity, and linker geometry. This ligand demonstrated

substantial uptake in xenograft tumors while exhibiting rapid

clearance from normal tissues. Building upon this foundational

work, Kelly et al.58 leveraged a comparable scaffold to design

RPS-309 (33, Fig. 6), a trifunctional small molecule ligand that

targeted FAP. RPS-309 incorporated the FAP-targeting motif,

chelator, albumin-binding moiety, and a flexible PEG linker. This

agent evinced specific binding to FAP and was amenable to

radiolabeling with either 68Ga or 177Lu, yielding highly purified

radioactive compounds. Notably, [68Ga]RPS-309 substantially

accumulated in SW872 xenograft tumors, and the uptake of [68Ga]

RPS-309 in tumors was 5.0 ± 0.3 %ID/g, while there is no sig-

nificant clearance (P � 0.31) from tumors was observed.
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Conversely, [177Lu]RPS-309 exhibited a relatively high clearance

rate, maintaining tumor retention. Although RPS-309 exhibited a

relatively prolonged blood residence time relative to previously

reported FAP-targeting radiolands, it did not result in progressive

tumor growth over time. The observed tumor clearance kinetics

observed between 4 and 24 h aligned with those of preliminary

studies involving other FAPI radioligands.

It has been suggested that the difluorinated proline residue has

higher lipophilicity and a better fit, which decreases the Km value

of [68Ga]FAPtp binding to FAP. However, difluorine substitution

on pyrrolidine can significantly improve the potency of nitrile-

based inhibitors29,57. Capitalizing on the potential impact of the

difluorinated proline residue on FAP targeting and informed by

prior research on FAPtp, Lin et al.51 synthesized [68Ga]Alb-

FAPtp-01 (34, Fig. 6), an albumin-binding FAPI featuring an

albumin-binding moiety, 4-p-chlorophenyl butyric acid. This

structural modification aimed to optimize PK, extend tracer cir-

culation, and prolong the tumor retention time. The mean standard

uptake values (SUVs) of tumor uptake were 1.775 ± 0.179,

1.533 ± 0.222, and 1.425 ± 0.204 at 1, 2, and 3 h, respectively. In

contrast to the low tumor uptake and rapid renal clearance char-

acteristic of the non-albumin-binding FAPI tracers ([68Ga]FAPI-

04 and [68Ga]FAPtp), [68Ga]Alb-FAPtp-01 displayed rapid tumor

uptake and prolonged retention. This effect stemmed not only

from the tracer’s FAP-targeting ability but also from its ability to

bind to albumin. Albumin binding facilitated stable tracer diffu-

sion and transport into tumors by intrinsic blood vessels or internal

fluid pressure. Overall, the prolonged retention of [68Ga]Alb-

FAPtp-01 may increase tumor uptake and bolster imaging

contrast.

Two frequently employed albumin binders, 4-(p-iodophenyl)

butyric acid (IPBA)171,179,180,195,196 and truncated Evans blue

(EB)186—194, have shown promise in enhancing tumor uptake and

retention time, thereby amplifying therapeutic effects57. In 2022,

Xu et al.59 capitalized on the synergistic potential of these two

albumin binders to refine FAPI-04, yielding two novel albumin-

binding FAPI tracers, TEFAPI-06 and TEFAPI-07 (35 and 36,
Fig. 6). The analysis confirmed the stability and high specificity

of these tracers for FAP binding. Radiolabeling with 68Ga and 86Y

corroborated their robust tumor-targeting capabilities and pro-

longed retention. In comparison with [177Lu]FAPI-04, the 177Lu-

labeled variants of these tracers demonstrated superior tumor

uptake and retention time, primarily attributable to their FAP-

targeting attributes. Moreover, in terms of radiation therapy,

both tracers elicited substantial tumor growth inhibition, sur-

passing the modest inhibition observed with [177Lu]FAPI-04.

These findings underscore the potential of TEFAPI-06 and

TEFAPI-07 for further clinical translational research.

EB has a high affinity for serum albumin, and its derivatives

combined with targeted molecules can prolong drug

circulation197—200. Except TEFAPI-07 mentioned above, Wen

et al.60 synthesized a series of albumin-binding FAPIs based on

FAPI-02, named EB-FAPI-B1, B2, B3, and B4 (37—40, Fig. 6).
These compounds incorporated four components: a FAP-targeting

moiety, a radionuclide labeling DOTA group, a PEG linker, and a

truncated EB. Upon radiolabeling with 177Lu, the resulting tracers

Table 3 Various linkers and chelators used in FAPIs. To improve tumor binding affinity and in vivo pharmacokinetics, different

functional linkers have been developed. For labeling with different radionuclides or making them more stable in vivo, various chelators

have been introduced into FAPI structures. We summarize representative structures of linkers and chelators in FAPIs and highlight their

features.

Representative linker Feature Representative chelator Feature

Piperazine moiety45,46

Increasing the tumor uptake;

Increasing tumor-to-normal ratios;

Improving the in vivo stability

of the molecule.

DOTA45,64,84

Labeling with various

radionuclides.

Square amide84

Conjugation with two

chemical structures;

Mild conjugation conditions.

Bifunctional DATA5m84,142

Mild labeling conditions;

High stability in vivo.

Polyethyleneglycol group52

Increasing the tumor uptake;

Increasing

tumor-to-normal ratios;

Improving the in vivo stability

of the molecule;

Rapid clearance from

normal organs.

NOTA55

Labeling with various

radionuclides;

Metabolized mainly

by liver/kidney.

Flexible linear linker group96

Modulating the molecular

properties;

Being conjugated with

functional chemical groups.
18F-fluoroglycosylation126

Enhanced blood stability;

Increasing the tumor uptake;

Metabolized mainly by liver.

Amino acids and hydrophilic linkers122

Enhancing the tumor uptake;

Improving the molecular

hydrophilicity.

Carboxyglutamic acid
chelating moiety125

Improved in vivo stability;

Substantial tumor

accumulation.
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displayed excellent stability and specific binding to FAP in vitro.

SPECT imaging results demonstrated that [177Lu]EB-FAPI-B1

exhibited low uptake in most organs, whereas the other three

tracers showed prolonged radioactivity in the liver and kidneys,

suggesting potential toxicity to normal organs. This outcome

indicated that PEG-modified EB-FAPI-Bn may not improve FAP

targeting, possibly due to blocked cellular uptake of macromole-

cules that affected drug delivery to cancer cells201. Additionally,

Figure 6 Structures of albumin binder-conjugated FAPIs (blue: albumin-binding motif).
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these researchers examined the uptake and retention of these

tracers in tumors. Among the four tracers, [177Lu]EB-FAPI-B1

displayed significant tumor uptake and prolonged retention,

maintaining high uptake even at 96 h post-injection. Conse-

quently, treatment studies using three different doses of [177Lu]

EB-FAPI-B1 revealed that all the tested doses effectively inhibited

tumor growth, with no significant differences in therapeutic effect.

Chen’s group113,186,193 synthesized a series of tracers incor-

porating the radioactive 4-(p-iodophenyl) butyric acid moiety,

capitalizing on its straightforward synthesis and strong albumin-

binding capabilities. Consequently, Meng et al.61 synthesized a

series of albumin-binding FAPI ligands derived from FAPI-04,

namely FSDD0I, FSDD1I, and FSDD3I (41—43, Fig. 6), by

coupling IPBA with a bifunctional chelator. These studies showed

that the introduction of IPBA did not compromise the binding

affinity of these three FAPI ligands for FAP and emphasized the

significant role of IPBA in albumin binding. PET imaging

demonstrated that [68Ga]FSDDnI had significant tumor uptake

compared with [68Ga]FAPI-04. Notably, [68Ga]FSDD0I exhibited

significantly higher tumor uptake and retention than the other two

tracers, which might be attributed to its enhanced albumin-binding

properties or relatively weak hydrophilicity. In addition, [68Ga]

FSDD3I displayed shorter blood retention and faster renal clear-

ance, possibly due to the insertion of repetitive peptide sequences

that improved hydrophilicity.

Ding et al.62 synthesized four albumin-bound FAPIs, namely

TE-FAPI-01, TE-FAPI-02, TE-FAPI-03, and TE-FAPI-04 (44—47,

Fig. 6). These compounds exhibited excellent stability and strong

binding affinity for FAP both in vitro and in vivo. Differences in

the side chains of the introduced IPBA moiety were identified as

key factors contributing to the differences in their PK profiles,

including blood circulation and tumor uptake. Of particular sig-

nificance, TE-FAPI-04 outperformed other radiopharmaceutical

tracers, characterized by a longer blood half-life and higher tumor

uptake. Furthermore, compared with FAPI-04, TE-FAPI-04

exhibited superior tumor retention capabilities compared with

FAPI-04. At 24 h after administration, the tumor uptake of [177Lu]

TE-FAPI-04 was 10-fold greater than that of [177Lu]FAPI-04. This

observation indicated that TE-FAPI-04 held promise for pro-

longing the diagnostic timeframe and facilitating subsequent

diagnostic analyses.

In addition to conventional albumin binders, fatty acids, such

as palmitic acid (C16), have been explored as albumin-binding

moieties202—205. C16 has been associated with longer blood cir-

culation than other fatty acids206. Zhang et al63. conjugated lauric

acid (C12) and C16 to FAPI-04 to yield two albumin-binding

FAPI derivatives, FAPI-C12 and FAPI-C16 (48 and 49, Fig. 6).

Both radiopharmaceutical tracers exhibited exceptional stability

and high specificity for FAP. While radiolabeled FAPI-C12

exhibited greater tumor uptake within the first hour after injec-

tion, it displayed a subsequent rapid decline and lower uptake at

subsequent time points. Conversely, [177Lu]FAPI-C16 resulted in

a significantly prolonged tumor retention compared with [177Lu]

FAPI-C12. Extended retention and elevated uptake were critical

factors for effective tumor therapy. In comparative therapeutic

assessments with [177Lu]FAPI-04, both FAPI-C12 and FAPI-C16

demonstrated superior therapeutic effects, and [177Lu]FAPI-C12

exhibited a greater capacity to inhibit tumor growth, despite

achieving median survival outcomes similar to those of [177Lu]

FAPI-04.

FAPI based cancer therapy has been proven to be effective

preclinically and clinically. To maintain high tumor uptake,

chemical strategies such as covalently linked IPBA and Evans

blue, have been used to prolong FAPIs’ in vivo half-lives. These

methods are able to bind FAPIs with albumin, thus prolonging the

tumor retention time. In addition to the albumin-binding strategy,

multimerization is also an effective method for enhancing tumor

uptake and retention time.

3.4. FAPI multimers

Although FAPIs have shown promise in preclinical and clinical

studies10,15,45,46, they are often challenged by shorter tumor

retention time and faster renal clearance. To overcome this chal-

lenge, researchers have developed dimer derivatives, a strategy that

has been demonstrated to enhance tumor accumulation and

retention207—210. Dimeric molecules, as evidenced in various

studies including those involving arginine-glycine-aspartate (RGD)

dimers211—214, have consistently exhibited enhanced tumor uptake

when compared to their monomeric counterparts215—218.

Zhao et al.64 synthesized a FAPI dimer, DOTA-2P(FAPI)2 (50,

Fig. 7), leveraging the foundation laid by FAPI-46. The dimer

incorporates two FAPI motifs interlinked by two miniature

polyethylene glycols in a homodimeric peptide scaffold. This

structural augmentation introduces amphiphilic polyethylene

glycol linkers, a widely recognized enhancement strategy for

optimizing in vivo PK properties219—224. In-depth in vitro binding

experiments that conducted with synthesized [68Ga]DOTA-2P

(FAPI)2 revealed not only remarkable stability but also profound

and specific affinity for FAP. This robust performance under-

scored the fact that the polyvalent strategy did not compromise

the intrinsic FAP-binding affinity of the ligand. Indeed, the

polyvalent strategy can enhance tumor targeting ability while

concurrently increasing the caliber of in vivo imaging

outcomes220,225.

Based on the advantages of dimers, Zhao’s group227 conducted

extensive PET imaging investigations in mice and cancer patients.

Compared with [68Ga]FAPI-46, the dimeric tracer exhibited a

notably greater degree of tumor uptake, substantiating the

enhanced propensity for rapid tumor accumulation in two hepa-

tocellular carcinoma patient-derived xenograft (HCC-PDX)

models. Furthermore, quantified measurements at 1 and 4 h post-

injection revealed a high tumor-kidney ratio. Complementary PET

imaging of mouse models revealed rapid renal elimination. Spe-

cifically, the uptake of the tracer was high in the kidney and liver

at 30 min after injection, and this uptake was rapidly eliminated at

60 min after injection, which may be attributed to the improved

hydrophilicity of PEG groups219,220. These encouraging outcomes

from murine studies served as a springboard for clinical in-

vestigations involving patients with undifferentiated nasopharyn-

geal carcinoma, papillary thyroid carcinoma, and HCC. Patients

received intravenous infusions of both [68Ga]FAPI-46 and [68Ga]

DOTA-2P(FAPI)2, followed by PET/CT imaging sessions.

Impressively, clinical imaging results mirrored findings from an-

imal experiments, reaffirming the accelerated accumulation of

dimers within tumor lesions and consistently outperforming

[68Ga]FAPI-46. Notably, however, in the clinical context, tracer

retention in the blood pool remained high at 4 h after injection,

contrary to observations from animal studies. The clinical results

provided compelling evidence that DOTA-2P(FAPI)2 had potential

as a prominent tracer for the diagnosis and targeted treatment of

FAP-positive malignancies.

A comparison between [177Lu]DOTA-2P(FAPI)2 (experimental

group) and [177Lu]FAPI-46 (control group) by Zhao et al.227
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further confirmed the efficacy of the dimer in FAP-targeted

radionuclide therapy. In both HCC-PDXs and HT-1080-FAP

cell-derived xenografts226, biological distribution studies

revealed that the dimer demonstrated heightened tumor uptake and

prolonged tumor retention than its monomeric counterpart [177Lu]

FAPI-46. In vivo, both the control group and experimental group

showed a significant reduction in tumor progression. However, the

control group exhibited tumor recurrence in more than half of the

patients, whereas the experimental group remained free of tumor

recurrence, demonstrating the effectiveness and safety of [177Lu]

DOTA-2P(FAPI)2 in treating FAP-positive malignancies.

Leveraging the attributes of dimers for bolstering tumor

accumulation and protracted retention, Moon et al. engineered two

amide-conjugated FAPIs, DOTA.(SA.FAPi)2 and DOTAGA.(SA.

FAPi)2 (51 and 52, Fig. 7)141. Compared with the reference

compound UAMC-1110 and the monomeric tracer DOTA.SA.

FAPi, the IC50 values of the dimeric tracer for FAP were in the

subnanomolar to low nanomolar range, and the affinity for PREP

was in the micromolar range, resulting in a high FAP/PREP

selectivity index, which favored FAP targeting. In clinical studies

employing PET/CT, [68Ga]DOTAGA.(SA.FAPi)2 displayed higher

tumor uptake and longer tumor retention than its monomeric

counterpart. Nevertheless, in patients with papillary thyroid cancer

and type III pancreatic NETs, while the dimeric tracer exhibited

preserved retention, it also exhibited retention in normal organs

such as blood pool. Intriguingly, when [177Lu]DOTAGA.(SA.

FAPi)2 was used for SPECT imaging and blood pool activity as

recorded at remarkably low levels. These observations suggested

Figure 7 Structures of FAPI multimers (blue: bioactive structures targeting FAP).
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that inherent limitations may be associated with this tracer, which

was related to high radiation exposure of normal organs and var-

iable distribution patterns among patients. Therefore, monomer-

guided dimer treatment may be more suitable for clinical

applications.

In a parallel investigation, Ballal et al.228 evaluated and

compared [177Lu]DOTA.SA.FAPi and [177Lu]DOTAGA.(SA.

FAPi)2 in patients with solid tumors. This study encompassed

two groups: the control group, which included three patients who

were injected with the monomer tracer, and the experimental

group, which incorporated seven patients subjected to the dimeric

tracer. Strikingly, the experimental group showcased a higher

average absorbed dose in nontarget organs than the control group.

Significantly, the dimeric tracer exhibited strong uptake, a char-

acteristic that persisted even 168 h post-treatment. In stark

contrast, the monomeric counterpart experienced rapid clearance

and demonstrated limited uptake within a relatively short interval

after treatment. Moreover, the median absorbed dose in the tumors

in the experimental group was 5.16 times higher than that

observed in the control group. This phenomenon, which was

characterized by long tumor retention and rapid clearance from

nontarget organs, offered a promising prospect for the therapeutic

landscape for patients with advanced cancer.

In addition to the aforementioned dimeric constructs, alternative

multimeric approaches have been harnessed. Ruan et al.65 synthe-

sized two isocyanide-containing monomers (CN-PEG4-FAPI and

CN-C5-FAPI) as FAPIs. These endeavors capitalized on the distinct

nuclear attributes of 99mTc, coupled with its cost-effectiveness.

Both of these monomeric entities demonstrated low nanomolar

IC50 values for FAP, attesting to their unwavering specific affinity

for FAP even in the context of structural refinements to FAPI. These

research endeavors culminated in the generation of high radio-

chemical purity of multimers, specifically [99mTc][Tc-(CN-C5-

FAPI)6]+ and [99mTc][Tc-(CN-PEG4-FAPI)6]+ (53 and 54, Fig. 7).

The radiolabeling of CN-C5-FAPI and CN-PEG4-FAPI with
99mTc further enhanced their sound in vitro stability.

In mouse tumor models, compared with multimer 53, 54

showed a 6-fold increase in tumor uptake at just 1 h after intra-

venous injection. Notably, kidney uptake of 54 proved lower than

that of 53, whereas no significant difference in uptake was

observed in other organs. These findings suggested that the pres-

ence or absence of the PEG4 linker affected the uptake in

noncancerous organs, as well as the uptake of tracers in tumors.

An increase in the PEG content emerged as a pivotal strategy for

enhancing the tumor-to-organ ratio. Substantiating these obser-

vations, SPECT imaging in nude mice confirmed that 54 exhibited

higher tumor uptake and yielded clearer background images than

53. Within 30 min post-injection, 54 produced a robust tumor

signal, resulting in continued escalation and sustained tumor

accumulation for at least 4 h, thereby yielding high-contrast im-

ages. However, after excretion, 54 also exhibited some uptake in

the intestinal biliary tract and kidneys. In conclusion, these results

collectively suggested a promising future for 54 as a candidate for

imaging FAP-targeted tumors.

Employing bivalent structures as a pharmaceutical design

strategy to increase tumor uptake has garnered substantial interest.

Notably, Hu’s group229 reported on a bivalent PSMA radioligand

([18F]AlF-Bi-PSMA), which demonstrated higher tumor uptake

and longer retention than its monomeric counterpart. Building

upon this paradigm, Li et al.66 synthesized a bivalent ligand,

denoted ND-bisFAPI (55, Fig. 7), that incorporates NOTA and

DOTA chelators, thereby targeting FAP. The NOTA chelator in

this ligand can form complexes with Al18F for PET

imaging118,230—232, while the DOTA chelator can be labeled with
177Lu to facilitate radiotherapy233—235. Both radiotracers exhibited

robust stability and specific binding to FAP. PET imaging results

of A549-FAP and U87MG xenograft models unveiled that [18F]

AlF-ND-bisFAPI displayed higher tumor uptake than its mono-

meric counterpart. PET imaging of this tracer at 6 h post-injection

in A549-FAP tumor-bearing mice revealed swift tumor uptake and

exceptional retention, accompanied by a favorable tumor-to-

nontargeted ratio. Furthermore, their investigation delved into

the therapeutic effect of 177Lu-labeled dimers. Specifically,

[177Lu]FAPI-04 and [177Lu]ND-bisFAPI were administered to

A549-FAP tumor-bearing mice. At 24 h post-injection, the biva-

lent ligand exhibited 4-fold greater radiation accumulation within

tumors than the monomeric ligand. However, the bivalent ligand

exhibited higher uptake in nontargeted tissues and organs than the

monomeric ligand, which may potentially result in increased

in vivo toxicity. In the dose—response analysis, the administration

of the bivalent ligand at 37 MBq demonstrated superior tumor-

suppressive effects, whereas the monomeric ligand exhibited a

slightly longer median survival at equivalent doses, likely attrib-

utable to some degree of toxicity incurred by the bivalent ligand in

nontarget organs. Notably, when the administered dose was

halved, the median survival between the two groups became

comparable. Importantly, no long-term toxicity-related issues

were observed within the 30-day period following the adminis-

tration of both radioinhibitors, and both significantly impeded

tumor growth. These findings collectively underscored the supe-

rior tumor-suppressive effects of 37 MBq [177Lu]ND-bisFAPI

treatment in contrast to 37 MBq [177Lu]FAPI-04. Hence, in light

of this comprehensive analysis, bivalent ligand emerged as a

promising radiopharmaceutical for applications targeting FAP.

FAPI multimers are composed of two or more FAPIs conju-

gated by linkers. Radiopharmaceuticals based on multivalent FAP

ligands can bind more strongly than monomers and reduce the off-

target effect. This is an effective method to prolong the tumor

retention time. In addition to FAPI multimers, PSMA or integrin

targeted molecules can also be conjugated with FAPIs, which are

heterodimers.

3.5. Heterodimers of FAPIs

Dimeric radiotracers offer advantages over monomeric radio-

tracers, primarily by increasing targeted receptor engagement,

elevating local ligand concentration, and optimizing PK. While

homodimeric radiotracers have shown promise in improving

tumor uptake and retention66,141, addressing the intricate

tumor—stromal interactions and heterogeneity in multicellular

systems requires a fresh perspective. Heterodimers, which are

covalently fused with linkers connecting two monospecific li-

gands, offer a means to further enhance efficacy236—238. Various

heterodimeric radiotracers can improve tumor targeting ability,

reduce patients’ treatment costs, relieve their discomfort, and

alleviate their radiation burden239—243.

FAP, which is characteristically overexpressed in CAFs, and

PSMA, which is prevalent in the endothelium of neovascularized

regions across diverse solid tumor types, have garnered increasing

attention67,244—249. Their co-expression in numerous malig-

nancies, spanning colorectal, gastric, lung, thyroid, prostate, and

pancreatic cancers77,249—258, underscores the potential of devel-

oping heterodimers to simultaneously target FAP and PSMA
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receptors, which holds promise for both diagnosis and treatment.

Here, three kinds of PSMA/FAP heterodimers are introduced.

Hu et al. designed 18F-labeled bispecific PSMA/FAP hetero-

dimers by conjugating a linker and NOTA to a quinoline-based

pharmacophore for FAP targeting and a lysine-ureido-glutamate

pharmacophore for PSMA targeting68. Modulating the molecular

weight and PK of these heterodimers was achieved by introduction

of specific altered linkers. The resulting [18F]AlF-PSMA-FAPI-01

and [18F]AlF-PSMA-FAPI-02 (56 and 57, Fig. 8) exhibited double

the receptor binding affinities for both PSMA and FAP, displaying

specific affinity for each receptor. These heterodimers exhibited

high hydrophilicity and good stability, rendering them multi-

functional agents for precise receptor targeting.

Comparative assessments against corresponding monomeric

tracers in tumor-bearing mice demonstrated significantly height-

ened tumor uptake by the heterodimeric tracers. PET images of

nude mice revealed swift tumor uptake, prolonged retention in

tumors, and renal clearance of these agents from nontarget organs.

Crucially, these heterodimeric tracers exhibited superior tumor

uptake compared with [18F]FAPI-42 and [18F]AlF-PSMA-BCH.

Boinapally et al. synthesized FP-L1 and FP-L2 (58 and 59,

Fig. 8) as heterodimers concurrently targeting FAP and

PSMA69. Utilizing “click chemistry”, these compounds were

skillfully crafted to ensure robust stability and potent FAP-

binding affinity in vitro. Biological distribution studies,

employing [64Cu]FP-L1 and [64Cu]FP-L2 in mouse xenograft

models harboring PSMA-positive PC3 PIP and FAP-positive

U87MG tumors revealed substantially heightened tumor uptake

of [64Cu]FP-L1 and decreased kidney uptake in both tumor

types. Notably, these heterodimers exhibited substantial clear-

ance (5.34 ± 0.29 % ID/g at 48 h) yet retained prolonged tumor

retention compared with [111In]QCP02 (0.58 ± 0.03 % ID/g at

28 h)50. In a small tumor model, tumor uptake of [64Cu]FP-L1

mirrored that of [64Cu]FAPI-04 at 2 h after injection. Never-

theless, it should be noted that this approach might necessitate

tissue sampling for lesion detection.

Inspired by the concept of enhancing tumor uptake and

retention through heterodimeric PET probes targeting distinct

tumor markers, Zang et al.70,242 designed and synthesized FAPI-

RGD (60, Fig. 8), a bispecific heterodimeric radiotracer that

simultaneously targets FAP and αvß3. Coupled with FAPI-02 for

FAP targeting, RGDfK peptide for αvß3 targeting, a polyethylene

glycol linker and NOTA, this tracer displayed compelling binding

affinity and specificity. Cyclic RGD peptides exhibited high

binding specificity for integrin αvß3, a receptor highly expressed

in angiogenic endothelial cells and most types of tumor

cells211,259. The results of their study underscored the favorable

binding affinity and specificity of [68Ga]FAPI-RGD. Notably, this

tracer demonstrated significantly elevated tumor uptake and pro-

longed retention compared with both monomeric [68Ga]FAPI-02

and [68Ga]RGDfK at all observed time points. Furthermore, the

initial human imaging findings from their study indicated that they

Figure 8 Structures of heterodimers of FAPIs (blue: FAP-binding moiety; green: PSMA/αvß3-binding moiety).
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were well-tolerated by patients, demonstrating rapid tumor uptake.

Within the first 2 h post-injection, this tracer exhibited rapid and

high tumor uptake, long retention, and a high tumor-to-

background ratio. High radioactivity in the urinary tract was

observed, indicating its predominant renal excretion, which was

consistent with findings from other reported [68Ga]FAPI tracers.

While no substantial difference was noted between this tracer and

[18F]FDG in primary and metastatic tumors. Among six patients,

one renal cancer patient exhibited improved tumor uptake with

[68Ga]FAPI-RGD than [18F]FDG. Therefore, further in-

vestigations into [68Ga]FAPI-RGD are warranted to evaluate its

uptake in different cancer types in the future.

The dual-targeting approach is gaining more interest in cancer

imaging and treatment. FAP/αvß3 and FAP/PSMA show higher

binding affinity and tumor uptake compared to FAPI monomers.

Different chemical linkers are used to create dual-targeting mol-

ecules through “clicking” or other reactions. By labeling with

radionuclides, heterodimeric radiotracers hold promise for precise

tumor diagnosis and therapy.

3.6. Alternative FAPI structures

In addition to the above FAPIs, which are characterized by a

classical structure in which the FAP-targeting moiety is tethered to

the chelator via a linker, alternative chemical structures have

demonstrated inhibitory activity against FAP. In chronological

progression, these compounds have been introduced, offering

various avenues for FAP-targeted imaging and therapy.

In 2015, Meletta et al.260 synthesized MIP-1232, a boronic

acid-based FAPI, which was subsequently radiolabeled with 125I

to yield [125I]MIP-1232 (61, Fig. 9) with a radiochemical purity of

more than 90% and the tracer was evaluated for potential use in

plaque imaging. Evaluation through in vitro autoradiography in

mouse xenograft models revealed slightly higher radioactivity

signals within vulnerable plaques compared with those of stable

plaques. This nuanced difference arises from the higher binding

affinity of radioactive tracers in atherosclerotic plaques than in

normal arteries. However, meticulous correction for tissue sample

size demonstrated no significant variance in the mean specific

binding between different plaques or between plaques and normal

arteries. Therefore, targeting FAP with [125I]MIP-1232 demon-

strated a limited correlation with atherosclerosis imaging. Auto-

radiography of xenograft tissue revealed that, compared with NCI-

H69 xenografts with low FAP levels, FAP + SK-Mel-187 xeno-

grafts exhibited a notably distinct radioactive signal. The satu-

rability of [125I]MIP-1232 binding upon excess MIP-1232

confirmed its target specificity, suggesting its potential utility in

FAP imaging.

Figure 9 Alternative FAPI structures (blue: unique structures with boronic acid or 11C/131I/99mTc labeled FAPIs).

Table 4 Alternative structures of FAPIs. Boronic acid-based FAPIs, 11C- and 131I-labeled FAPIs, and cyclic peptide-based FAPIs are

illustrated. In addition, we summarize their unique structural features and applications.

Agent Radionuclide Structural feature Application

[125I]MIP-1232 125I Boronic acid-based FAPIs Atherosclerosis imaging

[99mTc]iFAP 99mTc Boronic acid-based FAPIs Tumor imaging

[99mTc]-FL-L3 99mTc FL-containing for 99mTc labeling Tumor imaging

[131I]FAPI-02 131I Aromatic ring modified FAPIs for 131I labeling Tumor imaging and therapy

[131I]FAPI-04 131I Aromatic ring modified FAPIs for 131I labeling Tumor imaging and therapy

[11C]RJ1101 11C Quinoline-modified FAPIs for 11C labeling Tumor imaging

[11C]RJ1102 11C Quinoline-modified FAPIs for 131I labeling Tumor imaging

[68Ga]/[177Lu]FAP-2286 68Ga/177Lu Cyclic peptide conjugated DOTA Tumor imaging and therapy

[68Ga]MHLL1 68Ga Small molecule conjugated NOTA Imaging the MI area

4530 Yuxuan Wu et al.



In 2020, Roy et al.71 synthesized [99mTc]-FL-L3 (62, Fig. 9), a

FAP-targeting radioactive conjugate formed by conjugating the FL

with the chelator 99mTc. In vitro assessments confirmed the robust

specific affinity of this conjugate for FAP-transduced

HEK293 cells. Tumor uptake (2.23 %ID/g) was observed in

MDA-MB231 mice injected with the tracer. Importantly, the high

kidney uptake remained unaffected by the co-administration of

unlabeled FL, demonstrating renal excretion of the tracer in vivo.

The expanding utility of FAP-targeted radiotracers extends

beyond oncology and has permeated fields such as

cardiology261—264. A preliminary study revealed pronounced FAP

expression in focal zones via targeted imaging of mice with

myocardial infarction (MI)82. To dynamically monitor fibrosis

after MI in mice noninvasively, Langer et al.72 obtained a novel

FAP-targeted radiotracer [68Ga]MHLL1 (63, Fig. 9) by one-step

chemical synthesis in 2021. Owing to its stability and specific

binding to FAP, the tracer’s in vivo PET imaging in mice revealed

favorable properties, including low blood pool retention and

efficient renal clearance. Subsequent PET imaging of [68Ga]

MHLL1 in mouse models of MI revealed that the tracer specific

bind to FAP in the infarct and peri-infarct areas, as well as in

remote non-infarct areas after MI. This tracer holds promise for

noninvasively characterizing early FAP after MI.

While therapeutic isotopes such as 90Y, 177Lu, and 225Ac boast

extended physical half-lives, these durations may not align with

the FAPI ligands in tumors265—269. In contrast, radioisotopes with

shorter half-lives, exemplified by 188Re, 211At, and 213Bi, could

deliver higher radiation doses to tumors for enhanced therapeutic

efficacy269—273. Among them, 211At stands out owing to its suit-

able half-life (T1/2 � 7.21 h), high linear energy transfer, and

limited radiation range, rendering it an optimal choice for FAPI

ligands274—280. However, the scarcity of 211At presents challenges

for radiochemical investigations. Fortunately, iodine, which shares

several properties with astatine, offers a viable alternative281—284.

Radionuclides of iodine, specifically 125I and 131I, are readily

accessible. Therefore, the use of iodine to conduct radiochemical

studies based on FAPI derivatives is a favorable option. Ma et al.73

synthesized FAPI precursors for 211At and 131I labeling, resulting

in two radioactive tracers, [131I]FAPI-02, and [131I]FAPI-04 (64

and 65, Fig. 9). Both tracers exhibited radiochemical purities

exceeding 99%, with [131I]FAPI-02 displaying superior stability in

serum and saline in vitro. Among the two tracers, [131I]FAPI-04

outperformed [131I]FAPI-02 in terms of FAP binding affinity,

cellular internalization, and retention time. SPECT imaging

analysis conducted in U87MG xenograft mice revealed that both

tracers primarily underwent hepatobiliary and renal clearance.

However, [131I]FAPI-04 displayed heightened tumor accumulation

and prolonged retention, yielding favorable tumor-to-organ ratios.

This enhancement stemmed from the protracted circulation time

and elevated affinity of [131I]FAPI-04. In terms of antitumor ef-

fects, mice treated with this tracer exhibited suppressed tumor

growth and prolonged median survival compared with those in the

saline and Na131I groups. Notably, no signs of metabolic toxicity

were observed. Given the structural similarities between iodine

and astatine, further exploration of their application in cancer

therapy appears promising.

SPECT is used more frequently than PET, and 99mTc is the

most commonly used SPECT detection radionuclide clinically.

Nevertheless, the use of 99mTc is infrequent in radiolabeling

FAPIs, and radiopharmaceuticals tailored explicitly for targeted

imaging with boroPro derivatives are largely absent285—288. To

address this gap, Trujilo-Benitez et al.74 developed a novel FAPI

radiopharmaceutical, [99mTc]iFAP (66, Fig. 9), for SPECT imag-

ing in 2022. The radiopharmaceutical exhibited a radiochemical

purity exceeding 98% when radiolabeled with 99mTc. In vitro

experiments underscored its high stability and specificity for FAP.

Subsequent SPECT/CT imaging in tumor-bearing mice revealed

significantly elevated tumor uptake at 30 min post-injection, with

continued tumor retention observed at 24 h. Notably, the radio-

pharmaceutical displayed no uptake in the left thigh, where

inflammation had been induced, further highlighting its specificity.

Interestingly, while the presence of the 4-position nitrogen atom in

pyridine is recognized as critical for FAP specificity36, the sub-

stitution of pyridine 4-carboxyl with 6-hydrazinylnicotinic acid

Figure 10 Therapeutic comparison of 177Lu-FAP2286. (A) A patient with squamous cell carcinoma of the right lung. Maximum intensity

projection (MIP) (left) and axial PET/CT images of [68Ga]FAP-2286 PET/CT in a patient before treatment. Reprinted with the permission from

Ref. 295. Copyright © 2022 Springer Nature. (B) MIP (left) and axial PET/CT images of [68Ga]FAP-2286 PET/CT after nine weeks of treatment

with [177Lu]FAP-2286. Reprinted with the permission from Ref. 295. Copyright © 2022 Springer Nature. (C) PET images and a transverse PET/

CT image captured with [68Ga]FAP-2286 before treatment for the patients who participated in the study conducted by Professor Richard P. Baum.

Reprinted with the permission from Ref. 296. Copyright © 2022 SNMMI. (D) Anterior and posterior views and transverse SPECT/CT images at

48 h after [177Lu]FAP-2286 injection. Reprinted with the permission from Ref. 296. Copyright © 2022 SNMMI.
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showcased tumor selectivity in the case of [99mTc]iFAP. The hy-

drazine group within 6-hidrazinylnicotinic acid may influence the

molecular orientation and offer additional van der Waals-type

interactions and hydrogen bonding of iFAP when coupled with

the FAP active center.

While 68Ga, 64Cu, and 18F-labeled FAPIs have been successful

in PET imaging of various tumors54,78,80, harnessing 11C, a

commonly used radionuclide in the clinic, has remained unex-

plored. The short half-life of 11C (20 min) could significantly

reduce patients’ waiting time for PET examinations289—294. Wang

et al.75 synthesized [11C]RJ1101 and [11C]RJ1102 (67 and 68,

Fig. 9) by coupling two phenolic hydroxyl precursors (quinoline

amide core and 2-cyanopyrrolide) with [11C]CH3I to broaden the

spectrum of FAP-targeted tracers. PET imaging of U87MG tumor-

bearing mice showed that the tracers exhibited specialized tumor

uptake, akin to the tumor accumulation exhibited by [68Ga]DOTA-

FAPI-04. Notably, compared with [11C]RJ1102, [11C]RJ1101

featured a rapid metabolism rate from the hepatic, intestinal, and

renal. Biodistribution studies revealed predominant tracer accu-

mulation in tumors, kidneys, and liver, accompanied by favorable

tumor-to-muscle ratios, surpassing those of [68Ga]DOTA-FAPI-

04. Difluoride atoms present in the proline derivative residues of

compound 68 enhanced lipid solubility, leading to rapid organ

accumulation and slow clearance, especially in tumors. This

disparity prompted an evaluation of brain uptake of [11C]RJ1102

and [68Ga]DOTA-FAPI-04 in a U87MG orthotopic xenograft

Table 6 Clinical trials of FAPI-based radiopharmaceuticals. This table highlights the clinical studies conducted on radiolabeled FAPIs.

Our investigation shows that FAPI-04 and FAPI-46 are the most extensively researched radiopharmaceuticals targeting FAP. Names or

registration numbers are retrieved from www.clinicaltrials.gov.

Radiopharmaceutical Identifier Phase Tumor Purpose Status

[68Ga]FAPI-04 NCT05003427 Early phase 1 Oral carcinoma PET/CT Recruiting

[68Ga]FAPI-04 NCT04533828 Early phase 1 Liver fibrosis PET/CT Recruiting

[68Ga]FAPI-04 NCT04831034 Early phase 1 Various fibrotic disease PET/CT Recruiting

[68Ga]FAPI-04 NCT05275699 Phase 1 Keloid PET/CT Recruiting

[68Ga]FAPI-04 NCT05121779 Phase 1 Pulmonary fibrosis PET/CT Not yet

recruiting

[68Ga]FAPI-04 NCT04504110 Phase 2 Epithelial ovarian cancer PET/CT Unknown

[68Ga]FAPI-04 NCT04441606 Not applicable Different types of cancer PET/CT Unknown

[68Ga]FAPI-04 NCT05140746 Not applicable Gastric cancer PET/CT Recruiting

[68Ga]FAPI-04 NCT05275985 Not applicable Pancreatic ductal carcinoma PET/CT Recruiting

[68Ga]FAPI-04 NCT05264688 Not applicable Hepatobiliary diseases PET/CT Recruiting

[68Ga]FAPI-04 NCT05262647 Not applicable Liver fibrosis PET/CT Recruiting

[68Ga]FAPI-46 NCT05365802 Early phase 1 Lung fibrosis PET/CT Recruiting

[68Ga]FAPI-46 NCT04147494 Early phase 1 Non-prostate cancers PET/CT Recruiting

[68Ga]FAPI-46 NCT04457258 Early phase 1 Sarcoma PET/CT Recruiting

[68Ga]FAPI-46 NCT04457232 Phase 1 Prostate cancer PET/CT Recruiting

[68Ga]FAPI-46 NCT04459273 Phase 1 Various cancers PET/CT Recruiting

[68Ga]FAPI-46 NCT05172310 Phase 1 Solid tumors PET/CT Recruiting

[68Ga]FAPI-46 NCT05262855 Phase 2 Pancreatic ductal carcinoma PET/CT Recruiting

[68Ga]FAPI-46 NCT05160051 Phase 2 Solid tumors PET/CT Recruiting

[68Ga]FAPI-46 NCT05518903 Phase 2 Localized pancreatic ductal

adenocarcinoma

PET/CT Not yet

recruiting

[68Ga]FAPI-46 NCT05339113 Not applicable Breast carcinoma PET/CT Recruiting

[68Ga]FAPI-46 NCT05263700 Not applicable Cancer of unknown primary site PET/CT Not yet

recruiting

[18F]FAPI-74 NCT05442151 Not applicable Neoplasms PET/CT Recruiting

[18F]FAPI-74 NCT05209750 Not applicable Colorectal cancer PET/CT Recruiting

[68Ga]DOTA-FAPI-04 NCT04499365 Early phase 1 Various types of cancer PET/CT Recruiting

[68Ga]DOTA-FAPI-04 NCT04416165 Not applicable Various types of cancer PET/CT Unknown

[68Ga]NOTA-FAPI-04/[18F]NOTA-

FAPI-04

NCT04367948 Not applicable Lymphoma PET/CT Not yet

recruiting

[68Ga]DOTA-FAPI-04 NCT04750772 Not applicable Colorectal cancer PET/CT Recruiting

[68Ga]DOTA-FAPI-46

[68Ga]DOTA-2P(FAPI)2

NCT04941872 Not applicable Various types of cancer PET/CT Recruiting

[18F]AlF-NOTA-FAPI-04 NCT05574920 Not applicable Breast cancer PET/CT Recruiting

[68Ga]FAPI-RGD NCT05543317 Not applicable Various types of cancer PET/CT Recruiting

[68Ga]FAP-CHX NCT05506566 Phase 1

Phase 2

Various cancers PET/CT Recruiting

[68Ga]FAPI-RGD NCT05515783 Phase 1/2 Tumor PET/CT Recruiting

[68Ga]NOTA-FAPI-04/[18F]NOTA-

FAPI-04

NCT05004961 Not applicable Lymphoma PET/CT Recruiting

[177Lu]EB-FAPI NCT05400967 Early phase 1 Metastatic tumors Treatment Recruiting

[68Ga]DOTA-FAPI/[177Lu]DOTA-

FAPI

NCT04849247 Phase 1 Locally advanced or

metastatic cancer

Treatment Recruiting

[177Lu]DOTA-EB-FAPI NCT05410821 Phase 2 Radioactive iodine refractory

thyroid cancer

Treatment Recruiting
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glioma model. Notably, [11C]RJ1102 exhibited greater tumor

uptake at 60 min. The advantageous physical imaging properties

of 11C, coupled with its short half-life, positioned [11C]RJ1101

and [11C]RJ1102 as potential candidates for clinical translation.

This section presents different structures of FAPIs for labeling

various radionuclides, including 11C, 99mTc, and 131I (Table 4).

The introduction of [99mTc]iFAP expanded FAPI-based tumor

diagnosis with SPECT, which has been widely used in clinical

settings. FAP-2286 (69, Fig. 9), a cyclic peptide-based FAP-tar-

geting radiopharmaceutical, has shown high binding affinity,

in vivo stability, and effective anti-tumor properties in clinical

studies295,296 (Fig. 10). With its promising potential, FAP-2286

holds great promise for both tumor diagnosis and therapy.

4. Conclusions

Recent years have witnessed an upsurge in the progress of small

molecule FAPIs, resulting in the initiation of clinical in-

vestigations of numerous inhibitors. A pivotal milestone was

reached in 2014 when Jansen et al.15 introduced the 4-quinolinoyl-

Gly-2-cyanoPro scaffold (UAMC-1110), which has served as a

foundation for diverse FAPIs. For FAPIs with different linkers

conjugated with quinoline, FAPI-04 and FAPI-46, which maintain

the active binding core structural motif (quinoline-Val-Pro) and a

difluorine group, are successfully radiolabeled with imaging or

therapeutic radionuclides. They are closely related in chemical

structure, and are widely investigated in preclinical studies.

Numerous studies have reported the uptake of different FAPIs in

normal organs to investigate the safety of these radiopharmaceu-

ticals47. The distribution of represented FAPIs in various organs

and tissues are shown in Table 548,54,64,70,76,229. To increase in vivo

stability of Ga-68 labeled FAPIs, DATA5m.SA.FAPi and AAZTA5.

SA.FAPi with novel chelators were synthesized. To improve tumor

uptake, three strategies are mainly introduced, including albumin-

binding, multimerization and heterodimerization. IPBA and EB

are covalently coupled with the quinoline-Val-Pro motif through

chemical reactions, and EB modified FAPIs have been proven

effective in tumor therapy in the clinic. FAPI-multimers and het-

erodimers (FAPI/PSMA or FAPI/RGD) are effective methods for

more accurate cancer diagnosis and reduced the rate of off-target

effects. By modifying the structure of the core motif, FAP-based

radiopharmaceuticals have been developed for many years and

we collect clinical trials of various FAPIs in Table 6. Compared

with [18F]FDG, FAPIs demonstrate equivalent or superior selec-

tivity in primary and/or metastatic tumors, especially in liver tu-

mors, breast cancer, nasopharyngeal carcinoma, and

gastrointestinal tumors. Moreover, FAPIs exhibit minimal uptake

in normal brain tissues, rendering them invaluable for detecting

brain pathologies. In addition, FAPIs also display notable uptake

in other diseases, such as MI, RA, and atherosclerosis. Impor-

tantly, FAPIs exhibit promise in visualizing rare cancer types. The

multimeric structure and albumin binding of FAPIs endow them

with prolonged tumor retention and enhanced uptake, potentially

positioning them as superior therapeutic agents compared with

their monomeric counterparts.
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