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Abstract 
The translocator protein 18-kDa (TSPO) is a mitochondrial membrane protein that is previously 
identified as the peripheral benzodiazepine receptor (PBR). Furthermore, it plays a significant role in 
a diverse range of biochemical processes, including steroidogenesis, mitochondrial cholesterol 
transport, cell survival and death, cell proliferation, and carcinogenesis. Several investigations also 
reported its roles in various types of cancers, including colorectal, brain, breast, prostate, and lung 
cancers, as well as melanoma. According to a previous study, the expression of TSPO was upregulated 
in cancer cells, which corresponds to an aggressive phenotype and/or poor prognosis. Consequently, 
the potential for crafting diagnostic and prognostic tools with a focus on TSPO holds great potential. 
In this context, several radioligands designed to target this protein have been identified, and some of 
the candidates have advanced to clinical trials. In recent years, the use of hybrid probes with 
radioactive and fluorescence molecules for image-guided surgery has exhibited promising results in 
animal and human studies. This indicates that the approach can serve as a valuable surgical navigator 
during cancer surgery. The current hybrid probes are built from various molecular platforms, including 
small molecules, nanoparticles, and antibodies. Although several TSPO-targeted imaging probes have 
been developed, their development for image-guided surgery of cancers is still limited. Therefore, this 
review aims to highlight recent findings on the involvement of TSPO in carcinogenesis, as well as 
provide a new perspective on the potential application of TSPO-targeted hybrid probes for image-
guided surgery. 
Keywords: Cancers, image-guided surgery, molecular target, translocator protein 18-kDa (TSPO). 
 
Introduction 
The translocator protein 18-kDa (TSPO), previously known as the peripheral benzodiazepine receptor 
(PBR), is a ubiquitous transmembrane protein predominantly located in the outer mitochondrial 
membrane (Figure 1) and in the glial cells of the brain.1 Furthermore, it connects with the 
mitochondrial permeability transition pore and shows high-affinity binding to cholesterol and various 
ligands.2,3 This protein exhibits a wide range of imbalances within the central nervous system (CNS) 
and rapidly becomes activated in response to pathological events.4,5 The roles, expression, and 
pharmacology properties of TSPO have been extensively investigated in several studies, specifically 
drug-binding interactions.6 Several studies also showed that TSPO played significant roles in different 
processes, such as cell proliferation in normal and malignant tissues, steroidogenesis, and apoptosis. 
According to recent studies, it is also associated with innate immune response, the formation and 
regulation of reactive oxygen species (ROS), and mitochondrial energy metabolism.7,8 TSPO has also 
been linked with various human disorders, including mood disorders, anxiety, stress, brain injury, and 
neurodegenerative diseases.9 However, its overexpression in carcinogenesis has sparked considerable 
interest as a potential biological marker and a promising molecular target in chemotherapy.10  
TSPO is present in nearly all tissues, but it exhibits significant variation in expression.11 In normal brain, 
microglia show limited expression. However, increased concentration is often observed after brain 
injury, with upregulation in neurodegenerative disorders.12 Several reports showed that increased 
TSPO levels were well-documented in the field of oncology, and had been associated with the disease 
development and malignancy in breast, brain, and prostate cancer.13 The protein also experiences 
substantial upregulation in steroidogenic cells, including adrenocortical, testicular, brain glial tumor 
cells, and other tumor cells of the brain, colon, and ovary.11 Due to its overexpression in several 
cancerous tissues, TSPO presents an intriguing subcellular target in oncology, specifically for staging 
disease conditions and therapeutic purposes. At present, several radioactive ligands have been 
developed for imaging TSPO expression, biodistribution in normal physiological and pathological 
states, and measuring the correlation between expression and disease progression.14-17 [11C]PK11195 
was the first generation of radioligand for TSPO, which was developed more than two decades ago 
and has been widely used for monitoring neuroinflammation in numerous neurodegenerative 
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diseases. However, this tracer possesses a relatively low signal-to-noise ratio (SNR) due to off-target 
binding.15 The latest discovery of third-generation TSPO radioligands has largely addressed the 
limitations of the first and second-generation compounds in clinical studies.17  
The primary objective of surgery is to achieve a complete resection of all tumor cells and tissues to 
attain a negative surgical margin. However, this remains a formidable challenge, despite the extensive 
use of preoperative imaging modalities during surgical procedures, such as single-photon emission 
tomography (SPECT) and positron emission tomography (PET). These modalities are inadequate for 
the intraoperative detection of tumors (guiding tumor resection). This indicates that the persistently 
high local tumor recurrence rates are still a significant concern after the surgery. 18,19 Based on this 
result, there is a pressing need to develop more reliable molecular probes that target specific 
receptor(s) involved in carcinogenesis, such as the development of TSPO-based molecular probes. 
Due to its overexpression in tumor lesions, TSPO offers diverse applications in pharmacological 
studies, specifically in the field of oncology and nuclear medicine. One notable application is its 
potential as a promising molecular target in optical- and radio-based guided surgery of solid cancers. 
Cohen et al. developed combined imaging based on TSPO-targeted PET and optical probes for 
visualizing pre-malignant and malignant pancreatic lesions. The study showed that the combined PET 
and fluorescence agents could be used for image-guided surgery.20 Although TSPO has been linked to 
a variety of malignancy conditions, the study on the potential use of this protein as a targeted 
biomarker during surgical procedures of cancers is still limited.  
Recent advancements in surgical oncology have introduced various techniques for conducting cancer 
surgery, including radio-guided surgery (RGS),21 fluorescence image-guided surgery (FIGS),22 or a 
combination of both approaches (hybrid radionuclide-optical imaging).23 RGS involves the surgeon 
using a handheld radiation monitor to navigate and remove solid cancers that are labeled with a 
radioactive substance. This technique helps to distinguish between cancerous and normal tissues, as 
well as to verify clear surgical margins. RGS relies on the use of γ emitting tracers (administrated either 
systemically or locoregionally), and there has been developing interest in the use of β- emitting 
tracers.24,25 Over the past decade, several significant improvements in RGS technologies have been 
achieved, particularly the gamma probes, dual-modality handheld gamma cameras, and medical 
robotic equipment combined with augmented reality technology. Furthermore, more sensitive 
techniques employing Cerenkov radiation, also refers as Cerenkov luminescence imaging (CLI), have 
been introduced.26  
Optical imaging that employs the fluorescence image-guided surgery (FIGS) technique has the 
potential to revolutionize cancer surgery by minimizing unnecessary damage to normal tissues.27,28 
FIGS has been used for intraoperative optical cancer imaging, where surgeons use fluorescence 
compounds to visualize cancerous tissues, define tumor-positive margins, and identify metastases.29,30 
At present, several FIGS agents based on macromolecules (antibodies), peptides, and small molecules 
have been developed, and some of the candidates have progressed to clinical trials. These agents were 
designed to target several molecular biomarkers, such as epidermal growth factor receptor (EGFR), 
vascular endothelial growth factor receptor (VEGFR),31 gastrin-releasing peptide receptor (GRPR),32 
somatostatin receptor 5 (SSTR5),33 and the cluster of differentiation 24 (CD-24).34  
Although RGS and FIGS methods have experienced significant growth in recent decades, with a broad 
number of targeted receptors being studied, the exploration of TSPO as a potential molecular target 
in surgical oncology is still limited. Therefore, this review aims to highlight recent results on the 
involvement of TSPO in various types of cancers and discuss its prospect as a novel targeted receptor 
in cancer surgery.  
 
Clinical Implications of TSPO 
Microglia, a type of glial cell (neuroglia), were the most abundant resident macrophage population 
(histiocytes) in the CNS. These macrophages played a substantial role in maintaining and establishing 
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the nervous system.35-37 Furthermore, they were widely distributed in the brain, constituting nearly 
10% of the total cell populations within the organ.38 As part of the immune cells, microglia responded 
to any change and imbalance, including brain injury or diseases. External stimuli, such as pathogens, 
infections, trauma, stroke, and degenerative disorders, facilitated the production of proinflammatory 
substances, chemokines, and cytokines, which eventually activated microglia.39 During CNS imbalance, 
microglia were often transformed from a resting phenotype to an activated variant.40,41 Consequently, 
the activated cells were observed in abnormal tissue of almost all brain diseases, including various 
neurogenerative disorders, including multiple sclerosis (MS), Parkinson disease (PD), epilepsy, 
Alzheimer disease (AD), HIV-associated dementia (HAD),40 neuronal damage and inflammation42.  
Activated microglia often led to elevated de novo TSPO expression, which had long been a biomarker 
of neuronal damage.43,44 The concentration seemed in line with the activation state of the microglia 
and astrocytes during the progression of the pathology events.45 Emerging evidence also indicated 
that the existence of TSPO had been found in a diverse number of cancerous cells in humans, such as 
brain, oral, prostate, oesophageal cancers, colon, breast, and ovarian cancers, as well as endometrial 
and hepatic carcinomas.6  
TSPO gene was situated on chromosome 22q13.3 and contained four exons, encoding 169 amino acid 
residues. Furthermore, its receptor was produced by an alternative splicing variant, namely PBR-S lack 
exon 2, containing an open reading frame (ORF) that differed from the TSPO.46 A current investigation 
showed that a single-nucleotide polymorphism in exon 4 predominantly affected ligand binding. Based 
on previous reports, there were two different types of TSPO, coded by the rs6971 single nucleotide 
polymorphism (SNP), which was first revealed by a PET study using [11C]PBR28.47 
TSPO was a well-conserved protein with 169 amino-acid residues folded into five trans-membrane 
helical structures and constructing a hetero-oligomeric complex with the 30 kDa adenine nucleotide 
translocase (ANT) and the 32 kDa voltage-dependent anion channel (VDAC), which both constituted 
the mPTP.48,49 Moreover, its structure was composed of an integral membrane protein built by the 
five transmembrane alpha-helices, namely two intramitochondrial loops, two extramitochondrial 
loops, one extramitochondrial C-terminal, one intramitochondrial N-terminal, and one cholesterol-
binding domain.50 Previous studies reported the occurrence of TSPO as a monomer, but current 
investigations suggested that it could generate oligomeric aggregates with itself and other proteins. 
There was an indication that it could transform into homo-oligomers to provide a binding site for 
cholesterol.16,51,52 Another research on TSPO C-terminal peptide (amino acid sequences 144-169) by 
nuclear magnetic resonance showed that the helical conformation for the L144 to S159 fragment was 
important for cholesterol binding.53 
TSPO was involved in several substantial cellular mechanisms, such as steroidogenesis, cholesterol 
transport, inhibition of ROS, regulation of immune functions, induction of apoptosis, mitophagy, heme 
synthesis, porphyrin transport, and stress sensing.1,2,54,55 Previous studies also showed its occurrence 
in the peripheral tissues, heart, steroid-producing cells, lung, kidney, and immune system. In CNS, the 
protein was expressed in lower concentrations and mainly found in the olfactory bulb non-
parenchymal regions, including the choroid plexus and ependyma.44,56 Although its expression was 
primarily observed in the outer mitochondrial membrane, it had also been found in red blood cells, 
which were devoid of mitochondria.57 From the cytosol perpendicular to the mitochondria, the five 
transmembrane domains (TMs) of mammalian or bacterial TSPO protein were tightly linked in the 
clockwise order of TM1-TM2-TM5-TM4-TM3.1  
Activated microglial with the concomitant increase of ligand binding site (i.e., (R)-PK11195) post nerve 
injury could either be seen as a retrograde or anterograde. Trans-synaptic microglial activation was 
not observed in acute brain disorders of common animal models. Nevertheless, it could be in line with 
human brain disorders when pathological conditions persevered for years.58 Bolmont and colleagues 
showed that an increase in the accumulation of these cells around the amyloid deposits, and the 
production of cytokines promoting neuronal death were found in AD pathogenesis.59 Therefore, it had 
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been hypothesized that microglia dysfunction played a critical role in amyloid plaque deposition.39 
TSPO structure provided insight and fundamental information regarding its function and interaction 
with several ligands.60  
A topological model of ligand-TSPO binding sites predicted using molecular modeling and structure-
activity relationships analysis suggested that a specific ligand could attach to the targeted amino acid 
sequences. Based on these analyses, PK11195 interacted with arginine, leucine, glutamic acid, serine, 
proline, and tryptophan residues, in the form of a key that fitted into a lock, as shown in Figure 2.  
 
TSPO in cancers 
Over the years, TSPO had become a target of interest for various pathological events, such as brain 
diseases, anxiety disorders, mood disorders, stress, and neurodegenerative diseases.9 However, more 
up-to-date studies showed that the protein played a major function in the development of various 
cancers. This indicated that its upregulation within cancerous tissues had attracted considerable 
interest for potential as a molecular target for diagnostic and chemotherapy purposes.61  
TSPO was located in the outer membrane of mitochondria and known as the housekeeping gene. 
Several reports showed its association with growth factor receptor genes, which were involved in cell 
proliferation with anti-apoptotic properties. The presence of TSPO also correlated with the level of 
cholesterol inside the tumor cells. A previous study linked the cholesterol level with the potential of 
membrane biogenesis, cell energy, and gene expression. The epigenetics mechanism also had a crucial 
role in TSPO expression, specifically for breast and thyroid cancers. TSPO from the outer part of 
mitochondrial membranes had an interaction with cytosolic chaperone (HSC70 and HSP90) and 
Metaxin 1. The various binding sites of TSPO gene promoters had an essential function as transcription 
factors and signal transducers.11,62,63 
The upregulation of this protein in cancer cells was closely related to apoptosis, as shown in previous 
studies. Furthermore, it interacted with several proteins in the outer and inner mitochondrial 
membranes by regulating the mitochondrial permeability transition pore (MPTP), which played an 
essential role in cancer metabolism. MPTP had been reported to have a function in the physiology of 
Ca2+ ROS homeostasis and cell death.64,65 The implication of TSPO in cell death had been identified in 
hepatocellular carcinoma. It also played an inhibitory role in the ferroptosis process through Nrf-2-
mediated upregulation of antioxidant gene expression and an increase in the antitumor immunity 
mediated by CD8+ T cells for immune evasion. The inhibition of TSPO could lead to mitochondrial 
damage and dysfunction.66 In this section, TSPO involvement in some cancers was briefly discussed 
below.  
 
Brain cancer 
TSPO was upregulated in various neuropathologies conditions, such as neurodegenerative diseases 
and gliomas, as well as in different types of brain injury and inflammation.16 The expression of the 
protein was often low in normal brain tissue, while its overexpression was directly related to 
malignancy grade. Consequently, several TSPO-targeting ligands had been developed for brain cancer 
imaging or therapy.17 Betlazar et al. investigated its cellular sources and regional accumulation in the 
normal mouse brain and discovered a significant level in the glomerular and olfactory nerve layers of 
the olfactory bulb and the choroid plexus. Persistent expression was also found in neurogenic regions, 
while low levels were observed in areas of known neurogenesis and cerebellar Purkinje cells.67  
A study investigated the role of TSPO genetic variant, namely the rs6971 polymorphic variant, and its 
correlation with the outcome of glioblastoma patients. The results suggested that the rs6971 gene 
was a valuable predictor of survival time in glioblastoma patients.68 Extensive studies in glioblastoma 
showed that TSPO was responsible for the generation of ROS in glioblastoma, leading to higher levels 
compared to non-cancer surrounding cells. Moreover, it was also able to regulate gene expression and 
cellular energy. TSPO had been studied for its potential as a target for glioblastoma therapy, such as 
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the use of TSPO ligands.8 Several molecules were currently being developed for TSPO imaging in brain 
tumors. The most widely studied third-generation ligands for brain diseases, namely [18F]-GE-180, had 
been involved in clinical PET studies for glioblastoma. However, current evidence suggested that this 
radioligand exhibited various limitations in in vivo applications.69  
 
 
Breast cancer 
Bhoola et al. observed TSPO mRNA in malignant and normal breast tissues. In healthy cells, it was 
present in several locations, including the cytoplasm of the luminal layer of cuboidal epithelial cells, 
nuclei of the endothelial cells of vascular tissue located in the intralobular stroma, the outer layer of 
the discontinuous epithelial cells of terminal ducts and alveoli, nuclei and cytoplasm of lymphocytes, 
and collagen fibers of fibroconnective tissue.6 In vitro study on mammary epithelial MCF10A acini 
(normal) cells showed that TSPO was associated with cancer invasiveness by promoting cell migration 
and proliferation during mammary epithelial morphogenesis, as well as facilitated partial resistance 
to luminal apoptosis, thereby enhancing tumor growth.70 Enhanced levels were positively associated 
with breast cancer invasion and shortened disease-free survival in lymph node-negative patients.71 
Higher levels of TSPO were observed in the estrogen receptor (ER)-negative breast tumors than in ER-
positive tumors. An immunohistochemical study by Galiègue et al. in normal and breast cancer tissues 
showed a great increase in its concentration in tumor tissues compared to healthy breast cells. The 
observation results showed that the expression level was positively linked with Ki-67 and negatively 
associated with estrogen receptor status.72  
A study on its occurrence in neoplastic cells and tumor macrophages of mouse xenografts of human 
breast tumor cell lines showed that TSPO concentration in various cell types within the tumor 
contributed to the total TSPO expression. This study also suggested that imaging TSPO in peripheral 
tumors was feasible due to its overexpression.73 Preclinical studies in mice also showed that its 
overexpression was associated with the degree of breast malignancy. During cancer cell proliferation, 
TSPO accumulated in the nucleus. The binding capability of the protein also increased in the cancerous 
cells at the center of the tumor mass. According to a previous study, TSPO played a major role in 
apoptosis and chemosensitization in cancer cells, making it a suitable target for drug development 
aimed at developing new therapeutic strategies and a biological marker for cancer imaging.74 
 
 
 
Melanoma 
According to previous studies, skin cancer was characterized by abnormal skin cell growth and could 
be categorized into two groups, namely keratinocyte cancer, also known as non-melanoma skin 
cancer, and skin melanoma.75 The incidence of melanoma continued to increase globally and had the 
highest mortality percentage among the 2 categories.75,76 Despite its low incidence of less than 5%, it 
had a mortality rate above 10%. Melanoma was also known as one of the most aggressive cancer due 
to its high capability for metastasis, which was the leading cause of mortality with a 5-year survival 
rate of approximately 13%.76  
The mitogen-activated protein kinase (MAPK) signaling was one of the critical pathways, which served 
as the main regulator in melanoma development, and its activation was registered in 90% of skin 
melanomas. Furthermore, the signaling cascade was often activated by mutations in the B-raf proto-
oncogene gene, leading to the activation of cell proliferation or NRAS.76,77 The MAPK signaling pathway 
played an important role in transporting extracellular signals, including hormones and key regulatory 
proteins to the cell nucleus, enabling the expression of genes for cell proliferation and 
differentiation.76 Mutagenic activation of MAPK signaling was a main event underlying tumor 
progression, and its signaling was known to be triggered by protein kinase C, which modulated the 
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expression of TSPO.77 A study showed that there was an increased level of TSPO protein in 
differentiated cells (melanoma) compared to normal cells.6,77 Ruksha et al. investigated the role of the 
protein in melanoma pathogenesis in skin biopsies of patients. A previous study found that TSPO levels 
correlated to increased tumor invasion levels using immunohistochemistry and real-time PCR.78 
 
Colorectal cancer (CRC) 
Colorectal cancer (CRC), most often located in the large intestine (colon) or rectum, generally grew 
slowly from the adenomatous polyp or adenoma. In 2018, the International Agency for Research and 
Cancer (IARAC) estimated that CRC was the third most prevalent cancer and the second leading cause 
of death on a global scale.79 According to a report, there were 104,610 new cases and an estimated 
53,200 deaths in the United States at the end of 2020.80 The increased cases of CRC were believed to 
be associated with changes in modern society's dietary habits and lifestyle.81,82 Consequently, several 
methods had been developed to detect CRC, including colonoscopy, CT colonography, capsule 
endoscopy, and the use of specific biological markers. CRC biomarkers were non-invasive assays to 
detect molecular markers from tissue, blood, stool, and urine.82,83  
 TSPO expression was detected in healthy colon, but its expression was higher in colon cancer.84 
In a normal colon, the protein could be observed in the cytoplasm of the goblet and absorptive cells 
of Crypts of Lieberkhün, nuclei, cytoplasm of the lymphocytes of lamina propria, and plasma cells.61 A 
previous report involving 55 CRC patients showed that 67% had TSPO protein overexpression in tumor 
tissues and the level of TSPO-mRNA expression in colon carcinoma was substantially higher compared 
to rectal carcinoma.85 Another study showed that the protein levels were increased in the enterocytes 
of inflammatory bowel disease biopsies. Based on immunohistochemical data on normal colonic 
mucosa, its immunoreactivity was only detected on the surface of epithelial cells, and enterocytes 
highly expressed TSPO, while its expression was not detectable in the goblet cells. This finding 
indicated that TSPO could serve as a marker of the repair process in inflammatory bowel diseases.86 
Berroterán-Infante et al. showed that [18F]-FEPPA (N-acetyl-N-(2-[18F]-fluoroethoxyben-zyl)-2-
phenoxy-5-pyridinamine) had a high binding affinity to TSPO in CRC, as suggested by a competitive 
binding assay, and could have potential to be translated into clinical CRC imaging using PET.87 
 
Lung cancer 
In normal lung tissues, TSPO mRNA was observed in the plasma cells, the cytoplasm of the 
macrophages, fibroblast in the stroma area, smooth muscle fiber surrounding the pulmonary artery, 
and cuboidal cells that lined the respiratory bronchiole. It was also found in the nuclei and cytoplasm 
of the endothelial cells of the pulmonary artery and lymphocytes in the surrounding stroma of normal 
lung tissue.6 Furthermore, its expression was observed in H1299 cells after exposure to cigarette 
smoke,88 and it was suggested to be associated with cigarette smoke-induced cytotoxicity, which could 
lead to oral and pulmonary ailments as well as lung cancer.89  
Zhang et al. explored the potential of TSPO targeting PET radiotracer [18F]-PBR06 compared to [18F]-
FDG for differentiating inflammation and lung cancer in mice. The study showed that [18F]-PBR06 
uptake in the area of inflammation was greatly higher compared to lung cancer tissues, while [18F]-
FDG showed increased accumulation in both peripheral lung cancer and inflammatory nodules. 
Despite being out of expectations, this result suggested that [18F]-PBR06 PET/CT imaging could be 
considered an inflammation-specific PET imaging tracer for pulmonary nodule detection.90 According 
to Hatori et al., TSPO PET tracer, namely [18F]-FEDAC was used to visualize lung inflammation in acute 
lung injury rats. This study showed that increased TSPO expression (confirmed with Western blot) 
corresponded to increased lung uptake of [18F]-FEDAC. Compared to the control, a substantial increase 
in the protein level was found in the inflamed lung tissues. Moreover, it was observed that [18F]-FEDAC 
uptake was specific to TSPO elevation with the stimulation of macrophages and neutrophils in the 
lung. Based on this result, improved TSPO levels correlated with the advance of lung inflammation.91  
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PET imaging in normal rats showed a high and specific in vivo binding in TSPO-enriching organs, 
including the adrenal gland, lung, heart, and kidney. Zeineh et al. investigated the protective effect of 
TSPO ligands MGV-1 and 2-Cl-MGV-1 against cigarette smoke-induced cellular toxicity in H1299 lung 
cancer cells. The results showed that pretreatment with the ligands at 24 h before cigarette smoke 
exposure differentially modulated the cellular insult and cell arrest in H1299 lung cancer cells through 
the inhibition of ATP synthase reversal, ROS generation, depolarization of the mitochondrial 
membrane, and increased levels of LDH. Therefore, treatment with MGV-1 and 2-Cl-MGV-1 was 
helpful in preventing TSPO-associated lung cancer.92  
 
Prostate cancer 
Prostate cancer had become one of the leading causes of mortality among men.93 Furthermore, there 
were an estimated 1.4 million new cases and 375,000 deaths worldwide.94 According to previous 
studies, prostate cancer growth and progression was a complicated process. The androgen signaling 
system, as well as its interactions with other routes, influenced cellular processes ranging from 
growth, differentiation, and cell cycle to growth arrest and death. Furthermore, cells often became 
due to adaptation and modification. Prostate cancer was androgen-dependent and relied on the 
androgen receptor (AR) to mediate the actions of androgens, with the AR being expressed in 
development.95 Androgen deprivation treatment (ADT) had been used to decrease androgen-
dependent prostate cancer cell proliferation, mainly in the metastatic stage. Although in the initial 
stages of treatment, the majority of patients suffered from hormone-refractory cancer, also 
recognized as castration-resistant prostate cancer (CRPC). This condition continued to grow even 
though the patients were undergoing therapy. In recent studies, it was discovered that all types of 
prostate cancer, including androgen-dependent, androgen-independent, and CRPC, exhibited TSPO 
expression.96 Therefore, the expression level could be used to evaluate the course of prostate cancer 
and the development of other cancers connected to its therapy. 
TSPO mRNA was found in the cytoplasm of the inner columnar epithelium, the cytoplasm and nuclei 
of the outer cuboidal, and the nuclei of fibroblasts of the fibromuscular stroma in normal prostate 
tissue. It was also discovered in the cytoplasm of cancer cells growing in nests or sheets of Grade III 
adenocarcinoma of the peripheral duct and acini.6 TSPO was primarily important for transporting 
cholesterol throughout the outer mitochondrial membrane for cell signaling and steroid production.93 
The levels of the protein were elevated in prostatic intraepithelial neoplasia, primary and metastatic 
prostate cancer, and normal prostate cells, but not in benign prostatic hyperplasia.97 Based on 
findings, TSPO-targeting PET ligand uptake was higher in tumors compared to normal tissue, implying 
that using the ligands could improve prostate cancer detectability, accuracy, and 
characterization.93,97,98 
Several types of TSPO-targeting PET ligands had been produced with promising success. The majority 
of the radiotracers studied for use in PET imaging were either 11C or 18F labeled.99 For example, the 
absorption of [18F]-fluciclovine in prostate cancer cells was found to be increased in patients with 
recurrence of the condition prostate cancer. Another TSPO radioligand, [18F]PBR316, showed tumor 
uptake of 1.67 0.43% ID/g in mouse model at 1 h after injection with modest binding sensitivity to 
human single nucleotide polymorphism rs6971.97 Other promising candidates with the capacity to 
detect prostate adenocarcinoma include [18F]-fluorothymidine ([18F]-FLT), [18F]-NaF, [18F]-F-choline, 
and [18F]-BAY 864367.99 
 
Radiolabeled TSPO ligands: A brief overview 
The use of single-photon emission computed tomography (SPECT)/PET tracers for TSPO imaging had 
grown widely over the last three decades. Furthermore, almost all the physiological processes 
occurring in the biological system were related to the interaction of cellular receptors with small and 
large molecules. One of the interesting findings in the pharmacology arena was the interaction of 
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active receptor sites with a wide range of small ligands. For instance, the contact of TSPO receptor 
with a diverse number of ligands in brain diseases. Studies suggested that TSPO was bound to putative 
endogenous ligands, such as protoporphyrin IX and cholesterol.100-102 It has also been shown that it 
bound to a wide type of synthetic compounds, including (1) first-generation radiotracers, such as 
isoquinoline carboxamides ([11C]PK 11195103) and benzodiazepines ([11C]Ro5-48645) (Figure 3); (2) 
second generation radiotracers, such as imidazopyridines ([123I]CLINDE,104 PBR-102 and PBR-111,105 
and [11C]CLINME),5 2-aryl-8-oxodihydropurine acetamides ([18F]FEDAC),106 phenoxyarylacetamides 
([18F]DAA1106),107 aryloxyanilides ([11C]PBR28),108 (Figure 4); and (3) new generation TSPO 
radiotracers, such as trycyclic indoles ([18F]GE180)109 (Figure 5). These radioligands had been employed 
in various human disease studies, particularly for the visualization of cancers and neuroinflammation.  
Benzodiazepines (benzos) were a class of important drugs containing a benzene ring and a diazepine 
moiety. These drugs had been used as anticonvulsants, muscle relaxants, sedative-hypnotics, and 
anxiolytics in CNS-related disorders. The biological effects could be attributed to the mediation of 
central benzodiazepine receptors (CBRs) in the CNS.110 Furthermore, they specifically acted as a 
positive allosteric modulator on the CNS neurotransmitter, namely gamma amino butyric acid (GABA)-
A receptor.111 A well-known benzodiazepine compound, Ro5-4864 (4'-chlorodiazepam) was the first 
compound used to distinguish TSPO from CBR. A study of [11C]Ro5-4864 in human subjects with brain 
cancer exhibited a high non-specific binding and a low affinity in brain.5 It also found that Ro5-4864 
induced cell proliferation in breast epithelial cells.112 Moreover, [11C]Ro5-4864 exhibited 
neuroprotective properties to prevent β-amyloid deposits in animal model of neurodegenerative 
diseases.12  
N-butan-2-yl-1-(2-chlorophenyl)-N-methylisoquinoline-3-carboxamide (PK11195), a classic 
isoquinoline carboxamide ligand, was the first high-affinity nonbenzodiazepine ligand to bind 
selectively to TSPO receptor. Consequently, it was broadly used alongside Ro5-4864 in animal models 
and humans with CNS diseases. The radiolabeled version of the ligand, [11C]PK 11195 was initially used 
for human glioma imaging in 1989.113 The PK11195 bound to TSPO, specifically in peripheral organs 
and hematogenous cells linked to γ-aminobutyric acid (GABA)-regulated channels, as well as the active 
site of microglia. The binding capacity of [11C]PK11195 in patients with AD and MS were correlated 
with the activation of microglia. This indicated that TSPO could be a clinically important molecular 
target for imaging diseases by PET.58 The binding sites of PK11195 were also observed in non-
mitochondrial fragments of the brain and mitochondrial-free erythrocytes.114 Gavish et al. showed 
that it had a greater binding affinity to TSPO compared to Ro5-4864 in both mice and rats.115 A study 
using radiolabelled ligand [3H]-PK11195 showed an affinity of PK11195 was 9.3 nM (Ki). Moreover, 
PK11195 exhibited good selectivity, as suggested by its low activity in several molecular targets, 
including central benzodiazepine, benzodiazepine, GABAergic, catecholaminergic, and opiate 
receptors.116  
Over the years, [11C]PK11195 had been employed for in vivo PET imaging of animal models and human 
subjects with neurodegenerative disorders, such as AD, MS, PD, Huntington disease (HD), 
frontotemporal disorders (FTD), and amyotrophic lateral sclerosis (ALS). However, the use of the 
radiolabeled PK11195 had shown varying levels of success. Although some potential in vitro data, the 
low signal-to-noise ratios and short half-life (20 min) had limited its application in in vivo imaging 
studies in recent years.113,115 This prompted to the development of second-generation TSPO-selective 
ligands bearing various structural classes for activated microglia imaging by PET and SPECT.  
The radiolabeled imidazopyridine derivatives, including [123I]-CLINDE, had raised substantial interest 
as it displayed a favorable binding for TSPO. In vitro binding studies in the kidney, adrenal, and cortex 
mitochondrial membranes showed that the ligand bound to TSPO with affinity values of 12.6, 0.20, 
and 3.84 nM (Kd), respectively.116 Meanwhile, another imidazopyridine radioligand, [11C]-CLINME, was 
reported to have an improved imaging results than [11C]PK11195 in rodents-induced with local acute 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
10 | P a g e  
 

neuroinflammation.5 The binding affinity of [11C]-CLINME was found to be comparable with [11C]-
PK11195 and [18F]-PBR111.117  
N-(2,5-dimethoxybenzyl)-N-(5-fluoro-2-phenoxyphenyl)acetamide ([18F]DAA1106) had received 
intensive attention due to its superior affinity for TSPO as well as selectivity over CBR. In a preclinical 
binding study, DAA1106 showed an affinity (IC50) of 0.28 nM.118 It also possessed low affinity (IC50 = 
10,000 nM) for other receptors, such as GABAA, Kappa1, and central benzodiazepine receptors, as well 
lower affinities (IC50 > 10,000 nM) for 54 different proteins, covering receptors, ion channels, second 
messengers, and uptake/transporters.107 
N-(2-methoxybenzyl)-N-(4-phenoxypyridin-3-yl)ethanamide (PBR28) had been used in vivo to 
examine a variety of CNS pathologies, such as AD, epilepsy, and MS.119 PBR28 seemed to possess an 
improved signal-to-noise ratio and reliability compared to the first generation (R)-[11C]PK11195 
tracer.120 Despite the ability of this ligand to displace PK11195, the assessment of the in vivo binding 
had been hampered by the absence of a valid reference region.121 Radioconjugate PBR28 analog, 
[11C]ER176 exhibited four times higher binding potential relative to nondisplaceable uptake (BPND) for 
HABs compared to [11C]PBR28.122,123 In 2008, Fookes et al. introduced a novel series of TSPO ligands 
bearing imidazopyridine moiety, namely 2-(6-chloro-2-(4-(2-fluoroethoxy)phenyl)imidazo[1,2-
a]pyridin-3-yl)-N,N-diethylacetamide (PBR102) and 2-(6-chloro-2-(4-(3-
fluoropropoxy)phenyl)imidazo[1,2-a]pyridin-3-yl)-N,N-diethylacetamide (PBR111) for visualization of 
TSPO. All ligands contained fluorine in their structures, and this led to the suitable radiolabelling with 
fluorine-18. The derivatives were found to be potent and selective with Ki of 3.7-5.8 nM and 800-above 
5000 nM for TSPO and CBR, respectively.124  
Flutriciclamide ([18F]GE180), the third generation of TSPO tracer showed high signal in the 
inflammation site, low non-specific binding, and low radiometabolites signals in animal models of 
middle cerebral artery occlusion and AD. According to a previous study, it seemed to provide better 
imaging properties compared to [11C]PK11195 and [18F]DPA714. [18F]GE180 displayed an improved 
binding capability to TSPO in both rat and human subjects with Ki values of 0.87 nM and 9.2 nM, 
respectively.17,124 Nevertheless, in in vivo studies on MS patients, it demonstrated a low volume of 
distribution, indicating limited brain penetration. This led to the production of an image quality that 
was insufficient to visualize the differences in binding to low-affinity binders (LABs) and high-affinity 
binders (HABs).17 Apart from [18F]GE180, several third-generation TSPO radioligands based on various 
structural platforms had been developed, including [18F]FEBMP,125 [11C]ER176,126 [18F]BS224,127 
[18F]CB251,128 and [18F]PBR31697 (Figure 5). 
 
New perspective: Image-guided surgery targeting TSPO 
Extensive efforts had been made to identify novel, rapid, and accurate intraoperative margin 
measurement tools, which were currently advanced to clinical trials. One of the most crucial aspects 
of cancer surgery was the complete removal of tumor tissue to prevent recurrence, leading to 
improved survival of patients. RGS had long been used to enhance the complete resection of tumors 
(reviewed in 21,26). For instance, [111In]-PSMA-I&T (Figure 6) represented a valuable agent for the 
intraoperative detection of small tumor lesions and had entered clinical trials on prostate cancer 
patients. Preoperative SPECT/CT visualization and radio-guided removal of PSMA-positive lesions 
using the compound had also been successfully demonstrated.129 Furthermore, FIGS was among the 
biophotonic-based techniques, which had been studied for its potential in tumor surgery.130,131 Several 
fluorescent probes were developed for FIGS, such as IRDye800CW-suberoylanilide hydroxamic acid 
(SAHA) (Figure 6). The probe exhibited rapid tumor accumulation and was successfully used for the 
resection of orthotopic hepatocellular carcinoma in a mouse tumor model during the FIGS 
experiment.132 Several other fluorescent probe candidates built from various structure classes had 
been investigated in in vitro and in vivo settings (reviewed in 133,134). 
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Over the years, multimodal/hybrid tracers had been widely used in non-invasive molecular imaging 
investigations. Multimodal tools could provide preoperative information, both anatomical aspects 
using ultrasound, computed tomography (CT), and magnetic resonance imaging (MRI), as well as 
functional aspects using PET, SPECT, or optical imaging (fluorescence imaging) during the surgery. 
However, SPECT and PET had dominated the imaging modalities in clinical settings in recent times. 
Recent studies also integrated these tools with other modalities, including CT and MRI. The limitations 
of radiotracers application in preoperative and intraoperative surgery, particularly the inability to 
perform visual confirmation of the tissue were the driving force for the development of more 
advanced hybrid technologies, such as dual-imaging (hybrid probes) by combining radioactive and 
fluorescent probes.135 The use of radioisotopes integrated with the fluorescence agent could ensure 
synergistic capabilities during intraoperative target delineation.136 
The hybrid probes (i.e., radio-fluorescent molecules) could be synthesized by combining radiotracer-
attached molecules with various fluorescence compounds, such as small dyes and nanoparticles. 
Upconversion and downconversion nanoparticles (UCNPs and DCNPs) were two types of fluorophore 
nanoparticles used in image-guided surgery. Cordonnier et al. developed NIR-fluorescence NaYF4:Yb, 
Tm@NaYF4 core/shell UCNPs modified with KuE ligand. This UCNP exhibited an excellent affinity for 
prostate cancer both in vitro and in vivo.137 Ren et al. developed angiopep-2 peptide conjugated DCNPs 
for imaging-guided surgery of orthotopic glioma. This DCNP was developed with Er-based lanthanide 
with additional Dye-blush polymer enabling 4I13/2→4I15/2 transition in the NIR-IIb fluorescence region.138 
Apart from UCNPs and DCNPs, there were also several types of nanoparticles developed for similar 
applications. These included the development of a PEG-based nanoparticle with silicon 2,3-
phthalocyanine core, which had an activatable ability after accumulation in tumor.139 Other studies 
implemented fluorescence gold nanoparticles (AuNPs) which had been modified with glutathione as 
fluorophore in imaging-guided surgery. Chen Hung-Li proposed aptamer-modified Glutathione-AuNPs 
as a guided surgery agent with dual imaging fluorescence and computed tomography mode ability for 
prostate cancer.140 Meanwhile, non-modified glutathione-gold nanoclusters (AuNCs) showed high 
accumulation in bone, making them suitable for bone imaging.141 Apart from conventional 
fluorophore relying on the conversion of NIR and visible photon for activation, there was a 
combination of Cerenkov luminescence imaging with radiolabeled molecules for radio-guided surgery 
of cancer. Shi et al developed Eu3+ doped gadolinium oxide (Gd2O3:Eu), which could generate optical 
fluorescence signal when interacting with photon emitted from 18F-FDG. This combination of 
nanoparticles and 18F-FDG increased in vivo imaging signal 369 times higher compared to using 18F-
FDG alone.142 Furthermore, it could be considered hybrid probes and showed promising 
characteristics. Several examples of hybrid probes developed based on nanoparticles are presented 
in Table 1 below.  
 
Table 1. Examples of hybrid probes developed based on nanoparticles 

No. Hybrid Probes Potential Applications References 

1 64Cu, 800CW (fluorescence [NIRF] dye), 
and TRC105 (IgG1 monoclonal antibody) to 
the surface of MSN (mesoporous silica 
nanoparticles) 

In vivo tumor vasculature 
targeted PET/ NIRF imaging 
 

143 

2 99mTc and indocyanine green (ICG) loaded 
in polyamidoamine (PAMAM) based 
functionalized silica nanoparticles 

Biopsy of the sentinel lymph node 
and imaging of HER2-expressing 
cancer cells 

144,145 

3 64Cu-doped CdSe/ZnS QDs In vivo glioblastoma imaging and 
detection 

146 

4 64Cu-labeled DOTA–QD–VEGF Tumor vasculature 147 
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5 64Cu-doped AuNCs Glioblastoma CRET-NIR and PET 
imaging 

148 

6 127I/124I and phenol-substituted analogs of 
DiD/ DiI on SapC-DOPS nanovesicles 

Optical and nuclear imaging of 
glioblastoma 

149 

7 89Zr and Cy5 with ultrasmall cRGDY-
conjugated silica nanoparticles (C dots) 

Melanoma imaging 150 

 
The choice of fluorophore molecules was vital to ensure the success of the design of radio-fluorescent 
probes. For clinical application of tumor surgery, the fluorophore must exhibit good biocompatibility 
with visible wavelength (400-650 nm) or even near-infrared (NIR) wavelength (>750 nm), allowing 
good tissue penetration while preventing the autofluorescence of blood and tissues.29,69,151 The 
primary use of hybrid probes was as surgical guidance, particularly in oncology. RGS was often carried 
out using specific radiotracers, such as 99mTc-nanocolloid for SNL visualization, and receptor targeting 
employed 99mTc-PSMA and 111In-DOTA-TOC before the development of radio-fluorescence imaging. 
The combination of fluorescence and radioguided surgery into a hybrid molecule could undoubtedly 
be used to overcome several limitations associated with the single use of radiotracer or fluorescence 
imaging (Figure 7), thereby improving the clinical impact of the procedure.136 Over the years, several 
hybrid probes had been developed and shown promising clinical trial results, including [68Ga]/[177Lu]-
PSMA-I&F,152 [18F]-Cy5-BF3,153 [64Cu]-DOTA-NT-Cy5.5,154 [111In]-DOTA-girentuximab-IRDye800CW,155 
and [68Ga]-IRDye800CW-BBN.156  
[68Ga]/[177Lu]-PSMA-I&F (Figure 8) exhibited high PSMA-targeting efficiency and favorable 
pharmacokinetic properties, enabling high-contrast and sensitive detection for in vivo study of PSMA 
expression using preclinical PET/SPECT and optical imaging.152 In addition to the hybrid molecules 
targeting PSMA, various other molecules had been developed for imaging multiple cancer types. For 
example, [111In]-DOTA-girentuximab IRDye800CW showed a good tumor-to-normal kidney ratio (T:N 
ratio) with no serious adverse effects observed, suggesting a potential use for intraoperative guidance 
of clear cell renal carcinoma resection in patients.155 Moreover, [68Ga]-IRDye800CW-BBN (Figure 9), a 
near-infrared fluorescence (NIRF) targeting GRPR in glioblastoma multiforme, had also entered clinical 
trials for further assessments. Preclinical and clinical evaluations showed that the compound 
possessed significantly higher tumor fluorescence signals compared to those from adjacent brain 
tissue, allowing for better intraoperative glioblastoma visualization and safe resection.156 Deng et al. 
reported a hybrid PET/fluorescent probe, [64Cu]-DOTA-NT-Cy5.5 (Figure 10) as a candidate to image 
the neurotensin receptor-positive tumor. The agent exhibited promising properties with tumor uptake 
values of 1.91 ± 0.22 and 1.79 ± 0.16%ID/g after 1 and 4 h injection, respectively, indicating the 
potential to provide surgery guidance.154 Furthermore, An et al. designed a hybrid-modality NIR 
imaging probe based on pentamethine cyanine structure, namely [18F]-Cy5-BF3 (Figure 11) for 
visualization of tumor cells. The probe was found to accumulate in tumor areas, and no cytotoxicity 
symptoms were observed seen. This evidence indicated the promising use of the material for tumor 
imaging, FIGS, and post-surgery pathological evaluation.153  
An early effort to develop specific fluorescent imaging probes targeting TSPO for intended use in FIGS 
was made by Cohen et al. The study examined TSPO expression in pre-malignant and pancreatic cancer 
tissues from human samples and genetically engineered mouse (GEM) tissues utilizing a PET agent, 
namely [18F]V-1008 (Figure 12). Furthermore, the development of TSPO as a molecular target for 
surgery had also evaluated using a near-infrared TSPO fluorescent probe V-1520 (Figure 12), a 
compound derived from V-1008 pharmacophore. It was found that [18F]V-1008 exhibited good uptake 
in early pancreatic cancer, while V-1520 could recognize pre-malignant pancreatic lesions and 
advanced malignant cells, thereby enabling real-time FIGS.20 This study paved the way to expand TSPO 
ligands applications into image-guided surgery practices. 
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Although examples of TSPO-targeted molecules for intended use in surgical oncology were rare, it was 
worth hypothesizing that the available ligands, specifically third-generation types could serve as the 
molecular templates for the generation of radio-fluorescent compounds. Several developed PET TSPO 
ligands from various structure classes had been used for studying a wide variety of human diseases. 
Due to their diverse structures, some of the compounds could also be conjugated with fluorophores 
after chemical modifications, to generate hybrid probes. It was anticipated that attachment of the 
bulky fluorophore moiety into the parent ligand influenced its binding capability to TSPO. Based on 
this result, hybrid probe candidate should be re-examined for its pharmacokinetic properties. In 
surgical application, the hybrid molecule was first used to navigate the tumor location using SPECT or 
PET, followed by fluorescence-guided surgical resection. 
 
Conclusion 
In conclusion, TSPO was an appealing molecular target for various human diseases, including 
neurodegenerative diseases, inflammation, and cancer. Consequently, several compounds had been 
developed to target TSPO, and some candidates had entered clinical investigations. In this context, 
the development of PET/SPECT radioligands to visualize and detect the protein had dominated recent 
progress in the past few years, as exemplified by the development of various tracers. Based on the 
advancement of surgical technology in oncology, the future of image-guided surgery appeared to be 
moving toward the use of hybrid radio-fluorescent probes, which targeted molecular or sub-cellular 
constituents involved in cancer pathologies. In this review, it was proposed that TSPO could be an 
alternative molecular target for image-guided surgery of solid cancers, thereby necessitating further 
investigations in the field of hybrid probes development and biochemistry of TSPO in carcinogenesis. 
The results were expected to shift the trend in the future from focusing only on TSPO-targeted therapy 
but also on developing TSPO-targeted hybrid probes for image-guided surgery of cancer.  
 
Abbreviations 
AD, Alzheimer disease; ADT, androgen deprivation treatment; ALS, amyotrophic lateral sclerosis; ANT, 
30 kDa adenine nucleotide translocase; CBRs, central benzodiazepine receptors; CD-24, cluster of 
differentiation 24 ; CLI, Cerenkov luminescence imaging; CNS, central nervous system; CRC, colorectal 
cancer; CRPC, castration-resistant prostate cancer; CT, computed tomography; EGFR, epidermal 
growth factorreceptor; FIGS, fluorescence image-guided surgery; FTD, frontotemporal disorders; 
GABA, gamma amino butyric acid; GRPR, gastrin-releasing peptide receptor; HABs, high-affinity 
binders; HAD, HIV-associated dementia; HD, Huntington disease; IARAC, International Agency for 
Research and Cancer ; LABs, low-affinity binders; MAPK, mitogen-activated protein kinase; MRI, 
magnetic resonance imaging; MS, multiple sclerosis; NIR, near-infrared; ORF, open reading frame; 
PBR, peripheral benzodiazepine receptor; PD, Parkinson disease; PET, positron emission tomography; 
RGS, radioguided surgery; ROS, reactive oxygen species; SAHA, suberoylanilide hydroxamic acid; SNP, 
single nucleotide polymorphism; SPECT, single-photon emission computed tomography; SSTR5, 
somatostatin receptor 5; TMS, transmembrane domains; TSPO, Translocator protein 18-kDa; VDAC, 
32 kDa voltage-dependent anion channel; VEGFR, vascular endothelial growth factor receptor.  
 
Acknowledgments  
The authors acknowledge the use of Servier Medical Art, licensed under a Creative Commons 
Attribution 3.0 unported license for the partial generation of Figure 1. 
 
Author contributions  
H.W is the main contributor to this paper with details of contributions as follows: H.W conceptualized, 
initiated, and wrote the outline of the manuscript. H.W, A.K, Y.S, C.E.K, E.M.W, T.H.A.W, I.M, M.B.F, 
M.E.S, I.H, I.D, and R.G searched the literature and wrote the draft of the manuscript. R.L and A.S.N 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
14 | P a g e  
 

reviewed the manuscript and provided scientific input. A.A and D.H.N reviewed and edited the 
manuscript. All authors have read and approved the final manuscript. 
 
Funding  
This study was funded by the National Research and Innovation Agency (BRIN)-Indonesia Endowment 
Fund for Education (LPDP), Research and Innovation Programme for “Indonesia Maju (RIIM),” (grant 
number 65/II.7/HK/2022). 
 
Disclosure 
The authors declare no conflicts of interest, financial, or otherwise for this study. 
References 

1. Lee Y, Park Y, Nam H, et al. Translocator protein (TSPO): The new story of the old 

protein in neuroinflammation. BMB Reports 2020;53:20-27. doi: 

10.5483/BMBRep.2020.53.1.273. 

2. Papadopoulos V, Lecanu L. Translocator protein (18 kDa) TSPO: An emerging 

therapeutic target in neurotrauma. Exp Neurol 2009;219:53-57. doi: 

10.1016/j.expneurol.2009.04.016. 

3. Rashid K, Geissl L, Wolf A, et al. Transcriptional regulation of translocator protein 

(18kDa) (TSPO) in microglia requires Pu.1, Ap1 and Sp factors. Biochim Biophys Acta Gene 

Regul Mech 2018;1861:1119-33. doi: 10.1016/j.bbagrm.2018.10.018. 

4. Damont A, Medran-Navarrete V, Cacheux F, et al. Novel pyrazolo[1,5-a]pyrimidines 

as translocator protein 18 kda (TSPO) ligands: Synthesis, in vitro biological evaluation, [18F]-

labeling, and in vivo neuroinflammation PET images. J Med Chem 2015;58:7449-64. doi: 

10.1021/acs.jmedchem.5b00932. 

5. Alam MM, Lee J, Lee SY. Recent progress in the development of TSPO PET ligands 

for neuroinflammation imaging in neurological diseases. Nucl Med Mol Imaging 2017;51:283-

96. doi: 10.1007/s13139-017-0475-8. 

6. Bhoola NH, Mbita Z, Hull R, et al. Translocator protein (TSPO) as a potential 

biomarker in human cancers. Int J Mol Sci 2018;19:2176. doi: 10.3390/ijms19082176. 

7. Betlazar C, Middleton RJ, Howell N, et al. Mitochondrial translocator protein (TSPO) 

expression in the brain after whole body gamma irradiation. Front Cell Dev Biol 

2021;9:715444. doi: 10.3389/fcell.2021.715444. 

8. Ammer LM, Vollmann-Zwerenz A, Ruf V, et al. The role of translocator protein TSPO 

in hallmarks of glioblastoma. Cancers (Basel) 2020;12:1-26. doi: 10.3390/cancers12102973. 

9. Austin CJ, Kahlert J, Kassiou M, et al. The translocator protein (TSPO): A novel target 

for cancer chemotherapy. Int J Biochem Cell Biol 2013;45:1212-16. doi: 

10.1016/j.biocel.2013.03.004. 

10. Tang D, McKinley ET, Hight MR, et al. Synthesis and structure-activity relationships 

of 5,6,7-substituted pyrazolopyrimidines: Discovery of a novel TSPO PET ligand for cancer 

imaging. J Med Chem 2013;56:3429-33. doi: 10.1021/jm4001874. 

11. Batarseh A, Papadopoulos V. Regulation of translocator protein 18 kDa (TSPO) 

expression in health and disease states. Mol Cell Endocrinol 2010;327:1-12. doi: 

10.1016/j.mce.2010.06.013. 

12. Biswas L, Farhan F, Reilly J, et al. TSPO ligands promote cholesterol efflux and 

suppress oxidative stress and inflammation in choroidal endothelial cells. Int J Mol Sci 

2018;19:3740. doi: 10.3390/ijms19123740. 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
15 | P a g e  
 

13. Choi JY, Iacobazzi RM, Perrone M, et al. Synthesis and evaluation of tricarbonyl 99mTc-

labeled 2-(4-chloro)phenyl-imidazo[1,2-a]pyridine analogs as novel SPECT imaging 

radiotracer for TSPO-rich cancer. Int J Mol Sci 2016;17:1085. doi: 10.3390/ijms17071085. 

14. Trapani A, Palazzo C, de Candia M, et al. Targeting of the translocator protein 18 kDa 

(TSPO): A valuable approach for nuclear and optical imaging of activated microglia. Bioconjug 

Chem 2013;24:1415-28. doi: 10.1021/bc300666f. 

15. Zhang L, Hu K, Shao T, et al. Recent developments on PET radiotracers for TSPO and 

their applications in neuroimaging. Acta Pharm Sin B 2021;11:373-93. doi: 

10.1016/j.apsb.2020.08.006. 

16. Barresi E, Robello M, Costa B, et al. An update into the medicinal chemistry of 

translocator protein (TSPO) ligands. Eur J Med Chem 2021;209:112924. doi: 

10.1016/j.ejmech.2020.112924. 

17. Singh P, Adhikari A, Singh D, et al. The 18-kDa translocator protein PET tracers as a 

diagnostic marker for neuroinflammation: Development and current standing. ACS Omega 

2022;7:14412-29. doi: 10.1021/acsomega.2c00588. 

18. Wongso H, Goenawan H, Lesmana R, et al. Synthesis and biological evaluation of new 

fluorescent probe BPN-01: A model molecule for fluorescence image-guided surgery. J 

Fluoresc 2023;33:1-13. doi: 10.1007/s10895-023-03166-7. 

19. Chi C, Du Y, Ye J, et al. Intraoperative imaging-guided cancer surgery: from current 

fluorescence molecular imaging methods to future multi-modality imaging technology. 

Theranostics 2014;4:1072-84. doi: 10.7150/thno.9899. 

20. Cohen AS, Li J, Hight MR, et al. TSPO-targeted PET and optical probes for the 

detection and localization of premalignant and malignant pancreatic lesions. Clin Cancer Res 

2020;26:5914-25. doi: 10.1158/1078-0432.CCR-20-1214. 

21. Povoski SP, Neff RL, Mojzisik CM, et al. A comprehensive overview of radioguided 

surgery using gamma detection probe technology. World J Surg Oncol 2009;7:1-63. doi: 

10.1186/1477-7819-7-11. 

22. Barth CW, Gibbs SL. Fluorescence image-guided surgery - a perspective on contrast 

agent development. Proc SPIE Int Soc Opt Eng 2020;11222:1-26. doi: 10.1117/12.2545292. 

23. Nahrendorf M, Keliher E, Marinelli B, et al. Hybrid PET-optical imaging using targeted 

probes. PNAS 2010;107:7910-15. doi: 10.1073/pnas.0915163107. 

24. Collamati F, Bocci V, Castellucci P, et al. Radioguided surgery with beta radiation: A 

novel application with Ga68. Sci Rep 2018;8:16171. doi: 10.1038/s41598-018-34626-x. 

25. Cockburn KC, Toumi Z, Mackie A, et al. Radioguided surgery for 

gastroenteropancreatic neuroendocrine tumours: A systematic literature review. J Gastrointest 

Surg 2021;25:3244-57. doi: 10.1007/s11605-021-05115-w. 

26. Pashazadeh A, Friebe M. Radioguided surgery: physical principles and an update on 

technological developments. Biomed Tech (Berl) 2020;65:1-10. doi: 10.1515/bmt-2018-0016. 

27. Nagaya T, Nakamura YA, Choyke PL, et al. Fluorescence-guided surgery. Front Oncol 

2017;7:314. doi: 10.3389/fonc.2017.00314. 

28. Low PS, Singhal S, Srinivasarao M. Fluorescence-guided surgery of cancer: 

applications, tools and perspectives. Curr Opin Chem Biol 2018;45:64-72. doi: 

10.1016/j.cbpa.2018.03.002. 

29. Wongso H, Mahendra I, Kurniawan A. Exploring the role of fluorescence image-guided 

surgery (FIGS) in surgical oncology (nuclear medicine). AIP Conf Proc 2021;2381:020108. 

doi: 10.1063/5.0066267. 

30. Judy RP, Keating JJ, DeJesus EM, et al. Quantification of tumor fluorescence during 

intraoperative optical cancer imaging. Sci Rep 2015;5:16208. doi: 10.1038/srep16208. 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
16 | P a g e  
 

31. Hernandez Vargas S, Lin C, Tran Cao HS, et al. Receptor-targeted fluorescence-guided 

surgery with low molecular weight agents. Front Oncol 2021;11:674083. doi: 

10.3389/fonc.2021.674083. 

32. Zhang Z, He K, Chi C, et al. Intraoperative fluorescence molecular imaging accelerates 

the coming of precision surgery in China. Eur J Nucl Med Mol Imaging 2022;49:2531-43. doi: 

10.1007/s00259-022-05730-y. 

33. De Ravin E, Phan HAT, Harmsen S, et al. Somatostatin receptor as a molecular imaging 

target in human and canine cushing disease. World Neurosurg 2021;149:94-102. doi: 

10.1016/j.wneu.2021.02.034. 

34. Kleinmanns K, Fosse V, Davidson B, et al. CD24-targeted intraoperative fluorescence 

image-guided surgery leads to improved cytoreduction of ovarian cancer in a preclinical 

orthotopic surgical model. EBioMedicine 2020;56:102783. doi: 10.1016/j.ebiom.2020.102783. 

35. Chen WW, Zhang X, Huang WJ. Role of neuroinflammation in neurodegenerative 

diseases (review). Mol Med Rep 2016;13:3391-96. doi: 10.3892/mmr.2016.4948. 

36. Perry VH, Nicoll JA, Holmes C. Microglia in neurodegenerative disease. Nat Rev 

Neurol 2010;6:193-201. doi: 10.1038/nrneurol.2010.17. 

37. M.E. Lull, Block ML. Microglial activation and chronic neurodegeneration. 

Neurotherapeutics 2010;7:354–65. 

38. Venneti S, Lopresti BJ, Wiley CA. The peripheral benzodiazepine receptor 

(translocator protein 18kDa) in microglia: From pathology to imaging. Prog Neurobiol 

2006;80:308-22. doi: 10.1016/j.pneurobio.2006.10.002. 

39. Varley J, Brooks DJ, Edison P. Imaging neuroinflammation in Alzheimer's disease and 

other dementias: Recent advances and future directions. Alzheimers Dement 2015;11:1110-20. 

doi: 10.1016/j.jalz.2014.08.105. 

40. Denora N, Laquintana V, Trapani A, et al. New fluorescent probes targeting the 

mitochondrial-located translocator protein 18 kDa (TSPO) as activated microglia imaging 

agents. Pharm Res 2011;28:2820-32. doi: 10.1007/s11095-011-0552-0. 

41. Ferger AI, Campanelli L, Reimer V, et al. Effects of mitochondrial dysfunction on the 

immunological properties of microglia. J Neuroinflammation 2010;7:1-10. doi: 10.1186/1742-

2094-7-45. 

42. Foresti ML, Arisi GM, Shapiro LA. Role of glia in epilepsy-associated neuropathology, 

neuroinflammation and neurogenesis. Brain Res Rev 2011;66:115-22. doi: 

10.1016/j.brainresrev.2010.09.002. 

43. Ma B, Liu Y, Zhang X, et al. TSPO ligands protect against neuronal damage mediated 

by LPS-induced BV-2 microglia activation. Oxid Med Cell Longev 2022;2022:5896699. doi: 

10.1155/2022/5896699. 

44. Liu GJ, Middleton RJ, Hatty CR, et al. The 18 kDa translocator protein, microglia and 

neuroinflammation. Brain Pathol 2014;24:631-53. doi: 10.1111/bpa.12196. 

45. Dupont AC, Largeau B, Santiago Ribeiro MJ, et al. Translocator protein-18 kda (TSPO) 

positron emission tomography (PET) imaging and its clinical impact in neurodegenerative 

diseases. Int J Mol Sci 2017;18:1-37. doi: 10.3390/ijms18040785. 

46. Riond J, Mattei MG, Kaghad M, et al. Molecular cloning and chromosomal localization 

of a human peripheral-type benzodiazepine receptor. Eur J Biochem 1991;195:305-11. doi: 

10.1111/j.1432-1033.1991.tb15707.x. 

47. Kreisl WC, Jenko KJ, Hines CS, et al. A genetic polymorphism for translocator protein 

18 kDa affects both in vitro and in vivo radioligand binding in human brain to this putative 

biomarker of neuroinflammation. J Cereb Blood Flow Metab 2013;33:53-58. doi: 

10.1038/jcbfm.2012.131. 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
17 | P a g e  
 

48. Schweitzer PJ, Fallon BA, Mann JJ, et al. PET tracers for the peripheral benzodiazepine 

receptor and uses thereof. Drug Discov Today 2010;15:933-42. doi: 

10.1016/j.drudis.2010.08.012. 

49. Taliani S, Da Pozzo E, Bellandi M, et al. Novel irreversible fluorescent probes targeting 

the 18 kDa translocator protein: Synthesis and biological characterization. J Med Chem 

2010;53:4085-93. doi: 10.1021/jm100100q. 

50. Azarashvili T, Krestinina O, Baburina Y, et al. Effect of the CRAC peptide, 

VLNYYVW, on mPTP opening in rat brain and liver mitochondria. Int J Mol Sci 

2016;17:2096. doi: 10.3390/ijms17122096. 

51. Delavoie F, Li H, Hardwick M, et al. In vivo and in vitro peripheral-type 

benzodiazepine receptor polymerization: Functional significance in drug ligand and cholesterol 

binding. Biochemistry 2003;42:4506-19. doi: 10.1021/bi0267487. 

52. Li F, Xia Y, Meiler J, et al. Characterization and modeling of the oligomeric state and 

ligand binding behavior of purified translocator protein 18 kDa from Rhodobacter sphaeroides. 

Biochemistry 2013;52:5884-99. doi: 10.1021/bi400431t. 

53. Jamin N, Neumann JM, Ostuni MA, et al. Characterization of the cholesterol 

recognition amino acid consensus sequence of the peripheral-type benzodiazepine receptor. 

Mol Endocrinol 2005;19:588-94. doi: 10.1210/me.2004-0308. 

54. Li F, Liu J, Garavito RM, et al. Evolving understanding of translocator protein 18 kDa 

(TSPO). Pharmacol Res 2015;99:404-09. doi: 10.1016/j.phrs.2015.03.022. 

55. Papadopoulos V, Fan J, Zirkin B. Translocator protein (18 kDa): An update on its 

function in steroidogenesis. J Neuroendocrinol 2018;30:1-9. doi: 10.1111/jne.12500. 

56. Scott G, Mahmud M, Owen DR, et al. Microglial positron emission tomography (PET) 

imaging in epilepsy: Applications, opportunities and pitfalls. Seizure 2017;44:42-47. doi: 

10.1016/j.seizure.2016.10.023. 

57. Chen MK, Guilarte TR. Translocator protein 18 kDa (TSPO): Molecular sensor of brain 

injury and repair. Pharmacol Ther 2008;118:1-17. doi: 10.1016/j.pharmthera.2007.12.004. 

58. Banati RB. Visualising microglial activation in vivo. Glia 2002;40:206-17. doi: 

10.1002/glia.10144. 

59. Bolmont T, Haiss F, Eicke D, et al. Dynamics of the microglial/amyloid interaction 

indicate a role in plaque maintenance. J Neurosci 2008;28:4283-92. doi: 

10.1523/JNEUROSCI.4814-07.2008. 

60. Lacapere JJ, Duma L, Finet S, et al. Insight into the structural features of TSPO: 

Implications for drug development. Trends Pharmacol Sci 2020;41:110-22. doi: 

10.1016/j.tips.2019.11.005. 

61. Adhikari A, Singh P, Mahar KS, et al. Mapping of translocator protein (18 kDa) in 

peripheral sterile inflammatory disease and cancer through PET imaging. Mol Pharm 

2021;18:1507-29. doi: 10.1021/acs.molpharmaceut.1c00002. 

62. Batarseh A, Barlow KD, Martinez-Arguelles DB, et al. Functional characterization of 

the human translocator protein (18kDa) gene promoter in human breast cancer cell lines. 

Biochim Biophys Acta 2012;1819:38-56. doi: 10.1016/j.bbagrm.2011.09.001. 

63. Klubo-Gwiezdzinska J, Jensen K, Bauer A, et al. The expression of translocator protein 

in human thyroid cancer and its role in the response of thyroid cancer cells to oxidative stress. 

J Endocrinol 2012;214:207-16. doi: 10.1530/JOE-12-0081. 

64. Zhang S, Yang L, Ling X, et al. Tumor mitochondria-targeted photodynamic therapy 

with a translocator protein (TSPO)-specific photosensitizer. Acta Biomater 2015;28:160-170. 

doi: 10.1016/j.actbio.2015.09.033. 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
18 | P a g e  
 

65. Guo L. Mitochondria and the permeability transition pore in cancer metabolic 

reprogramming. Biochem Pharmacol 2021;188:114537. doi: 10.1016/j.bcp.2021.114537. 

66. Zhang D, Man D, Lu J, et al. Mitochondrial TSPO promotes hepatocellular carcinoma 

progression through ferroptosis inhibition and immune vvasion. Adv Sci (Weinh) 

2023;10:e2206669. doi: 10.1002/advs.202206669. 

67. Betlazar C, Harrison-Brown M, Middleton RJ, et al. Cellular sources and regional 

variations in the expression of the neuroinflammatory marker translocator protein (TSPO) in 

the normal brain. Int J Mol Sci 2018;19:2707. doi: 10.3390/ijms19092707. 

68. Troike KM, Acanda de la Rocha AM, Alban TJ, et al. The translocator protein (TSPO) 

genetic polymorphism A147T is associated with worse survival in male glioblastoma patients. 

Cancers (Basel) 2021;13:1-17. doi: 10.3390/cancers13184525. 

69. Wongso H. Recent progress on the development of fluorescent probes targeting the 

translocator protein 18 kDa (TSPO). Anal Biochem 2022;655:114854. doi: 

10.1016/j.ab.2022.114854. 

70. Wu X, Gallo KA. The 18-kDa translocator protein (TSPO) disrupts mammary epithelial 

morphogenesis and promotes breast cancer cell migration. PLoS One 2013;8:e71258. doi: 

10.1371/journal.pone.0071258. 

71. ShiDu Yan S. Disrupting cancer cell function by targeting mitochondria. Integr Cancer 

Sci Ther 2014;1:17-25. doi: 10.15761/icst.1000105. 

72. Galie`gue S, Kramar A, Casellas P, et al. Immunohistochemical assessment of the 

peripheral benzodiazepine receptor in breast cancer and its relationship with survival. Clin 

Cancer Res 2004;10:2058–64. doi: 10.1158/1078-0432.ccr-03-0988. 

73. Zheng J, Boisgard R, Siquier-Pernet K, et al. Differential expression of the 18 kDa 

translocator protein (TSPO) by neoplastic and inflammatory cells in mouse tumors of breast 

cancer. Mol Pharm 2011;8:823-32. doi: 10.1021/mp100433c. 

74. Mukherjee S, K. Das S. Translocator Protein (TSPO) in Breast Cancer. Curr Mol Med 

2012;12:443-57. doi: 10.2174/1566524011207040443. 

75. Dika E, Patrizi A, Lambertini M, et al. Estrogen receptors and melanoma: A review. 

Cells 2019;8:1463. doi: 10.3390/cells8111463. 

76. Davey MG, Miller N, McInerney NM. A review of epidemiology and cancer biology 

of malignant melanoma. Cureus 2021;13:e15087. doi: 10.7759/cureus.15087. 

77. Gyrylova SN, Ruksha TG, Komina AV. TSPO ligand PK11195 and MAPK inhibitor 

UO126 modulate TSPO expression in melanoma cells. Cell Tissue Biol 2013;7:266-70. doi: 

10.1134/s1990519x13030073. 

78. Ruksha T, Aksenenko M, Papadopoulos V. Role of translocator protein in melanoma 

growth and progression. Arch Dermatol Res 2012;304:839-45. doi: 10.1007/s00403-012-1294-

5. 

79. Shinji S, Yamada T, Matsuda A, et al. Recent advances in the treatment of colorectal 

cancer: A review. J Nippon Med Sch 2022;89:246-54. doi: 10.1272/jnms.JNMS.2022_89-310. 

80. Xie Q, Li Z, Liu Y, et al. Translocator protein-targeted photodynamic therapy for direct 

and abscopal immunogenic cell death in colorectal cancer. Acta Biomater 2021;134:716-29. 

doi: 10.1016/j.actbio.2021.07.052. 

81. Thanikachalam K, Khan G. Colorectal cancer and nutrition. Nutrients 2019;11:1-11. 

doi: 10.3390/nu11010164. 

82. Kuipers EJ, Grady WM, Lieberman D, et al. Colorectal cancer. Nat Rev Dis Primers 

2015;1:15065. doi: 10.1038/nrdp.2015.65. 

83. Swiderska M, Choromanska B, Dabrowska E, et al. The diagnostics of colorectal 

cancer. Contemp Oncol (Pozn) 2014;18:1-6. doi: 10.5114/wo.2013.39995. 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
19 | P a g e  
 

84. Issop L, Ostuni MA, Lee S, et al. Translocator protein-mediated stabilization of 

mitochondrial architecture during inflammation stress in colonic cells. PLoS One 

2016;11:e0152919. doi: 10.1371/journal.pone.0152919. 

85. Konigsrainer I, Vogel UF, Beckert S, et al. Increased translocator protein (TSPO) 

mRNA levels in colon but not in rectum carcinoma. Eur Surg Res 2007;39:359-63. doi: 

10.1159/000106380. 

86. Ostuni MA, Issop L, Peranzi G, et al. Overexpression of translocator protein in 

inflammatory bowel disease: potential diagnostic and treatment value. Inflamm Bowel Dis 

2010;16:1476-87. doi: 10.1002/ibd.21250. 

87. Berroteran-Infante N, Balber T, Furlinger P, et al. [18F]FEPPA: Improved automated 

radiosynthesis, binding affinity, and preliminary in vitro evaluation in colorectal cancer. ACS 

Med Chem Lett 2018;9:177-81. doi: 10.1021/acsmedchemlett.7b00367. 

88. Nagler R, Weizman A, Gavish A. Cigarette smoke, saliva, the translocator protein 18 

kDa (TSPO), and oral cancer. Oral Dis 2019;25:1843-49. doi: 10.1111/odi.13178. 

89. Zeineh N, Nagler R, Gabay M, et al. Effects of cigarette smoke on TSPO-related 

mitochondrial processes. Cells 2019;8:1-14. doi: 10.3390/cells8070694. 

90. Zhang H, Tan H, Mao W-J, et al. 18F-PBR06 PET/CT imaging of inflammation and 

differentiation of lung cancer in mice. NucL Sci Tech 2019;30:1-8. doi: 10.1007/s41365-019-

0597-z. 

91. Hatori A, Yui J, Yamasaki T, et al. PET imaging of lung inflammation with 

[18F]FEDAC, a radioligand for translocator protein (18 kDa). PLoS One 2012;7:e45065. doi: 

10.1371/journal.pone.0045065. 

92. Zeineh N, Nagler RM, Gabay M, et al. The TSPO Ligands MGV-1 and 2-Cl-MGV-1 

differentially inhibit the cigarette smoke-induced cytotoxicity to H1299 lung cancer cells. 

Biology (Basel) 2021;10:1-21. doi: 10.3390/biology10050395. 

93. Tantawy MN, Charles Manning H, Peterson TE, et al. Translocator protein PET 

imaging in a preclinical prostate cancer model. Mol Imaging Biol 2018;20:200-04. doi: 

10.1007/s11307-017-1113-7. 

94. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020: GLOBOCAN 

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J 

Clin 2021;71:209-49. doi: 10.3322/caac.21660. 

95. J.S. Girling, H.C. Whitaker, I.G. Mills, et al. Pathogenesis of prostate cancer and 

hormone refractory prostate cancer. Indian J Urol 2007;23:35–42. doi: 10.4103/0970-

1591.30265. 

96. Sakai M, Martinez-Arguelles DB, Aprikian AG, et al. De novo steroid biosynthesis in 

human prostate cell lines and biopsies. Prostate 2016;76:575-87. doi: 10.1002/pros.23146. 

97. Mattner F, Katsifis A, Bourdier T, et al. Synthesis and pharmacological evaluation of 

[18F]PBR316: a novel PET ligand targeting the translocator protein 18 kDa (TSPO) with low 

binding sensitivity to human single nucleotide polymorphism rs6971. RSC Med Chem 

2021;12:1207-21. doi: 10.1039/d1md00035g. 

98. Perrone M, Moon BS, Park HS, et al. A novel PET imaging probe for the detection and 

monitoring of translocator protein 18 kDa expression in pathological disorders. Sci Rep 

2016;6:20422. doi: 10.1038/srep20422. 

99. Crisan G, Moldovean-Cioroianu NS, Timaru DG, et al. Radiopharmaceuticals for PET 

and SPECT imaging: A literature review over the last decade. Int J Mol Sci 2022;23:5023. doi: 

10.3390/ijms23095023. 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
20 | P a g e  
 

100. M.L. James, S. Selleri, Kassiou M. Development of ligands for the peripheral 

benzodiazepine receptor. Curr Med Chem 2006;13:1991-2001. doi: 

10.2174/092986706777584979. 

101. Guryanov I, Fiorucci S, Tennikova T. Receptor-ligand interactions: Advanced 

biomedical applications. Mater Sci Eng C Mater Biol Appl 2016;68:890-903. doi: 

10.1016/j.msec.2016.07.072. 

102. Berroteran-Infante N, Tadic M, Hacker M, et al. Binding affinity of some endogenous 

and synthetic TSPO ligands regarding the rs6971 polymorphism. Int J Mol Sci 2019;20:563. 

doi: 10.3390/ijms20030563. 

103. Cui Y, Takashima T, Takashima-Hirano M, et al. 11C-PK11195 PET for the in vivo 

evaluation of neuroinflammation in the rat brain after cortical spreading depression. J Nucl 

Med 2009;50:1904-11. doi: 10.2967/jnumed.109.066498. 

104. Mattner F, Katsifis A, Staykova M, et al. Evaluation of a radiolabelled peripheral 

benzodiazepine receptor ligand in the central nervous system inflammation of experimental 

autoimmune encephalomyelitis: a possible probe for imaging multiple sclerosis. Eur J Nucl 

Med Mol Imaging 2005;32:557-63. doi: 10.1007/s00259-004-1690-y. 

105. C.J.R. Fookes, T.Q. Pham, F. Mattner, et al. Synthesis and biological evaluation of 

substituted [18F]imidazo[1,2-a]pyridines and [18F]pyrazolo[1,5-a]pyrimidines for the study of 

the peripheral benzodiazepine receptor using positron emission tomography. J Med Chem 

2008;51:3700–12. doi: 10.1021/jm7014556. 

106. Yanamoto K, Kumata K, Yamasaki T, et al. [18F]FEAC and [18F]FEDAC: Two novel 

positron emission tomography ligands for peripheral-type benzodiazepine receptor in the brain. 

Bioorg Med Chem Lett 2009;19:1707-10. doi: 10.1016/j.bmcl.2009.01.093. 

107. Kumata K, Zhang Y, Fujinaga M, et al. [18F]DAA1106: Automated radiosynthesis 

using spirocyclic iodonium ylide and preclinical evaluation for positron emission tomography 

imaging of translocator protein (18kDa). Bioorg Med Chem 2018;26:4817-22. doi: 

10.1016/j.bmc.2018.08.017. 

108. Dickstein LP, Zoghbi SS, Fujimura Y, et al. Comparison of 18F- and 11C-labeled 

aryloxyanilide analogs to measure translocator protein in human brain using positron emission 

tomography. Eur J Nucl Med Mol Imaging 2011;38:352-57. doi: 10.1007/s00259-010-1622-y. 

109. Vomacka L, Albert NL, Lindner S, et al. TSPO imaging using the novel PET ligand 

[18F]GE-180: Quantification approaches in patients with multiple sclerosis. EJNMMI Res 

2017;7:1-9. doi: 10.1186/s13550-017-0340-x. 

110. Gavish M, Bachman I, Shoukrun R, et al. Enigma of the peripheral benzodiazepine 

receptor. Pharmacol Rev 1999;51:629-50. 

111. Griffin CE, Kaye AM, Bueno FR, et al. Benzodiazepine pharmacology and central 

nervous system–mediated effects. Ochsner J 2013;13:214–23. 

112. Akech J, Sinha Roy S, Das SK. Modulation of cholinephosphotransferase activity in 

breast cancer cell lines by Ro5-4864, a peripheral benzodiazepine receptor agonist. Biochem 

Biophys Res Commun 2005;333:35-41. doi: 10.1016/j.bbrc.2005.05.071. 

113. Airas L, Nylund M, Rissanen E. Evaluation of microglial activation in multiple 

sclerosis patients using positron emission tomography. Front Neurol 2018;9:181. doi: 

10.3389/fneur.2018.00181. 

114. Anzini M, Cappelli A, Vomero S, et al. Mapping and fitting the peripheral 

benzodiazepine receptor binding site by carboxamide derivatives. Comparison of different 

approaches to quantitative ligand receptor interaction modeling. J Med Chem 2001;44:1134–

50. doi: 10.1021/jm0009742. 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
21 | P a g e  
 

115. Venneti S, Lopresti BJ, Wiley CA. Molecular imaging of microglia/macrophages in the 

brain. Glia 2013;61:10-23. doi: 10.1002/glia.22357. 

116. Mattner F, Mardon K, Katsifis A. Pharmacological evaluation of [123I]-CLINDE: A 

radioiodinated imidazopyridine-3-acetamide for the study of peripheral benzodiazepine 

binding sites (PBBS). Eur J Nucl Med Mol Imaging 2008;35:779-89. doi: 10.1007/s00259-

007-0645-5. 

117. Van Camp N, Boisgard R, Kuhnast B, et al. In vivo imaging of neuroinflammation: A 

comparative study between [18F]PBR111, [11C]CLINME and [11C]PK11195 in an acute rodent 

model. Eur J Nucl Med Mol Imaging 2010;37:962-72. doi: 10.1007/s00259-009-1353-0. 

118. Okubo T, Yoshikawa R, Chaki S, et al. Design, synthesis and structure-affinity 

relationships of aryloxyanilide derivatives as novel peripheral benzodiazepine receptor ligands. 

Bioorg Med Chem 2004;12:423-38. doi: 10.1016/j.bmc.2003.10.050. 

119. Gershen LD, Zanotti-Fregonara P, Dustin IH, et al. Neuroinflammation in temporal 

lobe epilepsy measured using positron emission tomographic imaging of translocator protein. 

JAMA Neurol 2015;72:882-88. doi: 10.1001/jamaneurol.2015.0941. 

120. Plaven-Sigray P, Schain M, Zanderigo F, et al. Accuracy and reliability of [11C]PBR28 

specific binding estimated without the use of a reference region. Neuroimage 2019;188:102-

10. doi: 10.1016/j.neuroimage.2018.11.020. 

121. Guo Q, Owen DR, Rabiner EA, et al. A graphical method to compare the in vivo 

binding potential of PET radioligands in the absence of a reference region: application to 

[11C]PBR28 and [18F]PBR111 for TSPO imaging. J Cereb Blood Flow Metab 2014;34:1162-

68. doi: 10.1038/jcbfm.2014.65. 

122. Fujita M, Kobayashi M, Ikawa M, et al. Comparison of four 11C-labeled PET ligands 

to quantify translocator protein 18 kDa (TSPO) in human brain: (R)-PK11195, PBR28, DPA-

713, and ER176-based on recent publications that measured specific-to-non-displaceable 

ratios. EJNMMI Res 2017;7:1-5. doi: 10.1186/s13550-017-0334-8. 

123. Zanotti-Fregonara P, Pascual B, Veronese M, et al. Head-to-head comparison of 11C-

PBR28 and 11C-ER176 for quantification of the translocator protein in the human brain. Eur J 

Nucl Med Mol Imaging 2019;46:1822-29. doi: 10.1007/s00259-019-04349-w. 

124. Werry EL, Bright FM, Piguet O, et al. Recent developments in TSPO PET imaging as 

a biomarker of neuroinflammation in neurodegenerative disorders. Int J Mol Sci 2019;20:1-21. 

doi: 10.3390/ijms20133161. 

125. Tiwari AK, Ji B, Yui J, et al. [18F]FEBMP: Positron emission tomography imaging of 

TSPO in a model of neuroinflammation in rats, and in vitro autoradiograms of the human brain. 

Theranostics 2015;5:961-69. doi: 10.7150/thno.12027. 

126. Ikawa M, Lohith TG, Shrestha S, et al. 11C-ER176, a radioligand for 18-kDa 

translocator protein, has adequate sensitivity to robustly image all three affinity genotypes in 

human brain. J Nucl Med 2017;58:320-25. doi: 10.2967/jnumed.116.178996. 

127. Lee SH, Denora N, Laquintana V, et al. Radiosynthesis and characterization of 

[18F]BS224: a next-generation TSPO PET ligand insensitive to the rs6971 polymorphism. Eur 

J Nucl Med Mol Imaging 2021;49:110-24. doi: 10.1007/s00259-021-05617-4. 

128. Kim K, Kim H, Bae SH, et al. [18F]CB251 PET/MR imaging probe targeting 

translocator protein (TSPO) independent of its polymorphism in a neuroinflammation model. 

Theranostics 2020;10:9315-31. doi: 10.7150/thno.46875. 

129. Schottelius M, Wirtz M, Eiber M, et al. [(111)In]PSMA-I&T: expanding the spectrum 

of PSMA-I&T applications towards SPECT and radioguided surgery. EJNMMI Res 2015;5:68. 

doi: 10.1186/s13550-015-0147-6. 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
22 | P a g e  
 

130. Hernot S, van Manen L, Debie P, et al. Latest developments in molecular tracers for 

fluorescence image-guided cancer surgery. The Lancet Oncology 2019;20:e354-e367. doi: 

10.1016/s1470-2045(19)30317-1. 

131. Goto M, Ryoo I, Naffouje S, et al. Image-guided surgery with a new tumour-targeting 

probe improves the identification of positive margins. EBioMedicine 2022;76:103850. doi: 

10.1016/j.ebiom.2022.103850. 

132. Tang C, Du Y, Liang Q, et al. Development of a novel histone deacetylase-targeted 

near-infrared probe for hepatocellular carcinoma imaging and fluorescence image-guided 

surgery. Mol Imaging Biol 2020;22:476-85. doi: 10.1007/s11307-019-01389-4. 

133. Ito R, Kamiya M, Urano Y. Molecular probes for fluorescence image-guided cancer 

surgery. Curr Opin Chem Biol 2022;67:102112. doi: 10.1016/j.cbpa.2021.102112. 

134. Li S, Cheng D, He L, et al. Recent progresses in NIR-I/II fluorescence imaging for 

surgical navigation. Front Bioeng Biotechnol 2021;9:768698. doi: 10.3389/fbioe.2021.768698. 

135. HM DEV, Schottelius M, Brouwer OR, et al. The role of fluorescent and hybrid tracers 

in radioguided surgery in urogenital malignancies. Q J Nucl Med Mol Imaging 2021;65:261-

270. doi: 10.23736/S1824-4785.21.03355-0. 

136. van Leeuwen FWB, Schottelius M, Brouwer OR, et al. Trending: Radioactive and 

Fluorescent Bimodal/Hybrid Tracers as Multiplexing Solutions for Surgical Guidance. J Nucl 

Med 2020;61:13-19. doi: 10.2967/jnumed.119.228684. 

137. Cordonnier A, Boyer D, Besse S, et al. Synthesis and in vitro preliminary evaluation of 

prostate-specific membrane antigen targeted upconversion nanoparticles as a first step towards 

radio/fluorescence-guided surgery of prostate cancer. J Mater Chem B 2021;9:7423-7434. doi: 

10.1039/d1tb00777g. 

138. Ren F, Liu H, Zhang H, et al. Engineering NIR-IIb fluorescence of Er-based lanthanide 

nanoparticles for through-skull targeted imaging and imaging-guided surgery of orthotopic 

glioma. Nano Today 2020;34:100905. doi: 10.1016/j.nantod.2020.100905. 

139. Li X, Schumann C, Albarqi HA, et al. A Tumor-Activatable Theranostic Nanomedicine 

Platform for NIR Fluorescence-Guided Surgery and Combinatorial Phototherapy. Theranostics 

2018;8:767-784. doi: 10.7150/thno.21209. 

140. Li CH, Kuo TR, Su HJ, et al. Fluorescence-guided probes of aptamer-targeted gold 

nanoparticles with computed tomography imaging accesses for in vivo tumor resection. Sci 

Rep 2015;5:15675. doi: 10.1038/srep15675. 

141. Li D, Liu Q, Qi Q, et al. Gold nanoclusters for NIR-II fluorescence imaging of bones. 

Small 2020;16:e2003851. doi: 10.1002/smll.202003851. 

142. Shi X, Cao C, Zhang Z, et al. Radiopharmaceutical and Eu(3+) doped gadolinium oxide 

nanoparticles mediated triple-excited fluorescence imaging and image-guided surgery. J 

Nanobiotechnology 2021;19:212. doi: 10.1186/s12951-021-00920-6. 

143. Zhang J, Li C, Zhang X, et al. In vivo tumor-targeted dual-modal fluorescence/CT 

imaging using a nanoprobe co-loaded with an aggregation-induced emission dye and gold 

nanoparticles. Biomaterials 2015;42:103-11. doi: 10.1016/j.biomaterials.2014.11.053. 

144. M. Tsuchimochi, K. Hayama, M. Toyama, et al. Dual-modality imaging with 99mTc and 

fluorescent indocyanine green using surface-modified silica nanoparticles for biopsy of the 

sentinel lymph node: an animal study. EJNMMI Research 2013;3:1-11. 

145. Yamaguchi H, Tsuchimochi M, Hayama K, et al. Dual-labeled near-infrared/99mTc 

imaging probes using pamam-coated silica nanoparticles for the imaging of Her2-expressing 

cancer cells. Int J Mol Sci 2016;17:1-15. doi: 10.3390/ijms17071086. 

146. Sun X, Huang X, Guo J, et al. Self-illuminating 64Cu-doped CdSe/ZnS nanocrystals for 

in vivo tumor imaging. J Am Chem Soc 2014;136:1706-9. doi: 10.1021/ja410438n. 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
23 | P a g e  
 

147. Chen K, Li ZB, Wang H, et al. Dual-modality optical and positron emission 

tomography imaging of vascular endothelial growth factor receptor on tumor vasculature using 

quantum dots. Eur J Nucl Med Mol Imaging 2008;35:2235-44. doi: 10.1007/s00259-008-0860-

8. 

148. Hu H, Huang P, Weiss OJ, et al. PET and NIR optical imaging using self-illuminating 

64Cu-doped chelator-free gold nanoclusters. Biomaterials 2014;35:9868-9876. doi: 

10.1016/j.biomaterials.2014.08.038. 

149. V.M. Blanco, Z. Chu, K. LaSance, et al. Optical and nuclear imaging of glioblastoma 

with phosphatidylserine-targeted nanovesicles. Oncotarget 2016;7:32866-75. 

150. Chen F, Ma K, Zhang L, et al. Target-or-clear zirconium-89 labeled silica nanoparticles 

for enhanced cancer-directed uptake in melanoma: A comparison of radiolabeling strategies. 

Chem Mater 2017;29:8269-8281. doi: 10.1021/acs.chemmater.7b02567. 

151. Yuen R, West FG, Wuest F. Dual probes for positron emission tomography (PET) and 

fluorescence imaging (FI) of cancer. Pharmaceutics 2022;14:1-22. doi: 

10.3390/pharmaceutics14030645. 

152. Schottelius M, Wurzer A, Wissmiller K, et al. Synthesis and Preclinical 

Characterization of the PSMA-Targeted Hybrid Tracer PSMA-I&F for Nuclear and 

Fluorescence Imaging of Prostate Cancer. J Nucl Med 2019;60:71-78. doi: 

10.2967/jnumed.118.212720. 

153. An FF, Kommidi H, Chen N, et al. A conjugate of pentamethine cyanine and 18F as a 

positron emission tomography/near-infrared fluorescence probe for multimodality tumor 

imaging. Int J Mol Sci 2017;18:1214. doi: 10.3390/ijms18061214. 

154. Deng H, Wang H, Wang M, et al. The synthesis and evaluation of 64Cu-DOTA-

NTCy5.5 as a dual-modality PET/fluorescence probe to image neurotensin receptor-positive 

tumor. Mol Pharm 2015;12:3054-61. doi: 10.1021/acs.molpharmaceut.5b00325. 

155. Hekman MC, Rijpkema M, Muselaers CH, et al. Tumor-targeted dual-modality 

imaging to improve intraoperative visualization of clear cell renal cell carcinoma: a first in man 

study. Theranostics 2018;8:2161-2170. doi: 10.7150/thno.23335. 

156. Li D, Zhang J, Chi C, et al. First-in-human study of PET and optical dual-modality 

image-guided surgery in glioblastoma using (68)Ga-IRDye800CW-BBN. Theranostics 

2018;8:2508-2520. doi: 10.7150/thno.25599. 
 
 
 
List of Figures 

Acc
ep

ted
 M

an
us

cri
pt



Accepted Manuscript (unedited) 

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

 
24 | P a g e  
 

 
Figure 1. The molecular mechanism of TSPO in tumor cells. TSPO is primarily located on the outer 
mitochondria membrane, which has a role in transporting cholesterol from the outer to the inner 
mitochondrial membrane during the steroidogenesis process. TSPO is also involved in Ca2+ ion 
regulations by working together with VDAC1 (voltage-dependent anion channel 1), ANT (adenine 
nucleotide transporter), and ATPase for ROS generation and ATP production.9 TSPO in tumor cells is 
primarily localized in the nucleus membrane.74 The increase of TSPO in tumor cells also provides 
energy for cell proliferation.8 Several images were taken from Servier Medical Art: smart.servier.com. 
 

 
Figure 2. The topology structure of TSPO and ligands binding sites. Reproduced with permission from 
Ref. 44. Copyright © 2014 John Wiley & Sons, Inc. 
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Figure 3. First generation radiolabeled TSPO ligands. 
 

 
Figure 4. Second generation radiolabeled TSPO ligands. 
 

 
Figure 5. Third generation radiolabeled TSPO ligands. 
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Figure 6. Structure of [111In]-PSMA-I&T and IRDye800CW-SAHA. 
 

 
Figure 7. Schematic overview of radio, fluorescence, and hybrid imaging, and their potential use for 
preoperative, intraoperative, and post-operative cancer surgery. Radioguided surgery (RGS) often 
uses gamma, beta, or Cerencov radiation emitted by the radiotracer to navigate tumor location, while 
fluorescence imaging relies on fluorophore. Hybrid imaging-guided surgery combines a radiotracer 
and a fluorescence compound to reduce the limitations of each method, thereby increasing the 
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precision of the surgery process.29,136,151 Several images were taken from publicdomainvectors.org and 
openclipart.org under a Creative Commons Attribution CC0 1.0 (Universal Public Domain Dedication). 
 

 
Figure 8. Chemical structure of [68Ga]/[177Lu]-PSMA-I&F. 
 

 
Figure 9. Chemical structure of [68Ga]-IRDye800CW-BBN (A). The fluorescence image confirmed the 
presence of glioblastoma multiforme in nude mouse (B). The color image showed the tumor nodule 
(C). Merged images of B and C, showing fluorescence signals from tumor tissues (D). The H&E image 
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confirmed the result of tumor (E). Scale bars, preoperative row, 5 mm. Reproduced with permission 
from Ref. 156. Copyright © 2018 Ivyspring International Publisher.  
 

 
Figure 10. Chemical structure of [64Cu]-DOTA-NT-Cy5.5 (A). Digital pictures of the mouse bearing HT-
29 tumor after 4 h injection of [64Cu]DOTA-NT-Cy5.5 and the tumor removal (B-E), and fluorescence 
imaging for surgical navigation during surgery (F-I). Reproduced with permission from Ref. 154. 
Copyright © 2015 American Chemical Society.  
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Figure 11. Chemical structure of [18F]-Cy5-BF3. 
 

 
Figure 12. Structure of PET tracer [18F]V-1008 and fluorescent probe V-1520. 
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