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Somatostatin receptors (SSTRs) are peptide receptors that are 
overexpressed in a wide variety of cancers including neuroendocrine tumors 
(NETs). Because of their short biological half-life and low metabolic stability 
in vivo, natural somatostatin ligands are not suitable for clinical applications. 
Octreotide is a synthetic somatostatin peptide analog that has been 
extensively evaluated for the development of SSTR-specific molecular 
imaging and radionuclide therapy of NETs. In this review, we summarize the 
development of the radiolabeled octreotide analogs 111In, 99mTc, and 123I for 
molecular imaging of NETs via single-photon emission computed tomography 
(SPECT), 68Ga-labeled somatostatin analog for molecular imaging using 
positron emission tomography (PET), and 177Lu-, 90Y-, and 111In-labeled 
somatostatin analogs for peptide receptor radionuclide therapy (PRRT) of 
NETs. Our review of the literature indicates that these radiolabeled 
somatostatin analogs exhibit good image quality and high tumor uptake and 
highlight the potential applications of radiolabeled somatostatin analogs for 
the molecular imaging and targeted treatment of NETs.  
Keywords: somatostatin, peptide, radiopharmaceuticals, therapy, imaging 
 

 
INTRODUCTION 

Cancer is one of the most burdensome and 
life-threatening diseases in the world (World 
Health Organization, 2019). More than 19 million 
cancer cases were estimated worldwide for 2020, 
with new cases projected to be 28.4 million in 2040 
(Sung et al., 2021). Standard primary cancer 
treatment options such as surgery, chemotherapy, 
and radiation are available (Harrington et al., 
2010), used as single treatments or in combination 
(Jamous et al., 2013). As an alternative to                     
these standard treatments, radiopharmaceutical 
therapy (RPT) has been shown to be a safer                    
and more effective approach (Sgouros et al.,            
2020). Radiopharmaceuticals (radioactive drugs) 
comprise biologically active molecules labeled with 
radionuclides. These radioactive molecules have 
long been used in the field of nuclear medicine to 
treat a wide variety of diseases including cancers 
(Payolla et al., 2019) by delivering radiation doses 
to target cells (Sgouros et al., 2020). Depending on 
the nature of the radionuclides used (their type of 

emission), radiopharmaceuticals are categorized as 
either diagnostic or therapeutic (Payolla et al., 
2019). These radioagents can be administered 
intravenously or locoregionally (Sgouros et al., 
2020). The combination of diagnostic 
radiopharmaceuticals with nuclear molecular 
imaging modalities enables the visualization of 
physiological and biological processes in the                 
living body (Payolla et al., 2019). In the case of 
therapeutic radiopharmaceuticals, these drugs               
are able to deliver cytotoxic radiation to target sites 
(Sgouros, 2019). However, as well as their 
beneficial applications, radiopharmaceuticals             
with low specificity and selectivity commonly 
generate toxicity that may eventually limit their 
efficacy as cancer treatment approaches (Jamous et 
al., 2013). Accordingly, the development of 
radiopharmaceutical agents with high specificity             
is crucial to enable the targeting of cancer                       
cells without harming healthy cells (Jamous                           
et al., 2013; Ramli et al., 2012; Worm et al.,                
2020).  
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Biomolecules such as antibodies, peptides, 
carbohydrates, vitamins, and aptamers are 
frequently employed to improve specific protein 
target interaction (Humani et al., 2017; Ramli et al., 
2013; Yeole et al., 2013). Peptides offer particular 
advantages over other targeting moieties (Graham 
& Menda, 2011; Okarvi, 2008; Yeole et al., 2013). 
Besides their small size compared to antibodies, 
they possess high specificity and high tumor 
penetration, thus enabling them to effectively 
localize in peptide receptors (Graham & Menda, 
2011; Okarvi, 2008; Yeole et al., 2013). Small 
peptides are relatively easy to synthesize and 
modify by chemical modifications at large scale, in 
order to substantially imitate the specific binding of 
natural peptides in ways that improve their affinity 
and specificity to particular targets (Graham & 
Menda, 2011; Okarvi, 2008; Palangka et al., 2019). 
Peptides can survive extreme reaction conditions 
(pH, temperature etc.) (Maecke, 2005; Okarvi, 
2004). In addition, small peptides demonstrate 
favorable pharmacokinetic behavior and high 
target-to-non-target ratios, as well as rapid 
elimination from the blood and non-target sites 
(Okarvi, 2008). These features are essential for 
diagnostic imaging and peptide-receptor-targeted 
therapy (Graham & Menda, 2011; Okarvi, 2008). 

Over the last two decades, extensive 
development of radiolabeled small peptides for 
cancer diagnosis and therapy has been carried out 
(Ambrosini, Fani, et al., 2011; Okarvi, 2004, 2008). 
This development focuses on the overexpression of 
peptide receptors that are found in many cancer-
cell surfaces (Okarvi, 2008; Reubi, 2004). One of the 
groups of peptide receptors that has been 
extensively investigated thus far is the 
somatostatin receptors (SSTRs) (Ambrosini et al., 
2011). SSTRs comprise a group of seven 
transmembrane domain G protein-coupled 
receptors that belong to the rhodopsin-like family 
and that can selectively bind to many intracellular 
ligand systems (Günther et al., 2018; Reubi, 2003). 
The family of SSTRs is widely expressed in various 
tissues, including nervous, pituitary, kidney, lung, 
and immune tissues (Patel, 1999). Somatostatin 
ligand binding to SSTRs triggers a wide array of 
signaling pathways leading to biological responses 
(Banerjee et al., 2015; Bodei et al., 2009; Gomes-
Porras et al., 2020). Up to now, five distinct 
subtypes of SSTRs (SSTR1–SSTR5) have been 
identified (Okarvi, 2008). Among the SSTR 
subtypes found in human cancer cells, SSTR2 is 
predominant (Ambrosini, et al., 2011; Banerjee et 
al., 2015; Fani, et al., 2012; Okarvi, 2008). 

Somatostatin receptors are widely 
distributed in healthy tissues, with an  expression 
pattern that differs across the body (Eychenne et 
al., 2020). In contrast to healthy tissues, high levels 
of expression of SSTRs can be found in many 
tumors, and in particular in neuroendocrine 
tumors (NETs) (Thundimadathil, 2012). NETs are a 
distinctive group of tumors deriving from 
dispersed cells that differ in clinical behavior, 
histology, and naming system (Bodei et al., 2009; 
Navalkissoor & Grossman, 2019; Oronsky et al., 
2017; Tsoli et al., 2019). It has been reported that 
NETs such as pituitary adenoma, pancreatic islet 
cell tumor, carcinoid, pheochromocytoma, 
paraganglioma, medullary thyroid cancer, and 
small cell lung carcinoma show excessive 
expression of these SSTRs (Banerjee et al., 2015; 
Fani, Maecke, et al., 2012; Okarvi, 2008; Rufini et al., 
2006). In addition, gastroentero-pancreatic 
neuroendocrine tumors (GEP-NETs), including 
meningioma, neuroblastoma, and 
medulloblastoma also show a higher density of 
SSTRs (Banerjee et al., 2015; Fani et al., 2012; 
Jamous et al., 2013). Other non-NETs, such as renal 
cancer, breast cancer, lymphoma, hepatocellular 
cancer, prostate cancer, and gastric cancer, are also 
SSTR overexpressing (Fani et al., 2012; Okarvi, 
2008).  

Selective binding of the somatostatin ligand 
with SSTRs allows specific targeting of radiolabeled 
somatostatins to SSTRs (Rufini et al., 2006). The 
present review summarizes the development of 
radiolabeled somatostatin analogs for diagnostic 
imaging and peptide receptor radionuclide therapy 
(PRRT) of NETs. Major emphasis is given to the 
development of iodine-123 (123I), indium-111 
(111In), technetium-99m (99mTc), and gallium-68 
(68Ga) labeled somatostatin analogs for NET 
imaging using PET or SPECT. For therapeutic 
purposes, indium-111 (111In), lutetium-177 (177Lu), 
and yttrium-90 (90Y) labeled somatostatin analogs 
are described herein.  

  
Somatostatin and its analogs 

Somatostatin is a cyclic polypeptide derived 
from a somatostatin precursor protein that is 
converted into peptide hormones including 
somatostatin-14 (SS-14) and somatostatin-28               
(SS-28) (Okarvi, 2008). Somatostatin has many 
biological roles, including acting as a 
neurotransmitter and neuromodulator in the 
central nervous system and inhibiting the  
secretion of peptide hormones such as glucagon, 
insulin, and growth hormone (Günther et al., 2018).  
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Two native somatostatin ligands, SS-14 and 

SS-28, exist in the human body (Okarvi, 2008). 

However, these naturally occurring somatostatins 

are known to undergo extremely fast enzymatic 

degradation (half-life of three minutes) in plasma 

and tissues   by peptidase, making them unsuitable 

for clinical use (Gomes-Porras et al., 2020; Okarvi, 

2008; Wängberg et al., 1997). The synthesis of 

somatostatin-modified analogs is therefore 

required to produce more metabolically stable 

peptides (Gomes-Porras et al., 2020; Okarvi, 2008). 

In the early 1980s, the somatostatin analog 

octreotide ( 

Figure 1) was developed and approved for 

clinical application (Bodei et al., 2009). Octreotide 

(SMS 201-995), marketed under the name 

Sandostatin®, is an octapeptide somatostatin 

analog and the first agonist peptide analog to be 

approved by the Food and Drug Administration 

(FDA) (Eychenne et al., 2020; Gomes-Porras et al., 

2020). It has been used for the treatment of 

acromegaly and GEP-NETs over the past 20 years 

(Anthony & Freda, 2009). Octreotide is 

characterized by its high affinity for SSTR2 and 

moderate affinity for both SSTR5 and SSTR3 (Bodei 

et al., 2009; Reubi et al., 2000). In addition, 

octreotide has an antiproliferative effect that can 

inhibit the proliferation of gastric cells mediated by 

P300-histone acetyltransferase (P300-HAT) (Wang 

et al., 2017). Moreover, this octapeptide agonist 

peptide has a longer half-life (90–120 min) and 

greater metabolic stability than native 

somatostatin (Anthony & Freda, 2009). 

Structurally, when Phe3 in octreotide (D-Phe3-

octreotide) ( 

Figure 1) is replaced by Tyr3,  affinity toward 

SSTR2 is increased (Eychenne et al., 2020). To the 

best of our knowledge, octreotide-                   based 

peptides are the most widely used somatostatin 

analog for clinical applications (Ambrosini, et al., 

2011). A significant number of publications have 

reported the development of radiolabeled 

octreotide-based peptides for diagnosis and 

therapy of NETs (Romer et al.,               2014; Wild et 

al., 2013). Radiolabeled peptides have drawn 

considerable attention in relat ion to their 

properties for the diagnosis and therapy of NETS. 

The application of radionuclide-labeled 

somatostatin analogs for the treatment of                   

NETs has been widely employed over the                           

last two decades. The radiolabeled peptides                  

used for targeting receptors are composed of 

various components, namely targeting peptide 

vectors, linkers, and radionuclides that are              

coupled to bifunctional chelating agents                       

(BFCA) or chelators (Maecke, 2005; Okarvi,              

2008). The chelators are either directly conjugated 

to the targeting moiety or attach via a linker  ( 

 
 
Figure 1. Structure of naturally occurring somatostatin-14, octreotide, Phe3-octreotide and Tyr3-octreotide 
(Ambrosini, et al., 2011; Okarvi, 2008) 
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Figure 2) (Maecke, 2005; Okarvi, 2008; 

Teodoro et al., 2011).  

A linker is usually used for pharmacokinetic 

modulation of the targeted radiopharmaceuticals 

(Liu & Edwards, 2001). The first 

radiopharmaceutical developed for PRRT was 
111In-diethylentriaminepentaacetic acid-octreotide   

(111In-DTPA-octreotide,  OctreoScan®).  

 
 

Figure 2. A general strategy of receptor targeted 
radiopharmaceuticals (Okarvi, 2008) with modification 

 
Gamma radiation of 111In can be used for 

SPECT imaging of NETs (Bodei et al., 2009; 
Navalkissoor & Grossman, 2019; Rufini et al., 
2006). In addition, this radiolabeled peptide was 
the first approved by the FDA for the imaging of 
NETs (Bodei et al., 2009; Navalkissoor & Grossman, 
2019; Rufini et al., 2006). OctreoScan also exhibits 
the therapeutic efficacy associated with the release 
of short-penetrating Auger electrons that cause cell 
death (Bodei et al., 2009; Navalkissoor & Grossman, 
2019). However, the high cost, unfavorable         
nuclear properties, and restricted availability                  
of 111In are the main factors limiting the application 
of this radiolabeled peptide (Ambrosini et al., 
2011).  

The selection of radionuclides for 
radiolabeling of targeting molecules such as 
peptides and antibodies depends on the purpose of 
the application. The targeting vector can be 

radiolabeled with diagnostic radionuclides (SPECT 
or PET radionuclides) for diagnosis or imaging of 
disease. SPECT and PET are nuclear molecular 

imaging techniques used for early detection of and 
therapeutic response to disease (Brust et al., 2014). 
Both nuclear imaging techniques allow the 
visualization, characterization, and measurement 
of biological processes of radiolabeled molecules in 
vivo (Dobrucki & Sinusas, 2010; Palumbo et al., 
2014). For molecular SPECT imaging, the targeting 
moiety is labeled by gamma (γ)-emitting 
radionuclides (100-250 keV) (Maecke, 2005). Both 
SPECT and PET offer many advantages, including 
high sensitivity, good spatial resolution, and 
unlimited penetration depth, making them pivotal 
players in molecular imaging for preclinical and 
clinical studies (Lu & Yuan, 2015). SPECT 
radionuclides include 99mTc and 123I (Maecke, 
2005), while PET radionuclides include fluorine-18 
(18F) and 68Ga. (Maecke, 2005; Sugiura et al., 2014). 
For therapeutic applications, the targeting vector 
must be labeled with a high linear energy                
transfer (LET) radionuclide that can kill tumor 
tissues (Maecke, 2005; Sofou, 2008). LET is             
defined as the amount of energy transferred                    
per unit of path length by the emitted particles–
mainly beta  (β-)-particle emitting radionuclides 
(Sofou, 2008), alpha (α)-emitters (Dadachova, 
2010), and Auger-electron-emitters (Ku et al., 
2019). The most widely used radionuclides in 
nuclear medicine for NET imaging and            
therapeutic purposes (Duijzentkunst et al., 2017; 
Okarvi, 2008; Sugiura et al., 2014; Wang et al., 
2013) (Table I).  

As mentioned earlier, small peptides can be 
radiolabeled with radionuclides of choice for 
diagnosis and/or therapy (Okarvi, 2008). It is 
therefore of great importance that the 
radiolabeling methods used deliver high 

Table I. Characteristics of radionuclides commonly used for diagnosis and radiotherapy of NETs 
 

Radionuclides Type of rays Half-life (h) Energy (keV) Source Purpose 
99mTc γ 6.02 140 Generator Diagnosis 

123I γ 13.2 159 Cyclotron Diagnosis 
68Ga γ 1.13 511 Generator Diagnosis 
18F γ 1.82 511 Cyclotron Diagnosis 

111In 
γ 

67.2 
173 and 247 keV 

Cyclotron 
Diagnosis 

Auger electron to 19 
Therapy 

Conversion electron to 244 
90Y β 64.1 2.288 Reactor/generator Therapy 

177Lu 
β 
γ 

160.8 
500 

113-208 
Reactor Therapy 
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radiolabeling yield, radiochemical purity, and 
specific activity (Mikołajczak & Maecke, 2016; 
Palangka et al., 2019). Reubi et al. evaluated          
affinity profiles of various somatostatin analog 
conjugates and radioconjugates toward human 
somatostatin receptors (SSTR1-SSTR5) (Reubi et 
al., 2000). They found that small structural 
alterations, chelating agent substitution, or metal 
replacement significantly influence the binding 
affinity for receptors (Reubi et al., 2000).  

In addition, small modifications of peptides 
also affect receptor subtype selectivity (Reubi et al., 
2000). It is also of great importance that labeling 
strategies retain the affinity of small peptides for 
receptors (Mikołajczak & Maecke, 2016). Two 
methods of introducing radionuclides to peptides 
have been described in the literature (Maecke, 
2005), the first of which is direct radiolabeling. One 
example of direct radiolabeling is radioiodination 
of peptides via electrophilic substitution, usually 
occurring at the amino acid portions of peptide-
bearing phenyl ring systems such as tyrosine or 
histidine (Mikołajczak & Maecke, 2016). Another 
strategy is indirect radiolabeling, effectively 
performed by conjugating the peptide to 
radionuclides via BFCAs (Sugiura et al., 2014). This 
approach is commonly employed for radiometals 
such as 111In, 99mTc, 68Ga, 177Lu, and 90Y, due to 
difficulties in coupling them with the targeting 
peptide vector (Mikołajczak & Maecke, 2016).  

 
Radiolabeled somatostatins for the imaging of 
NETs  
[123I]-[3-iodo-Tyr3]-octreotide 

123I is a cyclotron-produced radionuclide 
with a half-life of 13 hours emitting gamma energy 
of 159 keV (Morphis et al., 2021). The first 
radiolabeled peptide of [123I]-[3-iodo-Tyr3]-
octreotide was developed by a research group in 
Rotterdam that studied the in-vivo localization of 
endocrine-associated tumors (Krenning et al., 
1989) and in-vivo somatostatin receptor scinti-
graphy (SRS) of radioiodinated Tyr3-octreotide 
(Bakker et al., 1990). In this development, Phe3 was 
replaced by Tyr3, resulting in an improvement of 
affinity to SSTR2 (IC50=2.0±0.7nM) and an 
enhanced rate of accumulation in human tumors 
(Lamberts et al., 1990; Maecke, 2005). Despite the 
good image outcomes of this radiolabeled peptide 
(Lamberts et al., 1990), it appears that the 
radiotracer is not an ideal diagnostic imaging agent 
(Maecke, 2005). The difficulties of radiolabeling 
strategy and the high lipophilicity of this 
radioiodinated tracer are considered as the main 

features that limit its application (Fischman et al., 
1993; Krenning et al., 1993).  
111In-DTPA-octreotide 

111In radionuclide has a 2.8-day physical 
half-life and produces two gamma emissions, at 
171 and 245 keV (Zhang et al., 2017). Radiolabeling 
peptides with 111In usually achieved via chelators 
such as DTPA and 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA). In an attempt               
to develop improved somatostatin analog-based 
radiopharmaceuticals for somatostatin receptor 
scintigraphy (SRS), 111In-DTPA-octreotide 
(OctreoScan™, Mid-South Imaging & Therapeutics, 
Memphis, TN) was developed (Kwekkeboom et al., 
2000; Maecke, 2005; Rufini et al., 2006). This 
radiopharmaceutical became the first FDA-
approved radiodiagnostic molecular probe. The 
hydrophilic nature of this radiopeptide improves 
its pharmacokinetic profile, in that it is eliminated 
from the body via the kidneys (Maecke, 2005). 
However, this radiopeptide exhibits a rather low 
affinity for human SSTR2 (IC50=22±3.6nM) 
accompanied by slow internalization rate (Maecke, 
2005).  
99mTc-labeled somatostatin analog 

The continuing effort to provide better-
quality images of somatostatin-receptor-positive 
neuroendocrine cancers has also been pursued 
through the development of 99mTc-based 
radiopharmaceuticals. 99mTc radionuclide is the 
most widely employed diagnostic radionuclide, 
owing to its favorable nuclear and physical 
properties (Boschi et al., 2019). 99mTc has a physical 
half-life of six hours and emits pure gamma               
energy of 140 keV that is suitable for SPECT 
medical imaging (Saptiama et al., 2016). In 
addition, 99mTc radionuclide is widely available 
worldwide and can be obtained from commercial 
99Mo/99mTc generators (Boschi et al., 2019). 
Numerous studies investigating 99mTc-based 
radiopeptides have been reported (Kuzmanovska 
et al., 2011; Maina et al., 2002; Mikołajczak, 2009; 
Widyastuti et al., 2007). The radiolabeling of 
peptides with 99mTc can be performed by                       
direct and indirect methods (Okarvi, 2008). The 
former approach typically occurs through             
disulfide bonds (S-S) or thiol groups of                  
peptides, while indirect radiolabeling requires 
BFCAs. Preparation of 99mTc-labeled peptides                   
via indirect approaches using BCF As such                         
as mercaptoacetyltriglycine (MAG3) and 
hydrazinonicotinamide (HYNIC) are reported in 
the literature (Teodoro et al., 2011). The HYNIC 
ligand is frequently used BFCAs for the preparation 
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of octreotide somatostatin analog (Liepe & Becker, 
2018).  

The presence of coligands such as EDDA and 
tricine may significantly improve the radiolabeling 
yield and pharmacokinetics of 99mTc radiolabeled 
peptides (Kuzmanovska et al., 2011). The 
preparation of 99mTc-EDDA/HYNIC-TOC achieves a 
radiochemical yield of more than 90%. The 
diagnostic efficiency of 99mTc-EDDA/HYNIC-TOC 
and    99mTc-EDDA/HYNIC-octreotate have been 
evaluated (Deveci    et al.,   2013;   Kuzmanovska  et  
al., 2011). 99mTc-EDDA/HYNIC-TOC produces 
comparable images to 111In-DTPA-Octreotide 
(OctreoScan) (Gabriel et al., 2003). In addition, 
99mTc-EDDA/HYNIC-TOC exhibits a higher 
sensitivity as an imaging radiopeptide than 
OctreoScan (Table II). Despite the progress of 
SPECT imaging of NETs using 99mTc-based 
radiopharmaceuticals, the lower spatial resolution 
and sensitivity of SPECT modality compared to PET 
may limit the development of 99mTc radiolabeled 
peptides (Duatti, 2021). Nevertheless, efforts to 
develop novel 99mTc-based radiodiagnostic probe 
for the imaging of SSTR-positive NETs continue. 
The preparation of these new 99mTc-labeled 
peptides employs a more robust 99mTc-tricarbonyl 
core to achieve high radiolabeling yields and better 
images (Radford et al., 2017). 
68Ga-labeled somatostatin analogs for molecular 
imaging of NETs 

Positron emission tomography (PET) is a 
non-invasive functional nuclear molecular imaging 
technique that employs biomolecules labeled with 
short half-life PET radionuclides (e.g. 18F, 11C, 68Ga, 

etc.) for in-vivo visualization and collection of 
quantitative information about physiological, 

biochemical, and pharmacological processes in the 
living organism at the molecular or cellular level 
(Ametamey et al., 2008; Jacobs et al., 2003; Paans & 
Vaalburg, 2000; Phelps, 2000; Ritawidya et al., 
2019; Wuest, 2005). PET scans are based on the 
coincident detection of one pair of 511 keV photons 
produced through the so-called annihilation 
process taking place when the positrons (β+) 
emitted by the PET radionuclide after the injection 
of PET tracers into the living body combine with 
electrons in the tissue observed (Alauddin, 2012). 
Three-dimensional (3D) images of radiolabeled 
PET probe concentration within the body are 
generated using appropriate software and analysis 
(Alauddin, 2012). PET imaging has shown great 
efficacy for diagnostic applications in the fields of 
oncology, cardiology, and neurology for clinical 
diagnostics, as well as for basic human 
investigations, research, drug development and 
evaluation, and preclinical research using non-
human primates and rodents (Ametamey et al., 
2008; Lobrano & Singha, 2003; Paans & Vaalburg, 
2000).  

PET radionuclides are commonly produced 
in a particle-accelerating machine known as a 
cyclotron (Lystad & Pollard, 2009; Wuest, 2005). 
Due to the short half-lives of PET radionuclides, 
cyclotrons are usually placed close to where the 
PET scanner is located (Lystad & Pollard, 2009; 
Turner & Jones, 2003). However, some PET 
radionuclides can also be produced by generators 
(e.g. 68Ga and 82Rb) (Dash & Chakravarty, 2019). 

Table II. 99mTc- and 68Ga-labeled somatostatin analog for imaging purpose 
 

Peptide Affinity profiles towards SSTRs References 
99mTc-depreotide 
(P829; NeoTect) 

SSTR2, SSTR3, and SSTR5 (Menda & Kahn, 2002) 

99mTc-Demotate SSTR2 K(d) = 0.07 nM (Maina et al., 2002; Okarvi, 2008) 
99mTc-EDDA/HYNIC-TOC SSTR2, and SSTR5 (Kuzmanovska et al., 2011) 

99mTc-EDDA/HYNIC-TATE SSTR2 (Deveci et al., 2013; Hubalewska-
Dydejczky, A. Fross-Baron et al., 

2006) 
 68Ga-DOTA-TOC SSTR2 (2.5 ± 0.5 nM)  

SSTR5 (73 ± 21 nM) 
(Hennrich & Benešová, 2020; Reubi et 

al., 2000; Zhang et al., 2011) 

68Ga-DOTA-TATE 
SSTR2 (0.2 ± 0.04 nM) (Poeppel et al., 2011; Reubi et al., 

2000) 
68Ga-DOTA-NOC SSTR2, SSTR3, and SSTR5 (Wild et al., 2013) 

 

Demotate = [N4,Tyr3]octreotate; EDDA = ethylenediamine-N,N'-diacetic acid; HYNIC = hydrazinonicotinic acid;TOC = 
Tyr3-octreotide; TATE = Tyr3-octreotate; DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; NOC = 1-
Nal3-octreotide  
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The availability of such generators allows the on-
site preparation of PET radiopharmaceuticals in 
small institutes or facilities and supports 
independence from the presence of accelerators 
(Dash & Chakravarty, 2019; Hennrich & Benešová, 
2020). A study comparing cyclotron 68Ga 
production and 68Ge/68Ga produced by generators 
for radiolabeling and biological investigation of 
68Ga-NOTA-BBN2 was reported by Nelson et al. 
(2020). The findings show that cyclotron-produced 
68Ga gave a higher radiolabeling yield than 68Ga 
derived from generators in the preparation of 68Ga-
NOTA-BBN2. In addition, cyclotron 68Ga production 
delivers comparable or better quality 68Ga than 
generator-produced 68Ge/68Ga. In addition, a 
comparable biodistribution profile was obtained 
for both sources of 68Ga (Nelson et al., 2020). The 
attractive physical properties of 68Ga (half-life of 68 
minutes) and its availability from generators offers 
wide potential for developing 68Ga-based PET 
radiotracers for diagnosis of various cancers that 
show higher expression of peptide receptors, 
including SSTRs, that are widely expressed in NETs 
(Jalilian, 2016).  

68Ga radionuclide has attracted increasing 
interest because this radiometal allows 
‘theranostic’ approach for personalized medicine. 
The comparable chemical properties of therapeutic 
radionuclides (e.g. 177Lu, 90Y, etc.) with diagnostic 
or imaging radionuclide (68Ga) allows them to be 
coupled with similar targeting vectors and is 
regarded as one of the key features of the 
application of 68Ga radiopharmaceuticals 
(Hennrich & Benešová, 2020; Jalilian, 2016). PET or 
SPECT molecular imaging may enable the 
prediction of patients who meet the criteria and 
will most likely benefit from PRRT, allowing 
personalized nuclear medicine (Turner, 2018). 
Therefore, following the accumulation of diagnostic 
radiopharmaceuticals in tumor tissue positive 
receptors of interest is the injection of the peptide-
targeting probe or its analog labeled with a 
therapeutic radionuclide to eradicate tumor cells 
(Hennrich & Benešová, 2020). 68Ga has a half-life of 
68 minutes, making it suitable for PET scans. In 
addition, it is a positron-emitting radionuclide 
(88%). Similarly to 111I, 177Lu, and 90Y, 68Ga can be 
effectively complexed by a macrocylic DOTA 
chelator (Zhang et al., 2017b). In contrast to          
DTPA, a DOTA chelator can result in a 
thermodynamically and kinetically stable 
complexation of trivalent radiometals (Liu & 
Edwards, 2001). The substitution of DTPA,                            
as in 111In-DTPA-octreotide (OctreoScan), with 

macrocyclic polyaminopolycarboxy chelator DOTA 
resulted in the advent of various DOTA-peptide 
conjugates, namely DOTA-(Tyr3)-octreotide 
(DOTA-TOC), DOTA-(Tyr3)-octreotate (DOTA-
TATE), and DOTA-[1-Nal3-octreotide] (DOTA-NOC) 
(Ambrosini, Campana, et al., 2011). This is mainly 
due to the inability of DTPA complexation with 
some trivalent radiometals (Kaltsas et al., 2005) 
including 68Ga. The radiopeptide conjugates 68Ga-
DOTA-TOC/TATE/NOC listed in Table  exhibit 
affinity for SSTR2 and SSTR5, with 68Ga-DOTA-NOC 
also demonstrating a good affinity toward SSTR3 
(Ambrosini, Campana, et al., 2011; Wild et al., 
2013). 

68Ga-DOTA-TOC/, 68Ga-DOTA-TATE, and 
68Ga-DOTA-NOC are the most widely used 
somatostatin analogs in clinical settings for 
diagnosis, staging, prognosis, and evaluation of the 
outcomes of NET treatment (Hofmann et al., 2001; 
Srirajaskanthan et al., 2010; Wild et al., 2013), due 
to their pharmacokinetics, blood clearance, and 
target localization, which are appropriate for 68Ga 
half-life (68 min) (Velikyan, 2014). Wild et al. 
prospectively compared 68Ga-DOTA-NOC and 68Ga-
DOTA-TATE PET/CT in 18 patients with GEP-NETs, 
as well as investigating the clinical outcome of 68Ga-
DOTA-NOC PET/CT (Wild et al., 2013). The results 
showed that 68Ga-DOTA-NOC detected more 
tumors than 68Ga-DOTA-TATE (93.5% vs. 85.5%). 
It appeared that the better performance of 68Ga-
DOTA-NOC resulted from a higher detection rate of 
liver metastases than tumor differentiation level. 
Despite its better sensitivity for detecting more 
lesions than 68Ga-DOTA-TATE, this study suggested 
further larger investigations were needed to 
confirm clinical significance of the results (Wild et 
al., 2013). A similar study evaluating both 68Ga-
labeled somatostatin analogs has been reported for 
eight patients with well-differentiated NETs 
(WDNETs) grade 1, eight patients with WDNETs 
grade 2, one patient with poorly differentiated  
NET, and four with mixed NETs (a total of 20 
patients) (Kabasakal et al., 2012). This study 
revealed similar excellent image quality and 
comparable body distribution in 68Ga-DOTA-TATE 
and 68Ga-DOTA-NOC. Furthermore, 68Ga-DOTA-
TATE demonstrated higher lesion uptake 
compared to 68Ga-DOTA-NOC, pointing to the 
potential application of this SSTR2-specific 
radiolabeled analog (Kabasakal et al., 2012).  

In 2005, studies of 68Ga-DOTA-TOC for 
imaging of meningiomas showed higher tumor-to-
background ratios of 68Ga-DOTA-TOC than those 
obtained by [18F]-2-fluoro-2-deoxy-D-glucose 
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([18F]FDG) (Henze et al., 2005). Recently, 68Ga-
DOTA-TOC was approved by the FDA for the 
imaging of somatostatin-receptor-positive GEP-
NETs using PET in adult and pediatric patients 
(FDA, 2019; Hennrich & Benešová, 2020). In 
European countries including Austria, Germany, 
and France, this 68Ga-labeled peptide was approved 
and marketed under the name IASOtoc® (IASON 
GmbH, Graz, Austria) (IASON GmbH, 2016) 
(Hennrich & Benešová, 2020) and TOCscan® (ITM 
AG, Muenchen, Germany) (Hennrich & Benešová, 
2020; ITM, 2018) in 2016 and 2018, respectively. 
In December 2016, ready-to-use DOTA-TOC kits 
(SomaKit TOC®, AAA, a Novartis company,                  
Saint-Genis-Pouilly, France) were made available in 
Europe and approved by the European                   
Medicine Agency (EMA) (EMA, 2016). In the same 
year, the DOTA-TATE kit (NETSPOTTM,                               
AAA, a Novartis company, Saint-Genis-Pouilly, 
France) was approved by the FDA for use in                      
the US for 68Ga generator-based radionuclide 
radiopharmaceuticals (AAA, 2016). DOTA-TATE 
demonstrated a 10-fold higher affinity for SSTR2 
than DOTA-TOC (Reubi et al., 2000). However, no 
statistically significant difference between the 
uptake of these 68Ga-labeled somatostatin analogs 
could be detected in vitro in monkey brain tissue or 
in-vivo/ex-vivo rat organ positive SSTRs including 
pancreas, adrenals, or pituitary. This finding 
suggested that the complicated surroundings in 
vitro and in vivo eliminated the difference detected 
in transfected cell line binding (Velikyan et al., 
2012).  

 
PRRT using radiolabeled somatostatin analogs  
111In-DTPA-octreotide 

PRRT generally comprises a radionuclide 
attached via a chelating agent to a peptide vector 
that specifically binds to peptide receptors on the 
cancer cell surface, enabling the delivery of 
radiation (Das et al., 2019). 111In-DTPA-octreotide 
(OctreoScan®) was the first radiolabeled 
somatostatin analog used in PRRT. The potential 
for application of this radiopharmaceutical lies in 
its therapeutic Auger electron emission               
(Valkema et al., 2002). Auger electrons possess 
high LET (energy of less than 25 keV; 0.02–10 μm 
of tissue penetration), making them useful for 
cancer therapy (Ku et al., 2019; Valkema et al., 
2002). Phase I study of radiolabeled octreotide            
was performed evaluating 40 patients (Valkema et 
al., 2002). Twenty one patients showed  
therapeutic responses; of these, one patient and six 
patients demonstrated partial and minor 

remission, respectively, indicating the potential                 
therapeutic application of radiolabeled octreotide 
(Valkema et al., 2002). Kidney toxicity is                
relatively mild; however, bone marrow toxicity 
may be observed when the accumulated 
administered dose is higher than 100 GBq. 
Furthermore, three of six patients who obtained a 
cumulative dose of higher than 100 GBq progressed 
to myelodysplastic syndrome and leukemia 
(Valkema et al., 2002). As a result, it was concluded 
that 100 GBq is the maximum tolerable dose 
(Valkema et al., 2002). 

The therapeutic outcomes of 111In-DTPA-
octreotide were also evaluated in SSTR-positive rat 
pancreatic CA20948-expressing SSTR2 from Lewis 
rats (Capello et al., 2005). The results showed 
complete responses (up to 50%) in animals bearing 
small tumors following at least three 
administrations of 111 MBq or a single injection of 
370 MBq of 111In-DTPA-octreotide, resulting in a 
dose of 6.3–7.8 mGy/MBq (1–10 g tumor). Partial 
responses were seen in rats bearing larger tumors. 
The investigation revealed higher expression of 
SSTRs in tumors that regrew following PRRT, 
following initial reduction in tumor size (Capello et 
al., 2005). It can be posited that this higher SSTR 
density may lead to higher uptake of radiolabeled 
peptide, suggesting that repeated administration of 
radiolabeled peptide might be favorable. 

Recently, Pool et al. investigated the 
outcome of intra-arterial (IA) injection of 111In-
DTPA-octreotide on tumor uptake in preclinical 
and clinical studies to enhance PRRT response in 
GEP-NET liver metastases (Pool et al., 2014). The 
preclinical findings in rats bearing hepatic SSTR2-
expressing tumors demonstrated twice the tumor 
uptake of 111In-DTPA-octreotide following IA 
injection than in IV post-injection. Dosimetry study 
simulations with 177Lu in one patient applying 
radiation dose of up to 23 Gy showed that IA 
injection led to 2.9-fold improvement in mean 
tumor-radiation dose. This study concluded that 
despite outcome variability in patients after IA 
injection, IA administration showed significant 
incremental radioactivity uptake in GEP-NET liver 
metastases up to 72 hours after injection, as 
indicative of preclinical and clinical results (Pool et 
al., 2014).  

Since 111In is an Auger electron emitter with 
shorter tissue penetration than β-emitters, short-
range radiotoxicity level is produced (Kaltsas et al., 
2005; Van Essen et al., 2007). Thus 111In-DTPA-
octreotide is regarded as not being ideal as a 
somatostatin- analog-based radiopharmaceutical 
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for PRRT (Kaltsas et al., 2005; Van Essen et al., 
2007).  

Radionuclide-labeled somatostatin analogs for PRRT 
of NETs 

Octreotide labeled with therapeutic β- 
emitting radionuclides such as 90Y and 177Lu has 
proven efficacy in PRRT for therapy of NETs (Van 
Essen et al., 2007). The preparation of octreotide 
labeled with therapeutic radiometals can 
effectively be performed by chelation with a BFCA. 
In contrast to 111In, which can form stable 
complexation with acyclic chelator DTPA, these 
trivalent radiometals show less stable metal-ligand 
complexation with DTPA chelating agents 
(Breeman, 2012). Thus, attempts to prepare a 
stable radiometallic conjugates in vivo is required 
for PRRT. This is of great importance because the 
free radiometal nuclides that are degraded in vivo 
can bind to the bone marrow and lead to 
hematopoietic toxicity as a result of bone marrow 
irradiation (Otte et al., 1997). Therefore, a wide 
variety of macrocyclic BFCAs have been developed 
to improve stability in vivo of radiolabeled 
somatostatin analogs. Significant progress in the 
development of PRRT was achieved by the success 
of conjugation of somatostatin analogs with DOTA 
(1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid), a BFCA (De Jong et al., 1998; 
Ritawidya et al., 2016).  

These conjugate ligand DOTA-octreotide 
peptides are found to be thermodynamically and 
kinetically stable in a complex form with all M3+ 
radiometals for medical applications, including 90Y 

(high energy β- emitter; 2.28 MeV; half-life of 64 h), 
177Lu (low energy β- emitter; 0.5 MeV; half-life of 6.7 

d), and β+-emitting radionuclides (e.g. 68Ga), thus 
allowing the application of radionuclides for 
therapy and imaging (Breeman et al., 2001; 
Kwekkeboom et al., 2000; Okarvi, 2008; Schottelius 
& Wester, 2009). The success of 68Ga-DOTA-TOC 
has triggered the use of this DOTA-TOC conjugate 
ligand in PRRT for NETs. The superiority of DOTA 
over other chelators such as EDTA and DTPA has 
been intensively investigated in several studies 
(Banerjee et al., 2015; De León-Rodríguez & 
Kovacs, 2008). However, DOTA-based biologically 
active molecules suffer from slow kinetic formation 
that may limit their use (Chong et al., 2002; De 
León-Rodríguez & Kovacs, 2008). Consequently, 
high temperatures are usually employed to 
accelerate complex association (Cooper et al., 2006; 
De León-Rodríguez & Kovacs, 2008). 

177Lu- and 90Y-labeled peptides in                     
PRRT represent an effective strategy and a 
promising approach in the treatment of                                
metastatic neuroendocrine tumor-overexpressing 
somatostatin receptors (Cremonesi et al., 2018; 
Navalkissoor & Grossman, 2019). Because of their 
ideal nuclear properties there has been extensive 
investigation of 177Lu and 90Y labeled-DOTA 
conjugates in Europe for NETs and other cancers 
(De León-Rodríguez & Kovacs, 2008).  
 

90Y-DOTA-TOC 
Several phase I and II investigations                           

of 90Y-DOTA-Tyr-3-octreotide (90Y-DOTA-TOC, 

 
 
Figure 3. Chemical structure of FDA approved 177Lu-DOTA-TATE for PRRT (Hennrich & Kopka, 2019) 
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OctreoTherTM) have been conducted in various 
countries (Van Essen et al., 2007). Otte et al. 
performed the first study of promising therapeutic 
application of DOTA-TOC labeled with 90Y for the 
treatment of a patient with abdominal metastases 
of neuroendocrine tumor with unknown sites         
(Otte et al., 1997). The study results confirmed 
tumor response and symptomatic relief (Otte et al., 
1997).  

Radiolabeled somatostatin analogs are 
eliminated by the kidneys (Das et al., 2019; Jamar 
et al., 2003). Reabsorption of these drugs in the 
proximal tubules can result in nephrotoxicity 
leading to kidney damage (Das et al., 2019). Owing 
to their greater particle range, this phenomenon is 
more severe in 90Y-labeled somatostatin analogs 
than in other β- emitters, such as 177Lu (Das et al., 
2019). To overcome this drawback, co-injection of 
positively charged amino acids such as lysine 
and/or arginine may lead to reduced initial renal 
absorption of radiolabeled agents (Jamar et al., 
2003).  

With an average β- energy of 940 keV and 
depth of tissue penetration of up to 11 mm (Kim et 
al., 2010), 90Y-DOTA-TOC is suitable for PRRT of 
larger tumors and tumors with non-homogeneous 
receptors, due to its better cross-fire effect (Bodei 
et al., 2012). Additionally, its shorter half-life (2.7 
days) than 177Lu (6.7 days) permits a higher dose 
rate (Bodei et al., 2012). 90Y is a pure β- emitter, 
therefore, detection of this radiotracer following its 
administration is challenging (Hennrich & Kopka, 
2019). The nuclear imaging of 90Y is possible with 
bremsstrahlung imaging and PET; however, the 
resulting images are poor (Elschot et al., 2013; Kim 
et al., 2011; Wright et al., 2015). 
177Lu-DOTA-TATE 

DOTA-TATE is an analog of DOTA-TOC in 
which the C-terminal threoninol in the octapeptide 
is substituted by threonine (Reubi et al., 2000). 
DOTA-TATE is characterized by its higher affinity 
and selectivity for SSTR2 in comparison to that of 
DOTA-TOC (Reubi et al., 2000). Radiolabeling of 
DOTA-TATE with a therapeutic radionuclide such 
as 177Lu (t1/2 = 6.7 days) has led to growing interest 
in PRRT for treatment of cancers (Baum, n.d.; 
Hennrich & Kopka, 2019). 177Lu has emerged as a 
radionuclide therapy for PRRT due to its favorable 
nuclear     properties    (Banerjee     et    al.,     2015).  
177Lu is a moderate β- particle emitter (β- max = 
498.3 keV and average β- =134.2 keV)  accompanied 
by average tissue penetration of 2.2 mm, making it 
sufficient to deliver radiation doses to smaller 
tumors (Hennrich & Kopka, 2019). In addition, the 

cross-fire effect of 177Lu can spread up to a diameter 
of 20 cells, allowing surrounding cells that express 
a sufficient concentration of related receptors to be 
affected (Banerjee et al., 2015). Furthermore, its 
γ emissions at 113 keV (3%) and 210 keV (11%) 
(Hennrich & Kopka, 2019) can be used to perform 
SPECT imaging in cancer patients (Hennrich & 
Kopka, 2019). 177Lu can be produced in high 
activity levels with high specific activities in 
nuclear reactors available worldwide (Knapp, 
2009). Two methods for 177Lu production using a 
nuclear reactor are available: direct and indirect 
(Dash et al., 2015). The direct or carrier-added 
approach uses enriched 176Lu as the irradiation 
target, while the indirect approach uses an 
enriched ytterbium (176Yb) target for irradiation 
(Vogel et al., 2021). The high level of specific 
activity of 177Lu is of great importance for the 
application of targeted radionuclide therapies such 
as PRRT, in particular for the preparation of a wide 
variety of therapeutic radioligands based on 
peptides and antibodies (Dash et al., 2015). 

In January 2018, following its approval in 
Europe in September 2017, the FDA approved 
177Lu-DOTA-TATE (Lutathera®) for the treatment 
of GEP-NETs in adult patients (Hennrich & Kopka, 
2019; Mittra, 2018). 177Lu-DOTA-TATE is widely 
used as part of a pair of theranostic agents with 
diagnostic PET/CT agent 68Ga-DOTA-TATE or 68Ga-
DOTA-TOC (Hennrich & Kopka, 2019; Wang et al., 
2020). The complexation of 177Lu in 177Lu-DOTA-
TATE occurs at DOTA BFC. Additionally, the DOTA 
chelator binds to the TATE moiety. 

De Jong et al. studied the biodistribution and 
radionuclide therapy application of 177Lu-DOTA-
TATE (Error! Reference source not found.) in 
tumor-bearing SSTR pancreatic rat tumors (De 
Jong et al., 2001). The results showed that the 
energy of 177Lu was sufficient for scintigraphy (De 
Jong et al., 2001). Furthermore, it was found that 
the highest uptake of 177Lu-DOTA-TATE was in 
pancreatic tumors and other SSTR2-expressing 
organs such as adrenals, pituitary, and pancreas 
(De Jong et al., 2001). 177Lu-DOTA-TATE 
demonstrated promising results in radionuclide 
therapy in particular in animals bearing smaller 
tumors (De Jong et al., 2001).  
 
Future perspectives 

All the radiolabeled somatostatin analogs 
discussed are SSTRs agonists. A complex of 
radioactive somatostatin agonists with a receptor 
is readily internalized into tumor cells, allowing the 
accumulation of radioactivity (Ginj et al., 2006). To 
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the best of our knowledge, the internalization of 
radioconjugates is of great importance for the 
receptor-mediated diagnosis and therapy of SSTR-
positive tumors (Fani et al., 2017). However, 
recently a paradigm shift has occurred toward the 
application of antagonist somatostatin analogs. 
Antagonist peptide analogs differ from agonists in 
terms of their inability to provoke receptor 
internalization (Ginj et al., 2006). Somatostatin 
antagonists that have been developed include CYN-
154806, PRL-2970, and sst3-ODN-8 and non-cyclic 
antagonist peptides such as BIM-23056 and BIM-
23627 (Eychenne et al., 2020). Interestingly, the 
absence of the internalization of the radioligand 
receptor complex has shown more effectiveness in 
in-vivo receptor binding. In addition, Ginj et al. 
proposed that SSTR antagonists may perform 
better than peptide agonists by binding to more 
receptor binding sites, leading to greater uptake of 
radioligands (Ginj et al., 2006). Radiolabeled 
antagonist peptides may possess better 
pharmacokinetic properties and faster renal 
elimination. The evidence obtained from many 
studies provides for a new direction of interest 
away from agonists and toward antagonist 
radiotracers (Fani et al., 2017). The first clinical 
results for the radiolabeled somatostatin 
antagonist 111I-DOTA-BASS were reported (Wild et 
al., 2011). The findings of clinical studies in five 
patients confirmed preclinical results suggesting 
that 111I-DOTA-BASS demonstrated higher tumor 
uptake and better visualization than the FDA-
approved 111In-DTPA-Octreotide (OctreoScan). The 
promising therapeutic application of radiolabeled 
peptide antagonist 177Lu-DOTA-JR11 was evaluated 
and compared with 177Lu-DOTA-TATE in clinical 
studies in four patients with metastatic NETs (Wild 
et al., 2014). 177Lu-DOTA-JR11 may be superior to 
the agonist 177Lu-DOTA-TATE, the former 
characterized by its favorable pharmacokinetics 
and biodistribution (Wild et al., 2014). Further 
larger clinical investigation is required to confirm 
the superiority of this radiolabeled antagonist over 
agonists. However, for certain radionuclides aiming 
for improved effects in PRRT, the receptor-
mediated internalization induced by the agonist 
that allows the specific accumulation of 
radionuclides inside tumor cells is favorable 
(Worm et al., 2020). Comparison studies between a 
highly affine antagonist 68Ga-NODAGA-JR11 and 
two agonist radiotracers 68Ga-DOTA-TOC and 68Ga-
DOTA-TATE for SSTR imaging in ZR-7-5-1, a 
luminal breast cancer model, were reported (Dude 
et al., 2017). The results from biodistribution 

studies showed higher tumor uptake of agonist 
68Ga-DOTA-TOC than 68Ga-DOTA-TATE. 
Interestingly, the antagonist 68Ga-NODAGA-JR11 
had lower tumor uptake than both agonist 
radiotracers (Dude et al., 2017). This research 
finding was not in agreement with results obtained 
in other studies (Fani, Braun, et al., 2012). This 
aspect requires further investigation to evaluate 
radiolabeled somatostatin antagonists for the 
treatment of breast cancer (Dude et al., 2017).  
 

CONCLUSION 
SSTRs offer potential for targeted diagnosis 

and therapy of NETs. Over the last three decades, 
octreotide somatostatin analogs have been the 
most widely used peptides studied so far. The 
development of radiolabeled octreotide 
somatostatin analogs with different diagnostic or 
therapeutic radionuclides has shown their efficacy 
as specific targeting radioligands for diagnosis and 
therapy of SSTR-positive cancers in particular 
NETs. 68Ga-DOTA-TOC has been approved and 
found to be a promising diagnostic PET 
radiopharmaceutical imaging agent for NETs. 68Ga-
DOTA-TOC has attracted growing interest in 
theranostic applications with PRRT agent 177Lu-
DOTA-TATE. Recently, the development of 
radiopharmaceutical approaches based on 
somatostatin agonist analogs has shifted toward 
antagonist peptides. Given the promising potential 
of these radiolabeled antagonists for NET diagnosis 
and therapy, the approach requires further clinical 
studies and evaluation that may eventually lead to 
their clinical use.  
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