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4.1	 �The Somatostatin Peptide 
Family

Almost half a century ago, in the first January 
1973 issue of Science, the Roger Guillemin 
group in the Salk Institute (La Jolla, California), 
published a paper that proved the presence of a 
bioactive peptide in ovine hypothalamic extracts, 
with inhibitory effect in the secretion of immu-
noreactive growth hormone (GH). In the same 
paper, the structure of this 14-peptide was eluci-
dated and its synthetic form was shown to elicit 
the same biological response in rats and humans, 
as well, hence its name: Somatostatin (SST) or 
Somatotropin-release inhibiting factor” (SRIF) 
[1]. SST belongs to the homonymous peptide 
family with cortistatin (CST). CST-17 is the bio-
active cleavage product of a CST precursor pep-
tide in humans, being a relatively recent addition. 
CST-17 shares common structural and functional 
features with SST (SST: SST-14 and SST-28 are 
the bioactive peptides, see Fig. 4.1), such as the 
depression of neuronal activity and some distinct 
properties as well, such as the activation of cat-
ion selective currents, not responsive to SST. It 
should be emphasized though, that these pep-
tides (SST and CST) are the products of separate 
genes [3–5].

SST is a phylogenetically ancient peptide that 
is widely distributed throughout the human body. 
Besides hypothalamus, SST is secreted by vari-
ous cell populations interspersed mainly in the 
central and peripheral nervous system, the gut, 
and the thyroid, although smaller amounts are 
synthesized by tumor, inflammatory and immune 
cells (i.e. lymphocytes or macrophages) upon 
activation. In the gut, SST is produced in the δ 
cells encountered either in the submucous/myen-
teric plexus or in the pancreatic islets, next to 
other peptide-producing cell populations (i.e. 
insulin, glucagon, VIP: vasointestinal peptide), 
while in the thyroid, SST is localized in a sub-
population of calcitonin-secreting cells (C cells). 
The gastrointestinal tract is the main source for 
the assayed SST in plasma (picomolar amounts), 
taking into consideration its rapid proteolytic 
degradation in the circulation (t1/2  =  1–2  min). 
The SST-28 and SST-14 peptides with the GH 
inhibitory activity, start as part of a larger precur-
sor protein (prepro-somatostatin or prepro-SST), 
the product of the corresponding gene located at 
the chromosome 3q28 in humans and consists of 
116 amino acid residues. Proteolytic cleavage of 
prepro-SST yields initially pro-somatostatin 
(contains 92 amino acids), whose further pro-
cessing at its C-terminal segment yields SST-28 
and SST-14 (see Fig. 4.2). The relative amount of 
these peptides is a tissue- and species-dependent 
process [7, 8].
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The SST synthesis and release can be stimu-
lated by a variety of hormones, neuropeptides, 
growth factors, neurotransmitters, cytokines, 
and nutrients (i.e. GHRH: growth hormone-
releasing hormone, neurotensin and CRH: 
corticotropin-releasing hormone), while other 
mediators, such as γ-aminobutyric acid (GABA) 
and opiates generally inhibit SST secretion. In 
this context, the inflammatory cytokines IL-1, 
TNF-α, and IL-6 stimulate and TGF-β and leptin 
inhibit SST synthesis and release. SST acts on 
various tissues in an autocrine, paracrine, or 
endocrine fashion [9–11].

The very short biological half-life of soma-
tostatin in the bloodstream, resulting from its vul-
nerability to the serum peptidases, makes the 
native bioactive somatostatin molecule (SST-14 or 
SST-28) unsuitable for imaging or therapy (includ-
ing radiotherapy) applications. For this reason, the 
research focused on synthesis of various analogues 

is devoid of this drawback. The starting point of 
these efforts was based on the amino acid sequence 
of the SST-14 molecule and it was soon realized 
that the central segment of the polypeptide chain 
(-Phe7-Trp8-Lys9-Thr10-) was responsible for the 
SSTR binding. The main modification of a short-
ened portion (octapeptide) of the original SST-14 
molecule was the substitution of certain key 
l-amino acids by their d-counterparts (i.e. 
L-Phe → D-Phe and L-Trp → D-Trp) to render the 
analogue resistant to the circulating peptidases. In 
addition, modification of amino acid side chains 
by incorporation of lipophilic groups (i.e. a 
2-naphtalenyl group in place of the methyl group 
in D-Ala) significantly extended the biological 
half-life of the synthesized analogues (lanreotide, 
see Fig. 4.3) and altered its main excretion route 
(liver vs kidney). The presence of the -S-S- bridge 
between the two cysteine residues is indispens-
able, since it confers the essential conformational 
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Fig. 4.1  Structure of the natural somatostatin (SST) pep-
tide agonists SST-14 and SST-28. SST-14: R = H and SST-
28: R = Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Ala-pro-Arg- 

Glu-Arg-Lys. The pharmacophore (tryptophan and lysine) 
is highlighted in red [2]
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rigidity to the synthesized peptide analogues, in 
order to maintain their bioactivity. In Fig. 4.3 the 
structures of some somatostatin analogues (ago-
nists) are drawn. The peptidomimetic JR-11 is the 
most potent antagonist known so far [9–14].

4.2	 �The Somatostatin Receptor 
Family (SSTRs)

4.2.1	 �Definitions

Agonists are compounds that activate receptors 
to produce a characteristic set of biological 
effects.

Full agonists are compounds that act at recep-
tors to effectively trigger the same signal trans-
duction machinery and regulatory pathways as 
the native ligand.

Partial agonists are compounds that are less 
effective than full agonists at producing the 
downstream signaling and regulatory actions by a 
receptor.

Biased agonists are compounds that effec-
tively elicit only a subset of multiple actions of a 
receptor for signaling or for receptor regulation.

Antagonists bind to receptors but do not acti-
vate them and hence are characterized by their 
ability to block agonist binding and action at a 
receptor. One needs to distinguish between neu-
tral antagonists, which have no activity on their 
own but will block the effects of an agonist, as 
opposed to inverse agonists, which will inhibit 
receptor activity in the absence of an agonist, if 
the receptor exhibits constitutive activity. A neu-
tral antagonist does not distinguish between the 
active or inactive state of the receptor, whereas 
an inverse agonist prefers the inactive state. 

Preprosomatostatin

H2N-MLSCRLQCALAALSIVLALGCVTGAPSDP
RLRQFLQKSLAAAGKQELAKYFLAELLSEPN
QTENDALEPEDLSQAAEQDEMRLELQRSAN
SNPMAPRERKAGCKNFFWTFTSC-COOH

Preprosomatostatin

H2N- -COOH

Preprosomatostatin

Somatostatin-14

Somatostatin-28

Leader
sequence

Fig. 4.2  The amino acid sequences of the prepro-
somatostatin, pre-somatostatin (biologically inactive), 
somatostatin-28, and somatostatin-14 (biologically 

active) peptides (one-letter notation [6]). The biologi-
cally active sequences reside in the C-end of the precur-
sor molecule [7]
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Although somatostatin receptor agonists, 
biased agonists, and neutral antagonists are 
known, no somatostatin receptor inverse ago-
nists have been described [11].

4.2.2	 �Somatostatin Receptors: 
Biological Function

SST is known to exert a broad range of inhibitory 
behavior in endocrine (i.e. growth hormone, gas-
trin, insulin) and exocrine (pancreas) secretory 
processes, by exerting inhibitory neuromodula-
tory activity acting as neurotransmitter in central 
and peripheral nervous system, with antiprolifer-

ative and proapoptotic behavior in various tissues 
[15]. These effects are mediated by the initial 
binding of SST in G-protein coupled receptors 
(GPCRs) located at the cell surface of the target 
cells. The somatostatin receptors (SSTRs) consti-
tute a family of six distinct molecules (SSTR1, 
SSTR2a, SSTR2b, SSTR3, SSTR4 and SSTR5), 
originating from five separate genes. SSTR2a and 
SSTR2b are alternative splicing variants of the 
same gene and exhibit a somewhat different tis-
sue distribution (SSTR2a is the prevailing subtype 
and it is expressed in almost 90% of the various 
tumors). All SSTSRs are anchored on the cell 
membrane through seven α-helical transmem-
brane domains and they are widely distributed in 
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Fig. 4.3  Structures of selected somatostatin analogues 
(agonists) and antagonists (L-779,976-BIM-2310-JR-11). 
The presence of D amino acids, the modification of the –
COOH end of the molecule (amidation or reduction), and 
the insertion of a lipophilic group (i.e. 2-naphtalenyl group 
in lanreotide) have a dramatic impact on the binding of 

these derivatives by the SSTRs, their solubility, serum 
half-life, etc. JR-11: Cpa-cyclo[D-Cys-Aph(Hor)-D-
Aph(Cbm)-Lys-Thr-Cys]-D-Tyr-NH2 (Cpa: 4-Cl-phenyl-
alanine, Aph(Hor): 4-amino-L-hydroorotyl-phenylalanine, 
D-Aph(Cbm): D-4-amino-carbamoyl-phenylalanine
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the CNS and peripheral tissues (pancreas, small 
intestine, etc.). SSTR expression is modulated by 
various factors, such as thyroid hormones or 
estrogens, which operate at the transcriptional 
level [13, 16–19].

There are four known endocytosis mecha-
nisms: macropinocytosis, clathrin-dependent 
endocytosis, caveola-mediated endocytosis, and 
caveola/clathrin-independent endocytosis. The 
SST binding to the SSTRs induces receptor inter-
nalization (exception: SSTR1) and/or uncoupling 
of the receptor from the G-proteins, thus result-
ing in receptor desensitization, a typical behavior 
encountered across the GCPR receptor spectrum. 
These processes appear to be dependent on 
molecular mechanisms implying selective phos-
phorylation of the SST-SSTRs (ligand-activated 
receptors) by G protein–coupled receptor kinases 
(GRKs) [18–23]. The phosphorylated SSTRs 

attract the cytoplasmic β-arrestins (thus terminat-
ing the G protein-mediated cellular response), 
which promote the endocytosis of the β-arrestin-
bound receptors by binding to the clathrin-coated 
pits with the collaboration of adaptors such as 
adaptor protein AP-2 (see Fig. 4.4). The agonist-
induced internalization ability of SSTRs, after 
binding SST or other analogues, is the key for 
providing the pathway for the intracellular local-
ization of the various radiolabeled SST-analogues. 
It is exactly this property that makes the SSTR-
targeted radiotherapy with SST-analogues labeled 
with Auger emitters possible. The affinity of a 
selected subset of somatostatin analogues (IC50) 
for the SSTR subtypes is shown in Table  4.1. 
From this table it becomes evident that even 
small structural changes in the ligands result in 
large variations in the SSTR affinity profiles. 
These structural changes include the binding of 
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Fig. 4.4  Outline of the receptor-mediated [111In-DTPA0-
D-Phe1]-Octreotide internalization process, through 
clathrin-coated pit and endosome formation and finally 
lysosomal degradation. SSTR phosphorylation promotes 
the recruitment of β-arrestins from the cytoplasm, pre-
venting subsequent activation of G proteins by receptors 
and promoting receptor endocytosis via clathrin-coated 
pits. The receptors are recycled on the cell-surface (resen-

sitization), while the 111In-labeled degradation products 
are trapped in the cell and the emitted Auger electrons in 
the vicinity of the nucleus are highly radiotoxic (modified 
from [24]). βarr: β-arrestin, AP2 (adaptor complex): A 
heterotetramer consisting of two large adaptins (alpha and 
beta), a medium adaptin (mu) and a small adaptin (sigma), 
GRK: G protein–coupled receptor kinases, MVB: multi-
vesicular body
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the label (In-111) in the case of 
[111In-DTPA0-D-Phe1]-Octreotide, the type of the 
aminocarboxylate chelator (DOTA vs. DTPA), a 
single aminoacid residue substitution 
(Phe3 → Tyr3) or changing the charge of the mol-
ecule (Octreotate: carries the –COOH group of 
threonine residue in the C-terminal of the pep-
tide; Octreotide: reduction of the –COOH group 
of threonine to –CH2OH) [26]. It is interesting to 
note from Table  4.1 that no analogue exhibits 
SSTR1 binding affinity [11, 16, 20, 26, 27].

The SSTR subtypes do not appear to internal-
ize somatostatin or somatostatin analogues with 
the same efficiency and at the same rate. From an 
in vitro model based on Chinese hamster ovary 
(CHO)-K1 cells, stably expressing one of the five 
human SSTRs subtypes (SSTR2, SSTR3, SSTR4 
and SSTR5), a rapid (within minutes) agonist-
dependent internalization of a 125I-labeled SST-
28 ligand in a time- and temperature-dependent 
manner was observed. The maximum of the 
radioligand internalization was observed 60 min 
later. In this model, the SSTR3 and SSTR5 
expressing cells exhibited the highest degree of 
internalization (78% and 66%, respectively), fol-
lowed by SSTR4 (29%) and SSTR2 (20%), while 
the SSTR1 subtype expressing cells displayed 
only a negligible amount of internalization (4%). 
The degree of internalization of the SSTR-ligand 
complex, besides being the receptor subtype-
dependent, has been demonstrated to be ligand-
dependent as well. For example, the 
[111In-DTPA0-D-Phe1-Tyr3]-Octreotate analogue 
exhibits the highest degree of internalization 
from the analogues of Table 4.1, an observation 
that has been confirmed in  vivo in rats and 
humans [2, 14, 16, 18–20, 28].

Besides normal tissues, SSTRs are found on 
the cell surface of various tumor cells, such as 
tumors of pituitary, pancreatic, breast, and hema-
topoietic origin including their metastases. In 
general, SSTR2a is the most common SSTR sub-
type found in human tumors, followed by SSTR1, 
with SSTR3 and SSTR4 being far less common. 
SSTR5 appears to be more tumor specific with 
strong expression in some tumors (i.e. breast) and 
complete absence in others (i.e. pancreatic). The 
high density and frequency of SSTR expression 
in human tumors has been widely exploited as a 
therapeutic target and for imaging. It should be 
noted that more than one type of SSTRs may be 
expressed by the same tumor. Table 4.2 summa-
rizes the various tumor types and their respective 
SSTR expression pattern, which inevitably leads 
to the wide variations observed in the % uptake 
of the labeled somatostatin analogues used in 
imaging or therapy of these neoplasms [19].

A fairly recent development in the field of 
SSTR targeting was the introduction of SSTR 
antagonists, which seemed to recognize more 
receptor binding sites on the cell surface. SSTR 
antagonists showed favorable pharmacokinetics 
and better tumor visualization than agonists, 
despite their very poor internalization rates 
(internalization is the sine qua non for radiothera-
peutic applications of somatostatin analogues 
labeled with Auger-emitting isotopes). The bind-
ing of the SSTR antagonists has been found to be 
always higher compared to that of somatostatin 
analogues (agonists) in experiments with human 
tumor specimens, and this remarkable result can 
be easily appreciated from the data in Table 4.3. 
The somatostatin antagonist JR-11 is so far the 
most potent and selective among the available 

Table 4.1  Affinity profiles (IC50, nM) for human SSTRs (1–5 subtypes) of selected SST analogues (agonists) [25]

Peptide SSTR1 SSTR2 SSTR3 SSTR4 SSTR5

SST-28 5.2 ± 0.3 2.7 ± 0.3 7.7 ± 0.9 5.6 ± 0.4 4.0 ± 0.3
Octreotide >10,000 2.0 ± 0.7 187 ± 55 >1000 22 ± 6
[DTPA0-D-Phe1]-Octreotide >10,000 12 ± 2 376 ± 84 >1000 299 ± 50
[111In-DTPA0-D-Phe1]-Octreotide >10,000 22 ± 3.6 182 ± 13 >1000 237 ± 52
[DOTA0-D-Phe1-Tyr3]-Octreotide >10,000 14 ± 2.6 880 ± 324 >1000 393 ± 84
[DTPA0-D-Phe1-Tyr3]-Octreotate >10,000 3.9 ± 1 >10,000 >1000 >1000
[111In-DTPA0-D-Phe1-Tyr3]-Octreotate >10,000 1.3 ± 0.2 >10,000 433 ± 16 >1000
[DOTA0-D-Phe1-Tyr3]-Octreotate >10,000 1.5 ± 0.4 >1000 453 ± 176 547 ± 160
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Table 4.2  Variation in the expression pattern of SSTR subtypes in some human tumors. Data are based on mRNA, 
RT-PCR, Northern blotting, and in situ hybridization studies. The values in parentheses indicate the total number of 
tumors studied [22]. GEP Gastroenteropancreatic, ICT Islet Cell Tumor, MCT Medullary Thyroid Carcinoma

Tumor

SSTR subtype
SSTR1 SSTR2 SSTR3 SSTR4 SSTR5

mRNA Protein mRNA Protein mRNA Protein mRNA Protein mRNA Protein
Pituitary tumor
Somatotroph 44% 

(25)
96% 
(28)

44% 
(25)

5% 
(22)

86% 
(22)

Lactotroph 84% 
(19)

63% 
(19)

35% 
17)

6% 
(17)

71% 
(17)

Nonfunctioning 38% 
(24)

75% 
(24)

43% 
(23)

13% 
(23)

485 
(23)

Corticotroph 56% 
(9)

67% 
(9)

25% 
(8)

0% (7) 86% 
(7)

Neuroendocrine GEP tumors
Carcinoid 76% 

(59)
88% 
(8)

80% 
(84)

78% 
(63)

43% 
(58)

68% 
(47)

77% 
(44)

Gastrinoma 79% 
(28)

100% 
(5)

93% 
(28)

100% 
(8)

36% 
(28)

61% 
(23)

93% 
(28)

Insulinoma 76% 
(21)

81% 
(21)

38% 
(21)

58% 
(19)

57% 
(21)

Nonfunctioning 
ICT

58% 
(24)

88% 
(24)

42% 
(24)

48% 
(21)

50% 
(24)

Renal Ca 85% 
(13)

100% 
(13)

0% 
(13)

50% 
(12)

Breast Ca 33% 
(103)

52% 
(33)

99% 
(103)

48% 
(33)

38% 
(101)

48% 
(33)

23% 
(97)

18% 
(51)

Meningioma 46% 
(24)

100% 
(24)

33% 
(24)

50% 
(12)

71% 
(14)

Glioma 100% 
(7)

100% 
(7)

67% 
(6)

71% 
(7)

57% 
(7)

Neuroblastoma 0% (6) 100% 
(15)

17% 
(6)

Colorectal Ca 27% 
(41)

87% 
(41)

22% 
(41)

10% 
(41)

46% 
(41)

MTC 29% 
(14)

79% 
(14)

36% 
(14)

0% 
(14)

64% 
(14)

Pheochromocytoma 100% 
(11)

80% 
(5)

100% 
(11)

90% 
(20)

73% 
(11)

73% 
(11)

73% 
(11)

Table 4.3  The extent of the binding in selected tumors expressing SSTR2 of an agonist (125I-Tyr3-Octreotide vs. an 
antagonist (125I-JR-11). The superiority of the antagonist binding is obvious [14, 21]. Data are mean ± SEM

Tumor
Samples 
(n)

Antagonist 125I-JR-11 
binding (dpm/mg)

Agonist 125I-Tyr3-Octreotide 
binding (dpm/mg)

Agonist/
Antagonist ratio

Non-Hodgkin 
lymphoma

15 3005 ± 499 214 ± 63 14.0

Breast Ca 13 4105 ± 1092 519 ± 156 7.9
Renal Ca 12 3777 ± 582 348 ± 49 10.9
Pheochromocytoma 5 7852 ± 876 446 ± 280 17.6
Medullary thyroid Ca 5 2173 ± 555 100 ± 100 21.8
Ileal NET 4 8470 ± 944 2285 ± 905 3.8
Small cell lung Ca 4 7759 ± 1294 1722 ± 718 4.5
Paraganglioma 2 10,000 ± 0 641 ± 169 15.6
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SSTR2 peptide antagonists known (there are non-
peptide antagonists as well; see the excellent 
review of Günther et  al. on this subject [16]). 
Although the SSTR antagonists appear to be in 
principle superior than the known agonists for 
imaging and therapy (with α- or β-emitters), their 
poor internalization rates preclude the use of 
Auger electron-emitting labels with these ligands 
in radiotherapeutic applications [21, 29, 30].

4.2.3	 �Somatostatin Receptors: 
Signal Transduction

The SSTRs modulate cellular function through 
multiple pathways, coupled to G-protein-
dependent signaling avenues. The different sig-
naling pathways activated by the various SSTR 
subtypes vary according to the receptor subtype 
and tissue localization. The enzyme adenyl 
cyclase is inhibited in all SSTR subtypes, thus 
leading to a decrease in c-AMP production, upon 
ligand binding. A second signaling pathway that 
is activated following engagement of almost all 
SSTR subtypes (exception: SSTR1) is the activa-
tion of G-protein-regulated inward rectifier K+ 
channel. The K+ channel activation depolarizes 
the cell membranes, followed by a decrease in the 
intracellular Ca2+ concentration through a 
decrease of Ca2+ efflux via the voltage-dependent 
Ca2+ channels. The reduction of the intracellular 
c-AMP and Ca2+ concentrations explains the 
inhibitory effects of SST in neurotransmitter and 
hormone secretion. A third pathway linked to 
SST signaling is the regulation of protein phos-
phatases. Upon binding to its receptor, SST acti-
vates a number of protein phosphatases from 
different families including serine/threonine 
phosphatases, tyrosine phosphatase (i.e. SHP-1 
and SHP-2), Ca2+-dependent phosphatases (i.e. 
calcineurin), and protein kinases (i.e. MAP 
kinase). An overview of the SST bioactivity 
through the various receptor subtypes can be seen 
in Table 4.4.

SST inhibits various secretory processes in 
most cases and these antisecretory effects on 
hormones (i.e. growth hormone, adrenocortico-

tropin, glucagon, and insulin), IFN-γ, and gas-
tric acid are to a large extent mediated by the 
SSTR2a/2b subtype, although the SSTR5 subtype 
inhibits the secretion of amylase. An exception 
to the SST antisecretory activity is the stimula-
tion of IgM secretion (SSTR2a/2b subtype medi-
ated). These effects occur within seconds to 
minutes after the SST-SSTR interaction. Finally 
(Fig. 4.5), the SSTRs mediate either the cellular 
antiproliferative activity through blocking deg-
radation of the cyclin-dependent kinase inhibi-
tor p27kip1, leading to cellular growth arrest or 
proapoptotic behavior (i.e. through the BAX/
caspases induction).

A common theme that accompanies the 
GPCR-ligand interaction is its internalization, 
depending on the ligand concentration, the 
exposure time, and the parallel operation of 
other signaling systems. The SSTR2–5 subtypes 
are internalized more efficiently than SSTR1, 
and since SSTR2a/2b are the major subtypes in 
various tumors, this fact is of utmost impor-
tance in the design of appropriate radiotherapy 
(with Auger/internal conversion electron-emit-
ting radionuclides) or chemotherapy (SST ana-
logues linked to cytotoxic agents) approaches. 
The observed SSTR downregulation that 
accompanies the administration of SST/SST-
analogues (agonists) is of critical importance in 
determining the amount of tumoral uptake of 
radiolabeled SST-analogues, and besides imag-
ing, it has an adverse effect on tumor therapy 
(including radiotherapy). The time frame for 
the desensitization and therapy resistance 
occurrence (tachyphylaxis) usually ranges from 
hours to weeks, although the development of 
tumor resistance to therapy with various soma-
tostatin analogues can take years. In experi-
mental models of tumors treated with either 
continuous infusion or with b.i.d. dosing of the 
somatostatin analogue, the SSTR expression 
was dependent on the administration condi-
tions, leading to either upregulation or down-
regulation respectively. A summary of the 
mechanisms that lead to tachyphylaxis and 
resistance to somatostatin analogues therapy of 
SSTR-expressing tumors is shown in Table 4.5.
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4.3	 �An Overview of Atomic/Nuclear 
De-excitation: Internal 
Conversion and Auger 
Electrons

The established model describing the atomic 
structure dictates the presence of an electron 
cloud surrounding a positively charged nucleus. 
These constituents of atoms occupy discrete 
energy levels and can exist in either an excited or 

a ground state. The excited states originate from 
either exogenous processes (i.e. particle or radia-
tion bombardment) or this can be an inherent 
property of certain isotopes (radioactive decay) 
[3, 31–33].

In the majority of cases, the excited state of a 
daughter nucleus, formed by α- or β-decay of a 
parent radionuclide, rapidly proceeds via electro-
magnetic processes to states of lower energy 
(eventually to the ground state) in the daughter. 

Table 4.4  Summary of the receptor family subtypes, their localization, and their biological effects mediation [2, 9, 11]

Receptor SSTR1 SSTR2a/2b SSTR3 SSTR4 SSTR5

# of amino acids
(MW: kDa)

391
(42.7)

369/356
(41.3)

418
(45.9)

388
(41.9)

364
(39.2)

Gene location 14q13 17q24 22q13.1 20p13.3 16p13.3
Signalling pathways
 � G-protein coupling + + + + +
 � Adenyl cyclase 

activity
↓ ↓ ↓ ↓ ↓

 � Phosphotyrosine 
phosphatase activity

↑ ↑ ↑ ↑↓ ↑

 � MAP kinase activity ↑ ↑↓ ↑↓ ↑ ↓
 � K+ channels − ↑ ↑ ↑ ↑
 � Ca2+ channels ↓ ↓ − − −
 � Na+/H+ exchanger ↓ − ↓ ↓ −
 � AMPA/kainate 

glutamate channels
↑ ↓ − − −

 � PLC/IP3 activity ↑ ↑ ↑ ↑ ↑↓
 � PLA2 activity − − − ↑ −
Secretion
 � GH ↓ ↓ − ↓ ↓
 � Insulin − ↓ − − −
 � Glucagon − ↓ − − −
 � ACTH − ↓ − − −
 � Ghrelin − ↓ − − −
 � IFN-γ − ↓ − − −
 � IgM − ↑ − − −
 � Amylase − − − − ↓
 � Gastric acid − ↓ − − −
Cellular effects
 � Proliferation ↓ ↑↓ ↓ ↑↓ ↓
 � Apoptosis − ↑ ↑ − −
Tissue distribution
SSTRS 1–4 are almost 
ubiquitous in their 
cellular expression

Brain, 
pituitary, 
pancreas, 
stomach, 
liver, kidneys

Brain, pituitary, 
pancreas, stomach, 
lymphocytes, liver, 
kidneys VSMC

Brain, 
pituitary, 
pancreas, 
T-cells, 
stomach

Brain, 
pituitary, 
pancreas, 
stomach, 
placenta, 
lungs

Lymphoid 
cells, 
pituitary, 
pancreas, 
stomach
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Apoptosis Proliferation

p27

Hormone secretion

p21 Zac1

cAMP

RAF

MEK

ERK

PI3K

AKT

Src

P

PTPh

SST/agonist SST/agonist

SHP-2

NF-κB

JNK

p53/Bax
caspases

Adenyl
cyclase

Ca2+

Ca2+

K+

SSTR1 SSTR1
SSTR2
SSTR3
SSTR4
SSTR5

SSTR1/SSTR2
SSTR1/SSTR5

SSTR2/SSTR5
SSTR4/SSTR5

SSTR2/D2R
SSTR5/D2R

SSTR1-5/EGFR

SSTR1-5SSTR1-5

Fig. 4.5  The SST-SSTR-mediated modulation of signal-
ing cascades leading to changes in hormone secretion, 
apoptosis and cell growth. In most cells, SST inhibits hor-
mone as well as other secretions. SST cell growth and 
apoptosis are G protein-mediated. Phosphotyrosine phos-
phatases, such as SHP-1, are activated, leading to dephos-

phorylation of signal-transducing proteins. SST-induced 
inhibition of ERK blocks the degradation of the cyclin-
dependent kinase inhibitor p27, leading to growth arrest. 
In rare cases, SST can stimulate proliferation (modified 
from Barbieri et al. [2, 9, 11]). AC: adenyl cyclase; PI3K: 
inositol trisphosphate kinase

Table 4.5  Proposed mechanisms of tachyphylaxis and resistance to SST-analogue therapy in patients with SSTR-
positive tumors [2, 31]

1. Downregulation: Decrease in the number and/or affinity of SSTRs
2. Desensitization: Decrease in responsiveness due to receptor uncoupling from secondary messenger activation

3. Nonhomogeneous expression of SSTRs in tumors: outgrowth of SSTR (−) cell clones
4. Resistance due to the absence of SSTRs subtypes with high affinity for octapeptide SST analogues
5. �Resistance due to tachyphylaxis of the inhibitory effect of SST analogues on direct tumor growth-promoting 

mechanisms (i.e., GH or gastrin secretion)
6. Mutations on SSTRs genes leading to the absence of functional receptor proteins
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This de-excitation process results in the emission 
of either γ-rays or conversion electrons. Long-
lived isomeric states may also decay to lower 
energy states in the same nucleus via 
electromagnetic transitions. The energy of the γ-
ray emitted by a nucleus in a transition from a 
higher to a lower energy level equals to the energy 
difference between the two levels minus the 
nuclear recoil energy, which is considered negli-
gible, except for the case of high-energy transi-
tions of light nuclei. The emitted conversion 
electrons are orbital electrons of the same atom 
(internal conversion), and this de-excitation 
mechanism competes with the electromagnetic 
de-excitation process (γ-ray emission). In the 
internal conversion, the energy difference 
between the initial and final states in the nucleus 
is transferred directly (without a real intermediate 
γ-ray emission) to a bound orbital electron of the 
same atom, which is then ejected from its orbit, 
leaving an electronic vacancy behind. The ejected 
conversion electrons have discrete energies 
(linear spectrum) and this is another important 
difference from the electrons of the beta decay, 
which originate in the nucleus of the atom and 
have a continuous energy spectrum up to a maxi-
mum (Emax).

The internal conversion process should not be 
confused with the superficially similar photoelec-
tric effect, which also results in an inner shell 
electronic vacancy. In this context, when a γ-ray 
emitted by an excited nucleus (in this case the 
emitted γ-ray photon is real!) hits a neighboring 
atom, occasionally it gets absorbed (photoelec-
tric effect), thus producing a photoelectron of 
well-defined energy (this process is also known 
as “external conversion”). During the radiative 
transitions, the created electronic vacancy moves 
stepwise to a higher major shell, with no change 
in the number of vacancies. However, during the 
nonradiative transitions the number of vacancies 
increases by one in each step. Hence, as the 
innermost vacancy percolates toward the valence 
shell, a cascade phenomenon develops with cor-
responding vacancy multiplication and emission 
of numerous low energy electrons, collectively 
referred to as Auger electrons [33].

For a particular transition, the ratio of the 
probability for emission of an X-shell electron 
(X: K, L, M, etc.) to the probability for emission 
of the competitive γ-ray is called the Χ-shell 
internal conversion coefficient α (α  =  # of de-
excitations via electron emission/# of de-
excitations via γ-ray emission). The internal 
conversion coefficients for the different atomic 
shells and subshells depend on the transition 
energy, the atomic number of the nucleus, and the 
so-called transition multipolarity, which is deter-
mined by the spin-parity change between the ini-
tial and final states in the nucleus (Weisskopf 
rules). In general, the internal conversion coeffi-
cient for a particular atomic shell or subshell 
increases with decreasing transition energy (as 
long as the particular internal conversion process 
is energetically allowed), increasing atomic num-
ber, and increasing transition multipolarity. 
Internal conversion is often negligible for transi-
tions in light nuclei but may occur with nearly 
100% probability in isomeric transitions with 
high multipolarity or in low-energy transitions in 
heavy nuclei [3, 33].

Usually, the internal conversion coefficient for 
a given transition is largest for the innermost 
shell, for which internal conversion is energeti-
cally possible and decreases for each higher shell. 
Exceptions occur, however, for transition ener-
gies slightly greater than the binding energy of an 
atomic shell. If the spins of the initial and final 
states are both zero, the quantum mechanical 
rules (conservation of angular momentum) pro-
hibit this electromagnetic transition (ΔΙ = 0) and 
therefore the de-excitation via a single γ-ray 
emission is strictly forbidden (emission of two 
γ-rays is a possibility though, but this de-
excitation mechanism is insignificant). In this 
case, if the energy difference of the two states 
(ΔΕ) is <1.022  MeV, the internal conversion is 
the only de-excitation mechanism. However, if 
ΔΕ is ≥1.022 Mev, then the de-excitation via a 
positron-electron pair production is also feasible 
[3, 33].

The nuclear decay processes of electron cap-
ture (EC) and the production of conversion elec-
trons (CE) always produce a vacancy in an inner 
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atomic orbital, thus leaving the atom (not the 
nucleus) in an excited state and positively 
charged. The relaxation to the ground state is a 
rapid process, via either radiative (through emis-
sion of characteristic X-rays) or nonradiative pro-
cesses, known collectively as Auger processes. 
Auger processes result in the emission of Auger, 
Coster-Kronig (CK), and super-CK electrons, as 
their ejection leaves the atom highly charged 
(positive). These are distinguished by the shells 
involved in the transition and the ejected elec-
trons are often collectively referred to as Auger 
electrons [3, 33].

Although the Auger emission process was ini-
tially observed and published in 1922 by Lise 
Meitner, it was also independently discovered by 
the French physicist Pierre Victor Auger in 1923. 
In his experimental work, high-energy X-rays 
were used to ionize gas particles (argon) and the 
emitted photoelectrons were studied using a 
Wilson cloud chamber. It was observed that the 
emitted Auger electrons always originated from 
the same point (orbital vacancy) that the photo-
electron generated from the interaction of the 
incident X-ray photon and the argon atom. If the 
Auger effect were a two-step phenomenon, 
requiring the prior emission of an X-ray photon 
before the Auger electron emission, the emitted 
X-ray (originating from the argon atom) should 
have to travel a finite distance, and in this case the 
Auger electrons would appear at some other 
point along its track. However, this was not 
observed to be the case and the concept of a radi-
ationless process was invoked to explain the 
mechanism of the Auger electron generation [3, 
33, 34].

The Coster-Kronig transition is a special case 
of the Auger process in which the ejected elec-
tron carries the energy of a transition within the 
same shell (same principal quantum number n), 
but it is ejected from a higher subshell (with dif-
ferent orbital quantum number ℓ). Furthermore, 
the super Coster-Kronig transitions occur within 
the same subshell (same principal quantum num-
ber n and same orbital quantum number ℓ) and 
the energy difference is imparted on the ejected 
electron originating from the same subshell. It is 
understood that this cascade of events continues 

until the only remaining vacancies are in the out-
ermost electron shell. The above described pro-
cesses are competitive processes, with radiative 
relaxation being more probable for K-shell 
vacancies and nonradiative relaxation being more 
probable for vacancies in the L-shell and above 
(see Fig. 4.5). Most of these Auger electrons have 
very low energies (20–500  eV) with ranges 
(1–10 nm) in living tissues and like the internal 
conversion electrons, the Auger electrons have 
also discrete energies, resulting in a sharp energy 
peak spectrum. The entire Auger electron cas-
cade is completed within 1  fs (10−15  s) [33] 
(Fig. 4.6).

The explanation of the Auger effect and the 
internal conversion processes stems from the 
quantum-mechanical description of the atomic 
world. From this perspective, due to the fact that 
the wave functions of the nuclei and electrons are 
allowed to overlap (the nonlocality principle), the 
direct energy transfer (quantum-mechanical cou-
pling) to the ejected Auger or conversion elec-
trons is feasible without the prior emission of a 
photon (X-ray or γ-ray respectively).

The observation that the Auger electrons are 
highly radiotoxic, by pioneers in the field like 
Feinendegen [35] and Howell [36], took approxi-
mately two decades to mature for applications in 
tumor radiotherapy. The Auger electron radiotox-
icity, summarized by their high-LET (LET: 
Linear Energy Transfer: 4–26  keV/μm), low-
energy (≤1.6  keV), and short-range (≤150  nm 
electrons), is caused by multiple ionizations in 
the immediate vicinity (within a few nanometers) 
of the decay site. In contrast to α- and β-particles, 
the Auger electrons, despite their high LET, are 
much less radiotoxic to healthy cells, while circu-
lating in blood or bone marrow, but they become 
highly radiotoxic when incorporated or decay 
near the DNA of target cells (see Table 4.6 and 
Fig. 4.7).

The Auger electron’s range in water varies 
from a nanometer to several micrometers, com-
parable with that of subcellular structures and the 
highly localized energy deposition (106–109 cGy) 
in a very small volume near the nucleus can be as 
cytotoxic as the α-particles of a Po-210 atom 
emitted from a point at the cell surface [33–35, 38]. 
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DNA is the principal target responsible for radia-
tion-induced biologic effects of the Auger elec-
trons. The Auger electrons-DNA interaction 
results in number of different DNA lesions, such 
as single-strand breaks (SSB), double-strand 
breaks (DSB), base damage, DNA-protein cross-
links, and multiply damaged sites (MDS). These 
changes may be produced by either the direct 
ionization of DNA (direct effect) or by the DNA 
interaction with free radicals (indirect effect), 
comprised mostly of hydroxyl free radicals (OH•) 

originating from the radiolysis of the nearby 
abundant water molecules and whose range is 
several nanometers (Figs. 4.7 and 4.8). Most of 
these lesions are repaired with high fidelity, the 
exceptions being DSB and MDS.  Additional 
damage is caused from the charge neutralization 
of the de-excited atom, which acquires a high 
positive charge as the result of the Auger emis-
sion cascade [40–42].

The ideal Auger emitter for radiotherapy 
applications must fulfill certain criteria which are 
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Fig. 4.6  Schematic diagram for radiative and nonradia-
tive transitions. The ejected Auger electrons are shown in 
blue. In the nonradiative transitions the first two letters 

refer to the observed transition and the third letter refers to 
the subshell origin of the Auger electrons [3, 33]

Table 4.6  Radioisotope characteristics for radiotherapeutic applications [31]. LET Linear Energy Transfer, EC 
Electron Capture, IC Internal Conversion

Decay mode Emitted particlesa Emin − Emax Range LET

α-decay Helium nuclei (1) 5–9 MeVb 40–100 μm ≈80 keV/μm

β-decay Energetic electrons (1) 50–2300 keVc 0.015–12 mm ≈0.2 keV/μm
EC/IC Nonenergetic electrons (5–30) ev-keVb 2–500 nm ≈4–26 keV/μm

aNumber of particles
bMonoenergetic
cAverage energy (continuous energy spectrum up to a maximum Emax)
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summarized in Table  4.7. The first criterion is 
absolutely essential to ensure the Auger emission 
process. The half-life range (second criterion) is 
based on the need for long t1/2 in case of slow 
tumor uptake kinetics. Thus, a much shorter t1/2, 
combined with slow tumor uptake, will rather 
irradiate the surrounding normal tissues during 
the circulation, than the tumor. In his context, a 
much larger t1/2 results in a lower radiation dose 
to the tumor, since the number of receptors on the 
tumor cells is finite and the occupancy by an 
appreciable number by non-emitting ligands will 
result in a suboptimal irradiation of the tumor 
cells, especially if they exhibit a rapid prolifera-
tion rate. The third criterion is needed to avoid 
the normal tissue irradiation and especially the 

rapidly dividing bone marrow cells. However, a 
low-intensity photon emission in the 100–
200 keV range is desirable for dosimetry calcula-
tions. The last three criteria (4–6) are essential to 
minimize the presence of radionuclidic impuri-
ties, originating from either the same element as 
the desired therapeutic radionuclide (for exam-
ple, the presence of In-114m during the In-111 
production) or from the radioactive decay prod-
ucts that could expose the normal tissues to unde-
sirable radiation burden. The (p, n) nuclear 
reaction offers the opportunity for the local pro-
duction of radionuclides with cyclotrons during 
the development and clinical trial phases. For 
practical reasons (availability), the isotopes 
Ga-67, In-111, I-123, and I-125 are currently 
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considered for Auger electron radiotherapy appli-
cations, despite the fact that they do not fulfill all 
the above criteria [32, 43, 44].

Many radionuclides decay by electron capture 
and/or internal conversion and therefore inevita-
bly emit Auger electrons with energies ranging 
from a few eV to a few keV. In Table 4.8 the inter-
nal conversion and Auger-emitting parameters 
are listed for a few of commonly used radioiso-
topes. From this table, it is obvious that the total 

energy deposition per decay is the highest for 
In-111, thus making this isotope appropriate for 
tumor therapy applications, despite its limita-
tions, mostly appropriate for the treatment of 
micrometastases or small-volume metastatic 
foci. It has been shown that in therapy of neuro-
endocrine tumors with [111In-DTPA0-D-Phe1]-
Octreotide, it is the Auger electrons that are 
responsible for the observed tumoricidal effects 
and not the high-energy conversion electrons 
(145–245 keV) [25, 32].

The ongoing research effort has been explor-
ing the potential of other CE/AE-emitting iso-
topes for radiotherapeutic applications, such as 
Pt-193m/Pt-195m, Sb-119, and Cu-64. However, 
radioisotope availability (for example, Pt-195m 
is not available in carrier-free form, although 
with 33 emitted electrons/decay, it has the high-
est Auger electron yield known), lack of conve-
nient and/or appropriate chemistry or cost-related 
considerations, have hampered these efforts so 
far, leaving as practical choices In-111 (8 Auger 
electrons/decay), I-125 (21 Auger electrons/
decay), and I-123 (11 Auger electrons/decay) and 

α-particles

β-particles

α-particles

β-particles

Direct DNA damage ª 30%

ROS -induced DNA damage ª 70%

Auger electrons

: Ionization events

Fig. 4.8  Schematic 
representation of 
ionization density along 
the path of α-, 
β-particles, and Auger 
electrons (α-particles 
are considered 
densely-ionizing 
radiation, β-particles are 
sparsely ionizing and 
Auger electrons form 
clusters with a high 
density of ionization 
[37, 39–41]. ROS 
Reactive Oxygen 
Species

Table 4.7  A tabulation of the most important character-
istics of Auger-emitting radionuclides for tumor therapy 
applications

Desirable properties of Auger-emitting radionuclides
1. � Radioisotope must decay either via EC or IT (IT: 

internal transition) decay
2.  3 h < t1/2 < 5 days

3.  Low abundance of emitted γ-photons
4.  Production via the (p, n) nuclear reaction
5. � Preferably no other co-existing nuclear states of 

the isotope
6.  Stable or very long half-life of daughter nuclide
7. � Chemical properties for easy synthesis of the 

appropriate labeled vectors
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even Ga-67. It has to be emphasized though, that 
there are significant differences in the Auger 
yields reported in the literature and most of these 
difference can be attributed to the lack of detailed 
knowledge of the relevant atomic transition rates, 
most prominently in the outer (M, N, etc.) shells. 
In addition, another important consideration for 
the Auger emitter choice is not only the number 
of emitted electrons per decay but also the resi-
dence time of the Auger emitter inside the cell, so 
that the energy deposition from its decay would 
have the expected tumoricidal effect [41–46].

4.4	 �The In-111 Decay Pathway

Indium (In-111) is a cyclotron-produced radio-
isotope (Curium, France, formerly Mallinkcrodt 
BV, the Netherlands) by the proton irradiation of 
a cadmium (Cd-112)-enriched target, via the 
reaction: [112Cd (p, 2n) 111In]. This production 
path is preferred over the alternative reaction 

[111Cd (p, n) 111In], which is accompanied by the 
co-production of high levels of In-111m as an 
undesirable radionuclidic impurity [47, 48]. At 
the time of calibration, the preparation contains 
not less than 99.925% In-111 and not more than 
0.075% In-114m and Zn-65 combined. At the 
time of expiration, it contains not less than 
99.85% In-111 and not more than 0.15% In-114m 
and Zn-65 combined. At the time of calibration, 
the no carrier added (n.c.a.) Indium (In-111) 
Chloride sterile solution in dilute HCl acid (0.02–
0.05 N) contains not less than 95% of the Indium 
present in the In3+ ionic form, while any metal 
impurities (tested: Cu, Fe, Cd, Pb, Zn, Ni, Hg) 
are below ppm levels. Indium (In-111) decays by 
electron capture (EC) to cadmium (Cd-111), a 
stable isotope, with a physical half-life of 67.32 h 
(2.8049  days). A detailed In-111 decay map is 
shown in Fig. 4.9.

The In-111 decay to the ground state of 
Cd-111 (stable) proceeds not directly, but through 
three intermediate steps, since the direct transition 
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e

Fig. 4.9  The decay 
diagram of In-111 by 
EC. Note the nuclear 
spin changes of the 
transition levels [35, 49]
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from In-111 → Cd-111 (I = 9/2+ → I = 1/2+) with 
a single γ-ray emission is strictly forbidden on 
quantum mechanical grounds (ΔI = 4).

•	 Step1: The transition from the energy level of 
Indium-111 to the 416.6 keV excited state of 
Cd-111 via an electron capture process, 
accompanied by K X-ray emission in 71.7% 
of the transitions, with the other 28.3% con-

sisting of conversion and Auger electrons and 
low energy photons.

•	 Step 2: The transition from the 416.6  keV 
excited state of Cd-111 to its 245.4  keV 
excited state; in the 90.6% of these transitions 
171 keV γ-rays are emitted. In the other 9.4% 
of transitions, a conversion electron is pro-
duced, followed either by K X-rays (71.7% of 
the transitions) or by Auger electrons and low-
energy photons (in 28.3% of the transitions).

•	 Step 3: The transition from the 245.4  keV 
excited state of Cd-111 to its ground state; 
94.1% of these transitions consist of 245.4 keV 
γ-rays. In the other 5.9% of transitions, a con-
version electron is produced and that is fol-
lowed either by K X-rays (in 71.7% of cases) 
or by Auger electrons and low-energy photons 
(in 28.3% of the transitions).

The 171.3 and 245.4  keV γ-rays of Cd-111 
de-excitation are used for imaging; the energy, 
range, and yield per decay of Auger and the con-
version electrons emitted and responsible for 
tumor radiotherapy effects are shown in Table 4.9.

4.5	 �A Brief Reminder of Indium 
Chemistry

Indium is a group (IIIA), p-block metal like 
Gallium (Ga) and Thallium (Tl) and its most sta-
ble oxidation number is +3. In3+ is a Lewis acid 
and according to the Pearson HASB (HASB: 
Hard Acid-Soft Base) classification it is consid-
ered a hard acid (IA = 6.30 for In3+). In3+ exhibits 
marked similarities with Fe3+, although Fe3+ is a 
harder acid (IA  =  7.22 for Fe3+) than In3+ (the 
larger the parameter IA, the harder the acid). The 
radiochemistry of indium is fairly straightfor-
ward and it deals with the metal ion in its stable 
In3+ form and in complexes with coordination 
numbers usually 6 or 7 (range: 4–8). There is 
generally little π-bonding to stabilize the indium–
ligand bond and in the presence of monodentate 
ligands (i.e. acetate) there is a tendency for these 
complexes to undergo rapid ligand exchange 
reactions. The desired kinetic stability for the 
synthesis of radiopharmaceuticals can be 

Table 4.9  Energy, yield, and range of photons and par-
ticles emitted by decaying In-111 nuclei. Very low energy 
photons and electrons are omitted [35, 45, 46]

Radiation E (keV)
Yield/
decay Range (μm)

Auger electrons
 � Auger KLL 19.1 0.1030 8.21
 � Auger KLX 22.3 0.0394 10.8
 � Auger KXY 25.5 0.0036 13.6
 � Auger LMM 2.59 0.835 0.287
 � Auger LMX 3.06 0.190 0.375
 � Auger LXY 3.53 0.109 0.473
 � Auger MXY 0.35 2.09 0.0164
 � Auger NXY 8.47 × 10−3 7.82 2.51 ×  10−4

Coster-Kroning electrons
 � CK-LLX 0.183 0.151 8.69 × 10−3

 � CK-MMX 0.125 0.915 6.35 × 10−3

 � CK-NNX 0.0183 2.54 2.50 ×  10−3

Conversion electrons
 � IC 1 K 145 0.0824 2.05 ×10−3

 � IC 1 L 167 0.0100 2.72 ×  10−3

 � IC 1 M, N, 
…

171 0.0140 2.83 × 10−3

 � IC 2 K 219 0.0521 5.20 × 10−3

 � IC 2 L 241 0.0091 6.09 × 10−3

 � IC 2 M, N, 
….

245 0.0019 6.22 × 10−3

X-rays
 � X-ray Ka1 23.2 0.4630 –
 � X-ray Ka2 23.0 0.2400 –
 � X-ray Kβ1 26.1 0.0788 –
 � X-ray Kβ2 26.6 0.0186 –
 � X-ray Kβ3 26.1 0.0382 –
 � X-ray Kβ5 26.3 0.0011 –
 � X-ray L 3.23 0.0499 –
 � X-ray M 0.356 0.0030 –
γ-Rays
 � γ-1 171 9.06 × 

10−1

–

 � γ-2 245 9.37 × 
10−1

–
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achieved only through the use of polydentate 
ligands, preferably those with substituents that 
provide steric shielding [50–56].

In acidic aqueous solutions, for example in 
aqueous HCl solution (0.1  M HCl), the mixed 
octahedral indium In3+ complexes [In (H2O) 4Cl2] 
+ and [In (H2O)5Cl]2+ prevail. These species are 
weak complexes with small affinity constants 
(logka = 3.84 and logka = 2.58 respectively) and 
highly labile, since the H2O and halide ligands 
are exchanged rapidly moving from the inner 
coordination sphere of the indium ion to the solu-
tion and vice versa. In the case of the complex-
ation of In3+ by citrate in acidic conditions, a 
complex mixture of species is formed. Taking 
into account the very low [In3+]/[citrate] ratio 
during the preparation of various radiopharma-
ceuticals, the labile citrate complex [InH2Cit] + 
with logka  =  5.20 (logka  =  6.80 has also been 
reported, although both values are of question-
able validity) is the most likely species. It is 
reminded that the magnitude of the affinity con-
stant reflects the ΔG change of the reaction (for 
ΔG < 0, ka > 1) [57, 58]. It should be kept in mind 
that ΔG is a thermodynamic parameter, while the 
lability or inertness of the formed complex is a 
kinetic parameter and it reflects the magnitude of 
the activation energy (Ea) of the rate-limiting step 
of the reaction mechanism. In radiochemistry, 
besides the thermodynamic stability, the kinetic 
inertness of the radiopharamaceutical is the other 
parameter of utmost importance. In the case of 
the Indium-DTPA complexes, their kinetic stabil-
ity dictates their behavior in  vivo (after the IV 
administration), where these complexes encoun-
ter transferrin, an iron-binding blood plasma gly-
coprotein with a high plasma concentration 
(0.25 g/100 mL). Transferrin has two Fe3+ bind-
ing sites (respective affinity constants: log 
Ka1 = 30.5 and log Ka2 = 25.5), and it is normally 
saturated only by 20–30% with iron ions, there-
fore, it is capable of sequestering any other 
radiometal present that can form complexes with, 
including In3+ [59].

Fortunately, the sequestering of In3+ from its 
Indium-protein conjugates to transferrin at physi-
ological pH is a quite slow process. Being other-
wise, these complexes would be useless for 

radiopharmaceutical applications. In fact, Yeh 
et  al. [60] showed an In-111 label transfer rate 
from a 111In-DTPA-HSA conjugate to transferrin 
of 1.6% per day at physiological pH and 37 °C 
(HSA: Human Serum Albumin), which was only 
slightly lower (2.6%) than the transfer rate of the 
In-111 label from the 111In-DTPA complex to 
transferrin. In the case of benzyl-EDTA-HSA 
and phenyl-EDTA-HSA, which are sterically 
hindered ligands for the 111In3+ complexation and 
more lipophilic, the transfer rate of the In-111 
label from these complexes to transferrin drops to 
0.11% and 0.060 respectively. The exceptional 
stability of 111In-DTPA-fibrinogen towards trans-
ferrin transchelation of the 111In3+ label was also 
shown from 24 h incubation experiments of this 
compound in serum at 37° C [61].

As mentioned before, Indium ion is a hard 
acid; therefore it forms complexes with a wide 
variety of organic ligands, especially with nitro-
gen, oxygen, or charge-carrying oxygen atoms 
(hard bases). Indium complexes of interest in the 
radiopharmaceutical field are based on the N3O5 
or N4O4 motif of aminocarboxylate ligands (i.e. 
DTPA, DOTA), which exhibit very high affinity 
or formation constants (logka  =  28.4 for the 
In-DTPA complex). It should be noted though 
that even S-containing ligands (i. e. aminothiol: 
-N-CH2-CH2-Sˉ) have been prepared with even 
higher affinity constants (logka > 33), despite the 
“softness” of the sulfur atom (sulfur has a larger 
atomic radius than oxygen and it is polarizable, 
hence its “softness”) [62–64].

The In3+ ion is also known for its amphoteric 
character, and for this reason it hydrolyzes easily 
in aqueous solutions, forming insoluble hydrox-
ides/colloids at pH  >  3.4 (in dilute concentra-
tions, In(OH)3 does not actually precipitate). 
Since the In-hydroxy colloid formation occurs 
more rapidly than the complexation with amino-
carboxylate ligands in acidic solutions (pH: 4.0–
5.5), this problem is avoided through the rapid 
formation of an intermediate weak (and labile) 
complex with an appropriate chelator, such as 
citrate followed by a transchelation reaction with 
the aminocarboxylate ligand. The citrate use is 
preferred, instead of an acetate-based buffer, 
since Indium does not precipitate or forms 
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colloids at the slightly acidic solutions (pH: 4.0–
5.5, see Fig. 4.10) of various radiopharmaceutical 
preparations [65]. Once prepared, the thermody-
namically stable DTPA-Indium complexes are 
relatively inert, with minimal in vivo transfer of 
the In-111 label to transferrin [57, 61, 66, 67].

Cadmium is a ubiquitous environmental con-
taminant that can be encountered in syringes or 
vials and is also the unavoidable decay product of 
the In-111 label, thus competing with In3+ in its 
complexation reactions (i.e. with the DTPA moi-
ety, logKa  =  19.1 for the Cd2+-DTPA reaction). 
The time delay between the production of In-111 
and its incorporation to the appropriate radio-
pharmaceutical (usually 7–11 days later), before 
their administration to patients, contributes to the 
increase of the undesirable cadmium levels in the 
111InCl3 solutions (Cd2+ in growth). Another prob-
lem encountered in the In3+ handling is its ten-
dency to get adsorbed on glass vial walls (even a 
20–30% of the dose can get adsorbed). As a 
result, the number of In-111 labeled DTPA-
Octreotide molecules available for receptor bind-
ing is substantially decreased with adverse impact 
on its use as imaging or therapy agent. Therefore, 
it is imperative to take precautions such as use of 
appropriate containers and syringes during the 
radiopharmaceutical preparation and the use of 
ultrapure 111InCl3 solution. Ideally, the purifica-
tion of the 111InCl3 solution should be done imme-

diately prior to the complexation reaction. Such a 
purification method relies on column chromatog-
raphy with a strong anion exchange resin 
(DoweX-1-chloride, 8% X-linking, 100–200 dry 
mesh), preconditioned with the successive pas-
sage of 10 mL of HCl (0.1 N), 10 mL of a 0.9% 
NaCl (for IV use) solution, and 10 mL of water 
for injection. Then, the crude 111InCl3 solution is 
loaded on top of the resin bed and the purified 
111InCl3 eluate is collected in a sterile polypropyl-
ene vial. Since Indium-111 is commercially 
available in dilute hydrochloric (HCl) acid (0.2–
0.5  N), the Cd2+ contaminant to be removed is 
present as an anionic tetrahedral complex 
[CdCl4]2−, which is retained by the column [68].

An interesting approach to maximize the 
111In3+ incorporation in various In-111 complex-
ation reactions was through the use of either 
MES (MES: 2-(N-morpholino)ethanesulfonic 
acid) or HEPES (HEPES: 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) as buffers. 
With these buffers, high specific activities of 
111In-labeled peptides are achieved (see 
Fig. 4.10), possibly due to their weak complex 
formation tendency with the In3+ ions (the 
HEPES and MES structures are shown in 
Fig.  4.11; the presence of electron-donating 
atoms is obvious). Moreover, when the labeling 
was performed in MES- and HEPES-based buf-
fers, the labeling efficiency of 111In-labeled pep-
tides was not adversely affected by Cd2+ 
concentrations up to 0.1  nM (see Fig.  4.12). 
Therefore, with the use of HEPES or MES in 
place of citrate or acetate buffers, the time-con-
suming purification step of 111InCl3 described 
previously can be safely avoided [69].

4.6	 �The Preparation 
of [111In-DTPA0-D-Phe1]-
Octreotide

4.6.1	 �The Kit Components

Octreoscan™ is a commercial kit used for the 
preparation of [111In-DTPA0-D-Phe1]-Octreotide, 
a radiopharmaceutical (CURIUM™, France; for-
merly Mallinckrodt Nuclear Medicine BV, the 
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Netherlands) approved for diagnostic applications. 
The same kit can be also used for radiotherapeutic 
applications, although in this case, much higher 
total doses must be administered [70, 71]. This kit 
consists of two components:

Vial 1: The 10-mL Octreoscan™ Reaction 
Vial 1 contains a lyophilized mixture of:

	1.	 10 μg [DTPA0-D-Phe1]-Octreotide [N-(diethy 
lenetriamine-N,N,N′,N″-tetraacetic acid-
N″-acetyl)-d-phenylalanyl-l-hemicystyl-l-

phenylalanyl-d-tryptophyl- l- lysyl-l-
threonyl-l-hemicystyl-l-threoninol cyclic 
(2 →  7) disulfide], also known as pentet-
reotide,

	2.	 2.0 mg gentisic acid [2, 5-dihydroxybenzoic 
acid] as antioxidant,

	3.	 4.9 mg trisodium citrate, anhydrous as trans-
fer ligand,

	4.	 0.37 mg citric acid, anhydrous, for buffering 
and

	5.	 10.0 mg inositol as bulking agent.
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Fig. 4.13  Reaction scheme for the synthesis of [DTPA0-
D-Phe1]-Octreotide. Replacement of Phe3 in Octreotide 
by Tyr3 (which can be easily radioiodinated) leads to an 
analogue with improved SSTR2 affinity, but the SSTR3 

and SSTR5 affinity is reduced; the C-terminal presence of 
Thr instead of Thr(ol) results in a SSTR2-selective ligand 
with a sevenfold improvement of SSTR2 affinity [73]
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Prior to lyophilization, sodium hydroxide or 
hydrochloric acid is added for pH adjustment. 
The vial contents are sterile and nonpyrogenic, 
without bacteriostatic preservatives present (the 
information presented about the Octreoscan™ kit 
was obtained from the CURIUM™/Mallincrodt 
package insert [72]).

Vial 2: The 10-mL vial 2 of Indium In-111 
Chloride sterile solution contains:

	1.	 1.1  mL or 111  MBq/mL (3.0  mCi/mL) of 
indium In-111 chloride (111InCl3) in 0.02  N 
HCl, at the time of calibration.

	2.	 Ferric chloride (FeCl3) at a concentration of 
3.5 μg/mL ([Fe3+] = 1.2 μg/mL), as a labeling 
efficiency augmenter. The vial contents are 
sterile and nonpyrogenic, without bacterio-
static preservatives present.

For radiotherapeutic applications, 4–5 vials 
of the diagnostic kit were used, with a total pep-
tide amount 40–50 μg and total added radioac-
tivity of 111InCl3 ranging between 110–160 mCi 
(4070–5920 MBq).

4.6.2	 �Synthesis of [DTPA0-D-Phe1]- 
Octreotide

The synthesis of the “cold” ligand ([DTPA0-D-
Phe1]-Octreotide) is a three-step reaction (see 
Fig. 4.13) [73]:

First step: Reaction of Octreotide 
(Sandostatin™) with di-ε-tert-butyldicarbonate 
(Boc)2Ο in dimethylformamide (DMF) for the 
protection of the ε-NH2 group of lysine.

Second step: The Lys5 protected product 
([ε-tert-butyloxycarbonyl-Lys5]-Octreotide) 
reacts with N,N′-diethylenetriaminepentaacetic 
acid (DTPA). DTPA dianhydride is then coupled 
to the selectively protected octreotide. The 
[ε-tert-butyloxycarbonyl-Lys5]-Octreotide is dis-
solved in dioxane/water (1/1, v/v) and after addi-
tion of 20 equivalents of NaHCO3, 1.1 equivalents 
of the DTPA-dianhydride are added. After 5 min, 
the dioxane solvent is removed under reduced 
pressure and the remaining aqueous solution is 

lyophilized. Purification of the product is 
achieved by silica gel chromatography (Silica 
Gel 60) with chloroform/methanol/acetic acid 
50% (7/3/1, v/v/v), in order to separate the 
desired [DTPA0-D-Phe1-Boc-Lys5]-Octreotide 
from the contaminating double-substituted 
DTPA-derivative and the unreacted starting mate-
rial ([ε-tert-butyloxycarbonyl-Lys5]-Octreotide).

Third step: Deprotection of the ε-NH2 group 
of lysine with trifluoracetic acid, with subsequent 
sequential purification on Silica Gel 60, Duolite™ 
ES-861 and a weak basic anionic exchanger 
AG4-X4 (BioRad). The eluted desired product 
[DTPA0-D-Phe1]-Octreotide is then lyophilized. 
The purity of the preparation can be checked 
either by reverse phase HPLC [mobile phase: sol-
vent A = H2O/CH3CN/H3PO4 (85%)/TMAH (tet-
ramethylammonium hydroxide, 10% in water), 
90/10/0.2/4 (v/v/v/v), (pH  =  2.9) and solvent 
B  =  H2O/CH3CN/H3PO4 (85%)/TMAH (tetra-
methylammonium hydroxide, 10% in water), 
30/70/0.4/4 (v/v/v/v), (pH 4.0); gradient 5–95% 
B in 20  min; column temperature: 45  °C; flow 
rate: 1.5 mL/min; detection wavelength: 205 nm) 
or by HPTLC on Silica Gel 60 HPTLC plates.

4.6.3	 �Labeling of [DTPA0-D-Phe1]-
Octreotide with 111In3+

The [111In-DTPA0-D-Phe1]-Octreotide (see 
Fig. 4.14) was prepared by combining the two kit 
components. An aliquot of the supplied Indium 
In-111 chloride solution was added to the vial 
containing the “cold” ligand [DTPA0-D-Phe1]-
Octreotide molecule to form the [111In-DTPA0-D-
Phe1]-Octreotide labeled complex (the added 
radioactivity was the total radioactivity divided by 
the number of vials used (4 or 5). The pH of the 
resultant [111In-DTPA0-D-Phe1]-Octreotide solu-
tion was between 3.8 and 4.3. No bacteriostatic 
preservative was present. The labeling yield of 
[111In-DTPA0-D-Phe1]-Octreotide of the pooled 
preparations was determined prior to the adminis-
tration to the patient. A method recommended for 
determining the labeling yield of the preparation 
will be described in the Sect. 4.6.4 [70, 72, 73].

4  [111In-DTPA0-D-Phe1]-Octreotide: The Ligand—The Receptor—The Label



52

	1.	 An appropriate aliquot of the Indium In-111 
Chloride Sterile Solution vial was aseptically 
removed using the needle provided only (to 
avoid unwanted ions that tend to leach from 
the needles, as Al3+, Cd2+, etc., in the strongly 
acidic solution) and a shielded, sterile syringe.

	2.	 The Indium In-111 Chloride Sterile Solution 
was injected into the Octreoscan™ Reaction 
Vial.

	3.	 The Octreoscan™ Reaction Vial was swirled 
gently until the lyophilized pellet was com-
pletely dissolved.

	4.	 The [111In-DTPA0-D-Phe1]-Octreotide solu-
tion was incubated at or below 25  °C for a 
minimum of 30 min. Note: A 30 min incuba-
tion time is required. Shorter incubation peri-
ods were avoided, as they could result in 
inadequate labeling.
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Fig. 4.14  The established distorted square antiprism 
geometry of the 111In3+ ion with the DTPA moiety (coordi-
nation number: 7) in the [111In-DTPA0-D-Phe1]-Octreotide 
molecule. The Indium atom in the above structure has 
been drawn off-centered to facilitate the visualization. 

The eighth coordination position of the 111In3+ ion may 
interact, although weakly, with the carbonyl oxygen of the 
amide bond (the resonance structures of the amide bond 
are shown below the DTPA moiety) [74, 75]
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	5.	 Using proper shielding, the vial contents were 
visually inspected. The solution should be 
clear, colorless, and free of particulate matter. 
If not, the solution should not be used. It should 
be disposed in a safe and approved manner.

	6.	 The [111In-DTPA0-D-Phe1]-Octreotide pooled 
solution was assayed using a suitably cali-
brated ionization chamber.

	7.	 The labeling yield of the pooled reconstituted 
vials was checked before administration to the 
patient, according to the instructions given 
below. If the radiochemical purity was less 
than 90%, the product was not used.

	8.	 The reaction vial containing the pooled 
[111In-DTPA0-D-Phe1]-Octreotide solution 
was stored at or below 25 °C (77 °F) until use 
and it was used within 2 h after the complex-
ation reaction.

	9.	 The pooled preparation can be diluted to a 
maximum volume of 10  mL with 0.9% 
Sodium Chloride Injection, USP immediately 
prior to injection, if desired. The sample 
should be drawn up into a shielded, sterile 
syringe and then administered to the patient.

4.6.4	 �Determination 
of the [111In-DTPA0-D-Phe1]-
Octreotide Labeling Yield [72]

4.6.4.1	 �Required Materials
	1.	 Waters Sep-Pak™ C18 Cartridge, Part No. 

51910
	2.	 Methanol, 15  mL (Caution: toxic and 

flammable)
	3.	 Distilled water, 20 mL
	4.	 Disposable syringes:

2–10-mL, no needle required
2–5-mL, no needle required
1–1-mL, with needle

	5.	 Three disposable culture tubes or vials, mini-
mum 10-mL capacity

	6.	 Ion chamber

4.6.4.2	 �Preparation of the Sep-Pak™ 
Cartridge

	1.	 The Sep-Pak™ cartridge was rinsed with 
10 mL methanol as follows: a 10-mL syringe 

is filled with 10 mL methanol, the syringe was 
attached to the longer end of the Sep-Pak™ 
cartridge and the methanol was pushed 
through the cartridge. The eluate was dis-
carded in a safe and approved manner.

	2.	 Similarly, The Sep-Pak™ cartridge was also 
rinsed with 10 mL water. Caution was exer-
cised, as the cartridge must kept wet, with no 
air bubbles trapped. If an air bubble was pres-
ent, the cartridge was rinsed with additional 
5 mL of water and the eluate was discarded.

4.6.4.3	 �Sample Analysis
	1.	 An aliquot (0.05–0.1 mL) of the [111In-DTPA0-

D-Phe1]-Octreotide solution was withdrawn 
from the reaction vial, by using a 1-mL 
syringe. The preparation was applied to the 
Sep-Pak™ cartridge through the longer end of 
the cartridge.

	2.	 Using a disposable 5-mL syringe, slowly (in 
dropwise manner) 5  mL water was pushed 
through the longer end of the cartridge and the 
eluate was collected in a counting vial. This 
eluate was labeled as Fraction 1.

	3.	 Similarly, the cartridge was eluted with 5 mL 
methanol slowly, so that the elution occurred 
in a dropwise manner. This fraction was also 
collected in another counting vial and was 
labeled as Fraction 2. Two 5-mL portions of 
air were pushed through the longer end of the 
cartridge and the eluate was collected with 
Fraction 2.

	4.	 The Sep-Pak™ cartridge was placed in a third 
vial for the assay.

4.6.4.4	 �Assay
	1.	 The activity of Fraction 1 was assayed in a 

suitably calibrated ionization chamber. This 
fraction contains the hydrophilic impurities 
(e.g., unbound indium In-111).

	2.	 The activity of Fraction 2 was also assayed. 
This fraction contained the [111In-DTPA0- 
D-Phe1]-Octreotide.

	3.	 Finally, the activity of the Sep-Pak™ cartridge 
was also assayed. This component contains 
the remaining non-elutable impurities.

	4.	 All the materials used in the preparation, the 
sample analysis, and the assay were 
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subsequently disposed of in a safe and 
approved manner.

4.6.4.5	 �Calculations
	1.	 Percent of [111In-DTPA0-D-Phe1]-Octreotide = 

(Fraction 2 Activity/Total Activity) × 100%
Where Total Activity  =  Fraction 1  + 

Fraction 2 + activity remaining in Sep-Pak™
If this value was less than 90%, the prepa-

ration was not used and it was discarded in a 
safe and approved manner.

	2.	 Percent of hydrophilic impurities = (Fraction 
1 Activity/Total Activity) × 100%

	3.	 Percent of non-elutable impurities = (Activity 
remaining in Sep-Pak™ cartridge/Total 
Activity) × 100%

4.6.5	 �Precautions

4.6.5.1	 �General
	1.	 Therapy with octreotide acetate can elicit 

severe hypoglycemia in patients with insulin-
omas. Since [111In-DTPA0-D-Phe1]-Octreotide 
is an octreotide analog, an intravenous line is 
recommended in any patient suspected of hav-
ing an insulinoma. An intravenous solution 
containing glucose should be administered 
just before and during administration of 
[111In-DTPA0-D-Phe1]-Octreotide.

	2.	 Since [111In-DTPA0-D-Phe1]-Octreotide is 
eliminated primarily by renal excretion, use in 
patients with impaired renal function should 
be carefully considered.

	3.	 To help reduce the radiation dose to the thy-
roid, kidneys, bladder, and other target organs, 
patients should be well hydrated before the 
administration of [111In-DTPA0-D-Phe1]-
Octreotide. An increased fluid intake and 
frequent voiding were encouraged for 1  day 
after administration of this drug. In addition, a 
mild laxative (e.g., bisacodyl or lactulose) was 
recommended to the patients before and after 
the administration of [111In-DTPA0-D-Phe1]- 
Octreotide.

	4.	 The prepared [111In-DTPA0-D-Phe1]-Octreotide 
solution should always be tested for labeling 

yield prior to administration. The product had 
to be used within 6 h of preparation.

	5.	 Components of the kit are sterile and nonpy-
rogenic. To maintain sterility, it is essential 
that directions are followed carefully. Aseptic 
technique must be used during the preparation 
and administration of [111In-DTPA0-D-Phe1]- 
Octreotide.

	6.	 Octreotide acetate and the natural somatosta-
tin hormone have been associated with cho-
lelithiasis, presumably by altering fat 
absorption and possibly by decreasing motil-
ity of the gallbladder. However, a single dose 
of [111In-DTPA0-D-Phe1]-Octreotide is not 
expected to cause cholelithiasis [72].

4.6.6	 �Adverse Reactions

The [DTPA0-D-Phe1]-Octreotide is derived 
from Octreotide, which is used as a therapeutic 
agent to control symptoms from certain tumors. 
The following adverse effects have been 
observed in clinical trials at a frequency of less 
than 1% of 538 patients: dizziness, fever, flush, 
headache, hypotension, changes in liver 
enzymes, joint pain, nausea, sweating, and 
weakness. These adverse effects were transient. 
During clinical trials, there was one reported 
case of bradycardia and one case of decreased 
hematocrit and hemoglobin. The usual diagnos-
tic dose of [111In-DTPA0-D-Phe1]-Octreotide is 
approximately 5–20 times less than the 
Octreotide therapeutic dose, therefore it is con-
sidered subtherapeutic, but this not the case 
when the [111In-DTPA0-D-Phe1]-Octreotide is 
used for tumor therapy. The following adverse 
reactions have been associated with diagnostic 
doses of octreotide (10  μg of the peptide) in 
3–10% of patients: nausea, injection site pain, 
diarrhea, abdominal pain/discomfort, loose 
stools, and vomiting. Hypertension and hyper- 
and hypoglycemia have also been reported with 
the use of Octreotide. The above adverse effects 
were more likely to occur with the administra-
tion of the 40–50 μg peptide doses used in each 
tumor radiotherapy session [72].
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4.6.7	 �Dosage and Administration

For radiotherapeutic applications, 4–5 vials of 
the diagnostic kit were used, with a total peptide 
amount of 40–50 μg with the total added radioac-
tivity of 111InCl3 ranging between 110–160 mCi 
(4070–5920  MBq), depending on the patient’s 
weight and dosimetric data. Before administra-
tion, the patient as adequately hydrated. After 
administration, the patient was encouraged to 
drink fluids liberally. Elimination of extra fluid 
intake will help reduce the radiation dose by 
flushing out unbound [111In-DTPA0-D-Phe1]-
Octreotide by glomerular filtration. It was also 
recommended that a mild laxative (e.g., bisaco-
dyl or lactulose) be given to the patient starting 
the evening before the radioactive drug adminis-
tration and it was continued for 48 h after the pro-
cedure. Ample fluid uptake was imperative 
during this period as a support both to renal elim-
ination and the bowel-cleansing process.

The calculated intravenous dose of the 
[111In-DTPA0-D-Phe1]-Octreotide preparation 
was confirmed by a suitably calibrated radioac-
tivity ionization chamber immediately before 
administration. The [111In-DTPA0-D-Phe1]-
Octreotide preparation, as with all intravenously 
administered products, was inspected visually for 
particulate matter and discoloration prior to 
administration. Preparations containing particu-
late matter or discoloration were not adminis-
tered and they were disposed of in a safe manner, 
in compliance with the regulations. Aseptic tech-
niques and effective shielding were employed in 
withdrawing doses for administration to patients. 
Waterproof gloves were worn during the admin-
istration procedure. The [111In-DTPA0-D-Phe1]-
Octreotide was never administered mixed with 
TPN (TPN: Total Parenteral Nutrition) solutions 
or through the same intravenous line [71, 72].

4.7	 �Clinical Pharmacology 
of [111In-DTPA0-D-Phe1]-
Octreotide

[DTPA0-D-Phe1]-Octreotide is a DTPA conjugate 
of Octreotide, which is a long-acting analog of 
the human hormone, SST. Therefore, its labeled 

derivative ([111In-DTPA0-D-Phe1]-Octreotide) 
binds to SSTRs on cell surfaces throughout the 
body. Within an hour after the injection, most of 
the dose of [111In-DTPA0-D-Phe1]-Octreotide dis-
tributes from plasma to extravascular body tis-
sues and concentrates in tumors containing a 
high density of SSTRs. After background clear-
ance, visualization of somatostatin receptor-rich 
tissue is achieved. In addition to somatostatin 
receptor-rich tumors, the normal pituitary gland, 
thyroid gland, liver, spleen, and urinary bladder 
are also visualized in most patients, as is the 
bowel, to a lesser extent. Excretion is almost 
exclusively via the kidneys.

The binding of the labeled ligand [111In-DTPA0-
D-Phe1]-Octreotide to its appropriate receptor 
(SSTR) is followed by the internalization of the 
formed ligand-receptor complex via a clathrin-
coated invagination of the plasma membrane, a 
temperature-dependent process known as 
receptor-mediated endocytosis. This process con-
stitutes the major internalization pathway. The 
resulting vesicles shed their clathrin coat and fuse 
with endosomes, whose acidic environment 
causes the dissociation of the [111In-DTPA0-D-
Phe1]-Octreotide-SSTR complex (see Fig. 4.14). 
The SSTR is then recycled on the cell surface and 
the labeled peptide is further metabolized to 
111In-DTPA-D-Phe. The polarity and charge of 
this metabolite are responsible for its trapping 
inside the cell, since the 111In-DTPA-D-Phe is a 
negatively charged molecule and therefore it can-
not passively pass through the hydrophobic lyso-
somal or cell membranes. Moreover, part of the 
In-111 label may dissociate from the DTPA moi-
ety and it migrates towards the nucleus through 
the nuclear pores, where it gets attached via an 
unknown biochemical mechanism. The emitted 
Auger electrons of In-111 are thus capable of 
releasing their energy at close proximity to the 
cell nucleus with high radiobiological effects 
(RBEs). In case the I-125-labeled Octreotide 
([125I-Tyr3]-Octreotide) analogue is used, such a 
trapping is not possible, since the various I-125-
containing degradation products leave the cell 
quite fast. In this case, the I-125 decaying atoms 
do not have the chance to deposit their energy in 
the intracellular environment, despite the high 
Auger electron yield per decay of I-125 and the 
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long half-life of this isotope, thus rendering the 
I-125-labeled Octreotide analogues unfit as 
PRRT agents (PRRT: Peptide receptor radiother-
apy) [18, 25, 28, 76–80].

Besides the direct and indirect radiotoxic 
effects of the Auger-emitting In-111 label, after 
their transport inside the cells, the “bystander 
effect” further augments the PRRT efficacy. The 
“bystander effect” is mediated through the local 
release of cytokines and free radicals from the 
radiation-damaged cells, which thus induce the 
death in non-irradiated adjacent cells through this 
mechanism. The observed discrepancy between 
the estimated from microdosimetry and the actual 
radiotherapeutic effects has been partially attrib-
uted to the “bystander effect” [10, 81].

During the development phase of in vitro satu-
rable peptide binding assays, such as receptor 
binding assays and radioimmunoassays, it 
became evident that the much needed maximiza-
tion of the assay sensitivity required the highest 
signal-to-background noise (S/N) ratio possible. 
Therefore, by lowering the mass of the radioli-
gand and/or maximizing its specific radioactivity 
led to the improvement in the S/N ratio [82, 83]. 
Octreotide belongs to the family of the regulatory 
peptides and consequently its respective recep-
tors (SSTRs) are characterized by high affinity 
but of low capacity (therefore, they are easily 
saturable). In the administered labeled 
Octreoscan™ preparations, approximately 90% 
of the administered peptide is in its unlabeled 
form ([DTPA0-D-Phe1]-Octreotide), unavoidably 
decreasing the in vivo binding of its labeled form 
([111In-DTPA0-D-Phe1]-Octreotide), due to the 
anticipated competition between the labeled and 
the unlabeled ligands for the limited number of 
the same somatostatin receptor sites [84].

However, the anticipated maximum % uptake 
of the labeled ligand though, when the lowest 
possible dose of the highest specific radioactivity 
[111In-DTPA0-D-Phe1]-Octreotide was adminis-
tered, failed to materialize. What was in reality 
observed, when the % of the radioactivity uptake 
was plotted vs. the injected peptide mass, was a 
bell-shaped curve, suggesting that two opposite 
effects are operating in  vivo. According to 
Breeman et al. [85], the negative effect, due to the 

saturation of the receptor sites when increasing 
total peptide amounts are present (as mentioned 
previously, ≈90% of the administered ligand 
remains unlabeled), appears to be counterbal-
anced by the positive effect that the higher 
amount of the ligand has on the endocytosis rate 
of the ligand-receptor complex. Thus, in order to 
achieve the optimum sensitivity in the scinti-
graphic detection of somatostatin receptor-
positive tissues (i.e. tumors) an optimum dose of 
total peptide ligand is essential (at least 10 μg) 
and this has been taken into consideration in the 
Octreoscan™ kit formulation. It should be kept 
in mind though, since all the regulatory peptide 
receptors get saturated very rapidly, that the 
range of the optimal % uptake versus the injected 
mass of the ligand is fairly narrow; for this rea-
son, the highest possible specific activity of the 
labeled ligand is absolutely essential, especially 
for Peptide Receptor Radionuclide Therapy 
(PRRT) applications, along with clinical studies 
for optimization of the total mass of the ligand to 
be administered [86]. Later results by Lewis et al. 
though [87], in a tumor-bearing rat model with 
64Cu-TETA-Tyr3-Octreotate, seem to contradict 
the above interpretation of the experimental data, 
since in this model at least, increasing amounts of 
the “cold” peptide (10–5000  ng of TETA-Tyr3-
Octreotate) along with a constant amount of 
radioactive peptide (5 μCi/0.2 MBq 64Cu-TETA-
Tyr3-Octreotate) decreased the % radioactivity 
uptake of the various organs, as expected (com-
petition between “cold” and radioactive peptide 
for a limited number of available receptors).

Comparing the specific activities of labeled 
DOTA- and DTPA-peptides with In-111, Y-90 
and Lu-177, the highest specific activity of the 
ligand was obtained with [111In-DTPA0-D-Phe1]-
Octreotide (1.7 GBq∙nmole−1), while the specific 
activity of Lu-177 and Y-90 labeled DOTA-
peptides did not exceed in practice the 
0.5 GBq∙nmole−1. The lower specific activity of 
Lu-177 and Y-90 labeled DOTA-peptides is 
believed to be the result of competing ion con-
taminant levels and the low DOTA-complexation 
reaction rate. A constraint on the maximum spe-
cific activity to be kept always in mind in the 
preparation of various labeled peptides is the 
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integrity of the labeled compound due to radioly-
sis, of more concern if α- and β-emitters are 
used, a fact that gives a definite additional advan-
tage to the Auger-emitting labels [88, 89].

4.7.1	 �Pharmacokinetics

The injected [111In-DTPA0-D-Phe1]-Octreotide 
leaves the plasma rapidly with one-third of the 
injected radioactivity dose remaining in the blood 
pool at 10 min after administration. Plasma levels 
continue to decline so that by 20 h post injection, 
about 1% of the radioactive dose is found in the 
blood pool. The biological half-life of 
[111In-DTPA0-D-Phe1]-Octreotide is 6 h. Half of 
the injected dose is recoverable in urine within 
6 h after injection, 85% is recovered in the first 
24  h, and over 90% is recovered in urine by 
2  days. Hepatobiliary excretion represents a 
minor route of elimination, and less than 2% of 
the injected dose is recovered in feces within 
3 days after the [111In-DTPA0-D-Phe1]-Octreotide 
injection [72].

4.7.2	 �Metabolism

For several hours after the administration of 
[111In-DTPA0-D-Phe1]-Octreotide, plasma radio-
activity is predominantly in its parent form. Ten 
percent of the radioactivity excreted is non-
peptide-bound [72].

4.7.3	 �Pharmacodynamics

[111In-DTPA0-D-Phe1]-Octreotide binds to cell 
surface somatostatin receptors. In nonclinical 
pharmacologic studies, the hormonal effect of 
Octreoscan in  vitro is one-tenth that of octreo-
tide. Since diagnostic imaging doses of 
[111In-DTPA0-D-Phe1]-Octreotide are lower than 
the therapeutic doses of “cold” octreotide, the 
[111In-DTPA0-D-Phe1]-Octreotide does not exert 
clinically significant somatostatin-mediated 
effects if administered for imaging applications, 
but with the radiotherapeutic peptide doses, cau-

tion should be exercised and measures should be 
taken to avoid any complications. [111In-DTPA0-
D-Phe1]-Octreotide is cleared from the body pri-
marily by renal excretion but its elimination has 
not been studied in anephric patients or in those 
with poorly functioning kidneys. It is not known 
[111In-DTPA0-D-Phe1]-Octreotide can be removed 
by dialysis. Dosage adjustments in patients with 
decreased renal function have not been studied 
[25, 77].

Small peptides and protein fragments of 
appropriate charge and size (MW < 70 kDa) are 
initially filtered through the glomeruli and then 
get reabsorbed in the proximal tubules. The non-
specific receptor system of megalin/cubulin 
(Fig. 4.15) contributes most to their reabsorption, 
through receptor-mediated endocytosis. Megalin 
and cubulin are multiligand, structurally dissimi-
lar endocytic receptors (megalin is a transmem-
brane protein, while cubulin is not) located at the 
apical membrane of the proximal tubular cells 
and they operate in a synergistic fashion 
(Fig.  4.15). Studies in megalin-deficient mice 
revealed that the [111In-DTPA0-D-Phe1]-
Octreotide renal uptake was only 15–30% of that 
in the control mice [28, 56, 89–91].

After lysosome processing of the endocytosed 
[111In-DTPA0-D-Phe1]-Octreotide, the trapped 
polar In-111 labeled degradation products in the 
proximal tubular cells burden the radiosensitive 
kidneys with unwanted radiation load (kidneys 
are the dose-limiting organs in PRRT). The renal 
uptake of [111In-DTPA0-D-Phe1]-Octreotide 
appears to be facilitated by the electrostatic inter-
action between the slightly positive net charge of 
the molecule at a pH range 5–7, which is the 
usual pH range of the glomerular filtrate and the 
negatively charged proximal tubular cell surface. 
In Fig. 4.16, the electrophoretic mobility data on 
cellulose acetate (CAE: Cellulose Acetate 
Electrophoresis) of three Octreotide-based pep-
tides with different net charge and lipophilicity 
are shown [12, 38, 80, 89]. In a comparative 
study of the renal uptake and metabolism between 
[111In-DTPA0-D-Phe1]-Octreotide and the modi-
fied [111In-DTPA0-Asp0-D-Phe1]-Octreotide and 
[111In-DTPA0-D-Phe−1-Asp0-D-Phe1]-Octreotide, 
it was concluded that the insertion of a negatively 
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[111In-DTPA-D-Phe1]-Octreotide
[111In-DTPA-Asp0-D-Phe1]-Octreotide
[111In-DTPA-D-Phe1-Asp0-D-Phe1]-Octreotide
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Fig. 4.16  The cellulose acetate electrophoresis (CAE) behavior of three structurally related peptides, at four different 
pH solutions, simulating urine and blood. The peptides differ in their net charge and lipophilicity [27, 89]
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Fig. 4.15  Schematic depiction of the protein and peptide 
handling by the proximal tubular cells. The megalin/cubu-
lin system located at the apex of the proximal tubular cells 
(nonselective system) mediates the reabsorption process 
for the [111In-DTPA0-D-Phe1]-Octreotide, along with other 

molecules (i.e. albumin, vitamins, aminoacids). The 
acidic environment of the lysosomes leads to the trapping 
of labeled hydrolysis products of the [111In-DTPA0-D-
Phe1]-Octreotide molecule and contributes to the undesir-
able renal irradiation
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charged aspartic acid at the aminic end of the 
Octreotide molecule decreases its renal uptake 
due to the developing electrostatic repulsion, as it 
approaches the negatively charged proximal 
tubular cells. This result was further supported by 
the data of Akizawa et al. [27, 89].

4.8	 �Concluding Remarks

[111In-DTPA0-D-Phe1]-Octreotide is a theragnos-
tic radiopharmaceutical, which permits molecu-
lar imaging (SPECT or SPECT/CT) studies for 
acquisition of useful pre-therapy data (biodistri-
bution, dosimetry, critical organ or tissue and the 
maximum tolerated dose), despite the limitations 
of In-111 as an Auger-emitting radionuclide. 
[111In-DTPA0-D-Phe1]-Octreotide has been in use 
for more than two decades, mainly as an imaging 
agent and the experience that has been acquired 
formed the basis for the reevaluation of Auger 
emitters as radiotherapeutic agents. Indeed, 
extensive studies have proved that the small 
volume micrometastases of SSTR-expressing 
tumors can be successfully contained and possi-
bly circulating tumor cells as well. Based on the 
findings of imaging results, dose ranging experi-
ments, for higher dose-targeted molecular ther-
apy and increased effectiveness, are thus allowed. 
All these factors lead to a tailored imaging and 
therapy approach to the same patient with 
[111In-DTPA0-D-Phe1]-Octreotide as the modern 
personalized medicine approach dictates [80].

However, there is always ample room for 
improvement. Increasing the % uptake of the 
somatostatin analogue was an important step in 
this process, after the introduction of [DOTA0-D-
Phe1-Tyr3]-Octreotate (in which the C-terminal 
threoninol is replaced with threonine) by 
Kwekkeboom et al [88], which exhibited a nine-
fold increased affinity for the SSTR2 expressed by 
tumor cells compared with the affinity of [DOTA0-
D-Phe1-Tyr3]-Octreotide. The dimerization of the 
octreotide peptide ligand has been conclusively 
shown to increase the SSTR binding affinity with 
reduced background, opening the door to another 
possibility for improving the behavior of this 
class of ligands in the tumor radiotherapy set-

ting [92]. Furthermore, experimental results with 
modifications in the incubation buffer used for the 
preparation of the In-111-labeled Octreotide ana-
logue, which results in increased specific activity 
of the administered radiopharmaceutical and also 
the attachment of a nuclear localization sequence 
(NLS: Nuclear Localization Sequence) on the 
Octreotide molecule, are expected to augment 
the anti-tumor efficacy of these analogues, by 
maximizing the energy deposition of the Auger 
electrons in the region of the cell nucleus [3, 41, 
93–97]. In addition, pharmacologic interven-
tion for the sensitization of the replicating tumor 
cells, by interfering with the repair mechanisms 
of the DNA damage, is another clever strategy 
to increase therapeutic efficacy of the Auger-
emitting radioligands. This approach has been 
attempted with Olaparib, a poly-[ADP-ribose]-
polymerase 1 (PARP-1) inhibitor, which aug-
ments the cytotoxicity of the administered dose 
of the In-111-labeled preparation, by increasing 
the number of cytotoxic DSBs [98]. And lastly, 
the charge-modification of the NH2-terminal-
labeled somatostatin analogues, with the inser-
tion of a negatively charged aspartic acid moiety 
therein, by facilitating its kidney excretion and 
reducing significantly the unwanted and deleteri-
ous kidney irradiation, allows the increase of the 
total administered Auger-emitter dose for higher 
therapeutic efficacy [27, 46].
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