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Introduction: [177Lu]Lu-DOTA-Ahx-Lys40-Exendin-4 ([177Lu]Lu-DOTA-Exendin-4) is a potential agent for radio-
therapy of insulinomas owing to its specificity towards GLP-1 (Glucagon like peptide-1) receptors over-
expressed on such cancers. The objective of the present study is to optimize the various radiochemistry param-
eters for the consistent formulation of the agent with high radiolabeling yield using carrier added [177Lu]LuCl3
and also to evaluate its biological behaviour in small animal model.
Methods: In order to optimize the radiolabeling parameters, DOTA-Exendin-4was radiolabeledwith [177Lu]LuCl3
in two different buffer systems (sodium acetate and HEPES) at three different temperatures (45, 65 and 95 °C)
using three different ligand to metal ratios (3:1, 4:1 and 5:1). The radiolabeled peptide was characterized by
both paper chromatography and HPLC. The effect of addition of three different radio-protectors on complexation
yield was also studied. Bio-distribution studieswere carried out in healthy Swissmice to evaluate the pharmaco-

kinetic behaviour of the radiolabeled peptide as well as to determine the in vivo specificity of the radiotracer to-
wards GLP-1 receptors (blocking studies). Urine and kidney lysate of the animals were analyzed at various post-
administration time-points in order to determine the in vivo stability of the radiolabeled peptide.
Results: The [177Lu]Lu-DOTA-Exendin-4 complex could be prepared consistently with N95% radiolabeling yield
using the optimized reaction conditions. Bio-distribution studies revealed early accumulation of [177Lu]Lu-
DOTA-Exendin-4 in pancreas along with fast clearance via renal pathway. Significantly high accumulation of
the radiotracer was observed in kidneys. Analyses of urine and kidney lysate of the animals revealed in vivo sta-
bility of [177Lu]Lu-DOTA-Exendin-4. Blocking studies showed displacement of significant amount of radiotracer
from GLP-1 receptor-positive organs such as, pancreas and lungs (p b0.05) in presence of unlabeled peptide, in-
dicating the specificity of the radiolabeled preparation towards GLP-1 receptors.
Conclusions: Present study shows that [177Lu]Lu-DOTA-Exendin-4 could be formulated for radiotherapeutic ap-
plication with high radiochemical purity and adequate in vivo stability using [177Lu]LuCl3 produced via direct
neutron irradiation.
Advances in knowledge and implications for patient care: Findings of the present study will be helpful in preparing
the patient dose of [177Lu]Lu-labeled Exendin for radiotherapy of insulinoma using carrier added [177Lu]LuCl3,
produced in a medium flux reactor, without the requirement of post-labeling purification.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Insulinoma is a type of neuroendocrine tumor having its origin in the
beta cells, present in the islets of Langerhans of pancreas, which are re-
sponsible for producing insulin in the human body [1–5]. Although oc-
currence of insulinoma is relatively rare, it is one of the most common
forms of pancreatic endocrine tumors (PENTs) [1–5]. In spite of the
fact that insulinoma is a tumor of neuroendocrine origin, the density
of somatostatin receptors over-expressed on its surface, particularly in
ision, Bhabha Atomic Research
case of benign insulinomas, is too low to use radiolabeled somatostatin
analogs for the radio-diagnosis and targeted therapy of such tumors.
However, it has been documented that insulinomas also over-express
glucagon like peptide-1 (GLP-1) receptors with high incidence and den-
sity on their surface and this finding has been exploited in developing
potential agents suitable for peptide receptor radio-scintigraphy of
such cancers [5–11]. GLP-1 is a peptide derived hormone released by
endocrine L-cells which binds effectively with GLP-1 receptors present
in the pancreatic beta cells [4,5,12]. Biologically active GLP-1 has a
very short serum half-life (~1–2 min) and is susceptible to rapid pro-
teolytic cleavage [13,14]. However, it has been documented that a
synthetically prepared GLP-1 agonist, namely Exendin-4, a 39
amino acid peptide, has a relatively longer in vivo half-life and
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exhibits high affinity towards the GLP-1 receptors expressed on
insulinoma cells [13,14]. Upon coupling the terminal amine group
of Ahx linker attached to lysine residue available in the Exendin-4
moiety, with a suitable bi-functional chelating agent such as, DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), the
resulting DOTA-Ahx-Lys40-Exendin-4 (DOTA-Exendin-4) conjugate
becomes suitable for radiolabeling with a variety of radioisotopes,
both diagnostic as well as therapeutic in nature and this provides a
viable route towards radio-diagnosis and/or targeted radiotherapy
of insulinomas. This approach has been exploited in developing
[68Ga]Ga-labeled Exendin-4, which not only successfully tested
pre-clinically, but also demonstrated promising clinical results in de-
tecting the cancerous lesions of insulinoma patients [6–11,15,16].

The successful clinical applications of [68Ga]Ga-labeled Exendin-4,
albeit still in its preliminary stage, have prompted the development of
corresponding radiolabeled analogs, suitable for therapeutic interven-
tion of insulinomas over-expressing GLP-1 receptors. Towards this, a
limited number of studies regarding the formulation and dosimetry as-
pects of [177Lu]Lu-DOTA-Exendin-4 have been documented in the con-
temporary literature [17]. Lutetium-177 can be considered as a suitable
radionuclide for developing agents for peptide receptor radionuclide
therapy (PRRT) owing to its suitable nuclear decay characteristics and
easy production feasibility [18–20]. Emission of moderate energy β−-
particles [Eβ(max) = 0.497 MeV] is suitable for the treatment of small-
sized tumors, which is often the case with insulinomas [18,19] and the
accompanying gamma photons [Eγ =113 (6.4%), 208 (11%)] help in si-
multaneous scintigraphy and dosimetric evaluations [18,19]. The large
thermal neutron capture cross-section of 176Lu (σ = 2100 b) makes it
convenient and cost-effective to produce [177Lu]Lu by employing simple
(n,γ) route using medium flux research reactors, while its compara-
tively longer half-life (T1/2 = 6.73 days) provides logistical advantages
enabling supply of [177Lu]Lu or [177Lu]Lu-based agents to the distant
places from the site of its production [18,19]. Therefore, [177Lu]Lu-la-
beled DOTA-Exendin-4 may emerge as a potential agent for PRRT of
insulinoma patients, particularly for those at the advanced stage of the
disease.

A careful search of the contemporary literature indicates that the de-
tailed study regarding the formulation of [177Lu]Lu-labeled DOTA-
Exendin-4, particularly using the reactor produced comparatively low
specific activity [177Lu]Lu, is yet to be documented. Therefore, it was
felt pertinent to explore the various radiochemistry aspects related to
radiolabeling of DOTA-Exendin-4 with carrier-added [177Lu]Lu. In the
present paper,we describe the detailed radiochemical studies regarding
the formulation of [177Lu]Lu-DOTA-Exendin-4 along with its prelimi-
nary metabolic and pharmacokinetic evaluation in small animal model.

2. Experimental

2.1. Materials and methods

DOTA-Ahx-Lys40-Exendin (DOTA-Exendin-4), used for the present
study, was purchased from a local vendor of CSBio (USA). Sodium ace-
tate and HEPES (4-(1-hydroxyethyl)-1-piperazine-ethanesulphonic
acid) were procured from Sigma-Aldrich (USA). CelLytic™ MT cell
lysis reagent used for cell lysis was procured from Sigma-Aldrich
(USA). All other chemicals, used in the present study, were purchased
from reputed local manufacturers and were of AR (Analytical Reagent)
grade. [177Lu]LuCl3 used in the presentworkwas produced in a research
reactor of our institution by (n,γ) reaction on enriched 176Lu2O3 target
by following a processingmethodology reported elsewhere [20]. Carrier
LuCl3 (99.9% pure) used for the preparation of non-radioactive Lu-
DOTA-Exendin-4 complex was obtained from a local supplier of
Sigma-Aldrich (USA).

Whatman 3MMcellulose chromatography paper, procured fromAl-
drich Chemical Company (USA), was used for the paper chromatogra-
phy (PC) studies. All radioactive countings, except related to those
with the bio-distribution studies, were done by using a well-type NaI
(Tl) scintillation counter, procured from Electronic Corporation of
India Limited (India), setting the baseline at 100 keV and using a win-
dow of 150 keV, so as to utilize the 113 (6.4%) and 208 (11%) keV
gamma photon emissions of 177Lu[Lu]. Mass analyses were carried out
using MALDI-TOF mass spectrometer (UltrafleXtreme, Bruker,
Germany) at TIFR, Mumbai (India).

The high performance liquid chromatography (HPLC) system (PU
1580) used for the present study was obtained from JASCO (Japan). A
C-18 reverse phase HiQSil (250 × 4 mm) column was used and elution
profile was monitored by detecting the radioactivity signal using a NaI
(Tl) detector coupled with the HPLC system. All the solvents used for
HPLC analyses were of HPLC grade and degassed as well as filtered
prior to use. Durapore® PVDF membrane filters (47 mm, 0.45 μm)
used for filtration of solvents for HPLC were procured from Merck
Millipore.

Swiss mice (male, 6–8 weeks age), used as the animal model for the
present study, were bred and reared in the laboratory animal house fa-
cility of our institute following the standard management practice. Ra-
dioactive countings associated with the animal studies were
performed using a flat-type NaI(Tl) scintillation detector, procured
from Electronic Corporation of India Limited (India), employing the
same counting set-up mentioned earlier. The animal studies reported
in the present article were approved by the Institutional Animal Ethics
Committee (IAEC) of Bhabha Atomic Research Centre (BARC) and all
the animal experiments were carried out in strict compliance with the
institutional (IAEC) guidelines following the relevant national laws re-
lated to the conduct of animal experimentation (Prevention of Cruelty
to Animals Act, 1960).

Statistical analysis of data was carried out by two sample t-test using
OriginPro8 software.

2.2. Radiolabeling of DOTA-Exendin-4 with [177Lu]LuCl3

Radiolabeling of DOTA-Exendin-4 with [177Lu]LuCl3 was performed
using either of the two buffers, namely, sodium acetate (0.2 M,
0.45 mL, pH = 5.0) and HEPES (1.25 M, 0.45 mL, pH = 5.0). For the
preparation of [177Lu]Lu-DOTA-Exendin-4, DOTA-Exendin-4 (50 μg,
50 μL, 10.4 nmol) was dissolved in one of the buffers (sodium acetate
buffer or HEPES buffer) and incubated with [177Lu]LuCl3 (0.37 μg,
15 μL, 370 MBq) at a temperature of 95 °C in a water bath for 1 h.
Radiolabeling parameters, such as, ligand to metal ratio, incubation
temperature and incubation period were varied each at a time in
order to study the effects of these parameters on radiolabeling yield as
well as to arrive at the optimized radiolabeling protocol. Small aliquots
of the reaction mixtures were taken out at different time intervals and
were subjected to quality control studies for monitoring the progress
of the radiolabeling reaction with time. Effect of the other parameters
on the radiolabeling yieldwas studied by performing the quality control
studies after completion of the radiolabeling process. No post-labeling
purification was carried out for any of the radiolabeled preparation in
all the experiments. All the experiments related to optimization of
radiolabeling parameters were carried out in a triplicate manner so as
to ensure the reproducibility of the optimized reaction procedure lead-
ing to the preparation of [177Lu]Lu-DOTA-Exendin-4.

2.3. Characterization of [177Lu]Lu-DOTA-Exendin-4

The percentage radiolabeling yield of [177Lu]Lu-DOTA-Exendin-4
was determined by carrying out PC as well as HPLC studies. Sodium cit-
rate buffer (0.1 M, pH= 5.0) was used as themobile phase for carrying
out the PC studies, whereas HPLC studies were performed employing
gradient elution technique using 0.1% TFA (tri-fluoro acetic acid) in
water (A) and 0.1% TFA in acetonitrile (B) as the mobile phase
(0–4 min 95% A, 4–15 min 95% A to 5 %A, 15–20 min 5% A, 20–25 min
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5% A to 95% A, 25–30 min 95% A). Flow rate of the mobile phase was
maintained at 1 mL/min throughout the study.

2.4. Synthesis and characterization of non-radioactive Lu-DOTA-Exendin-4
complex

Non-radioactive Lu-DOTA-Exendin-4 complex was synthesized by
incubation of DOTA-Exendin-4 (100 μg, 100 μL, 20.7 nmol) with ten
times excess of LuCl3 (36.43 μg, 37 μL, 207.6 nmol) in HEPES buffer
(1.25M, 0.45mL, pH=5.0) at 95 °C for a period of 1 h. At end of the re-
action, an aliquot of the reaction mixture was injected in HPLC and its
UV profile (at λ = 280 nm) was monitored for assessing the progress
of the reaction. Reaction mixture was also analyzed by mass spectrom-
etry using MALDI-TOF instrument.

2.5. Effect of variation of radiolabeling parameters on the radiolabeling
yield

In order to study the effect of variation of radiolabeling parameters
on the radiolabeling yield as well as to arrive at the optimized
radiolabeling protocol, various parameters such as, type of buffer, incu-
bation temperature, ligand to metal ratio (L:M), reaction time etc. were
varied over a certain range and corresponding radiolabeling yields were
determined by the quality control studies mentioned above. It may be
noted that one parameter was varied per experiment. For determina-
tion of percentage radiolabeling yield (% RCY) at different incubation
temperatures viz. 45, 65 and 95 °C in two different buffer systems viz.
HEPES and sodium acetate, a ligand to metal ratio 5:1 was used and in-
cubation was continued for 1 h. All further experiments were carried
out using HEPES as buffer system. Next set of experiments were carried
out using three different L:M ratio viz. 5:1, 4:1 and 3:1 at three different
incubation temperatures viz. 45, 65 and 95 °C. Another set of experi-
ments was carried out by varying the period of incubation e.g. 15, 30
and 60 min. For studying the effect of ligand to metal ratio on
radiolabeling yield, DOTA-Exendin-4 (50 μg, 50 μL, 10.4 nmol) was dis-
solved in 450 μL of buffer and incubated with [177Lu]LuCl3 solution con-
taining different amount of 177Lu[Lu]/natLu (0.37, 0.46 and 0.62 μg)
corresponding to 5:1, 4:1 and 3:1 L:M ratio, respectively at different
temperatures for 1 h. A stock solution of non-radioactive/carrier LuCl3
was prepared (1 μg/5 μL) and non-radioactive Lu was added along
with its radioactive counterpart to the reactionmixtures for adjustment
of respective L:M ratio. Specific activity of [177Lu]LuCl3 used for this ex-
periment was 987.9 MBq/μg at the end of radiolabeling reaction and
was available in 0.2 mL of 0.01 N HCl. A very slight change in volume
was compensated by addition of extra buffer so as to keep the total re-
action volume (~550 μL) fixed for each radiolabeling reaction. For
radiolabeling experiments carried out to determine the variation in %
RCY with different period of incubation viz. 15, 30 and 60 min, temper-
ature of incubation was 95 °C and ligand to metal ratio chosen was 5:1.
No other parameter was varied for above experiments. Optimumproto-
col for radiolabeling DOTA-Exendin-4 with [177Lu]Lu was ascertained
based on the results obtained from these radiochemical studies.

2.6. Effect of presence of radio-protector on percentage radiolabeling yield
of [177Lu]Lu-DOTA-Exendin-4

To determine the effect of radio-protectors such as gentisic acid,
ascorbic acid and ethanol on radiolabeling yield of [177Lu]Lu-DOTA-
Exendin-4, radiolabeling of DOTA-Exendin-4 was performed by carry-
ing out radiolabeling reactions in presence of ascorbic acid, gentisic
acid and ethanol [17]. For this, DOTA-Exendin-4 (50 μg, 50 μL,
10.4 nmol) was dissolved in 450 μL of HEPES buffer and ascorbic acid
(5 mg, 100 μL, 0.03 mmol) or gentisic acid (5 mg, 100 μL, 0.03 mmol)
or ethanol (100 μL)was added to the solution. Gentisic acid and ascorbic
acid were dissolved in minimum distilled water and their pH was
brought up to 5.0 by careful addition of small aliquots of 2 N NaOH
and final volume was made up to 100 μL. A 5:1 ligand to metal ratio
was maintained for the radiolabeling reaction. The reaction mixture
was subsequently incubated at 95 °C for 1 h in awater bath after the ad-
dition of [177Lu]LuCl3 (0.37 μg, 10 μL, 370MBq). The radiochemical yield
of [177Lu]Lu-DOTA-Exendin-4 was determined by carrying out PC and
HPLC following the procedures mentioned in the earlier section.

2.7. In vitro stability studies

In vitro stability studies were performed in order to determine the
relative stability of [177Lu]Lu-DOTA-Exendin-4 complex, prepared
with and without ethanol during radiolabeling reaction, by storing the
preparations at room temperature for 7 days. Additionally, another sim-
ilarly prepared radiolabeled formulation to which ethanol (100 μL) was
added after the completion of radiolabeling, was also included for
studying the stability profile of [177Lu]Lu-DOTA-Exendin-4 complex. Al-
iquots (20 μL) from all of the three formulationswerewithdrawn at dif-
ferent time intervals viz. 1, 2, 5 and 7 days post-preparation and
subjected to HPLC analyses for monitoring the stability profile of the
radiolabeled formulations.

2.8. In vitro serum binding and stability studies

In vitro serum binding and stability studies were carried out by fol-
lowing the standardized protocols, which are briefly mentioned
below. An aliquot of [177Lu]Lu-DOTA-Exendin-4 (100 μL, 74 MBq), pre-
pared under the optimized conditions, was incubated with human
serum (400 μL) at 37 °C up to 7 days. For determining the serum bind-
ing, an aliquot (50 μL) was withdrawn from the stock solution after 3
h of incubation and the serum proteins were precipitated by adding
equal volume of acetonitrile to it. Themixture was subsequently centri-
fuged at 15000 rpm for 4 min and radioactivity associated with the su-
pernatant and pellet were counted separately using a NaI(Tl) detector.
The procedure was repeated twice and percentage serum binding of
[177Lu]Lu-DOTA-Exendin-4 was calculated from the counts observed
in the pellet and collected supernatant fractions.

For determining the serum stability, aliquots (50 μL) were with-
drawn from the stock solutions at regular intervals and serum proteins
were precipitated by adding equal volume of acetonitrile to it. The mix-
tures were subsequently centrifuged and the supernatants were ana-
lyzed by HPLC using the protocol mentioned above.

2.9. Bio-distribution studies

Pharmacokinetic evaluation of [177Lu]Lu-DOTA-Exendin-4 was car-
ried out by bio-distribution studies in healthy Swissmice. Molar activity
of [177Lu]Lu-DOTA-Exendin-4 prepared for in vivo studies was
34.9 MBq/nmol at the end of preparation and was diluted further with
normal saline prior to the administration in animals. Each animal,
weighing 20–25 g, was intravenously injectedwith 100 μL of the diluted
radiolabeled preparation (~50 μCi, 1.85 MBq) through one of the lateral
tail veins. Biological distribution of the radiotracer was studied at four
different post-administration time points viz. 3 h, 1, 2 and 7 days.
Three animals were used for each time point. The animals were
sacrificed immediately after the designated post-administration time
points through CO2 asphyxia. Blood samples of the animals were with-
drawn by cardiac puncture immediately after sacrificing the animals.
Subsequently, the organs/tissues were excised and weighed in a
weighing balance and radioactivity associated with each organ/tissue
wasmeasuredusing aflat-typeNaI(Tl) counter. The percent injected ac-
tivity (%IA) in various organs/tissue was calculated from the above data
and expressed as %IA per g of the organ/tissue. The total activity accu-
mulated in blood, skeleton and muscles were calculated by considering
7, 10 and 40% of the animal body weight are constituted by these or-
gans/tissue, respectively [21,22].



Fig. 1. Variation of percentage radiolabeling yield of [177Lu]Lu-DOTA-Exendin-4 complex
with incubation temperature in two different buffer systems viz. HEPES (1.25 M, pH =
5.0) and sodium acetate (0.2 M, pH= 5.0).

Fig. 2. Variation of percentage radiolabeling yield of [177Lu]Lu-DOTA-Exendin-4 complex
with incubation period.
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Blocking studies were also performed in the same animal model by
administering ~100 fold excess of the unlabeled DOTA-Exendin-4 in
each animal while carrying out the bio-distribution studies following
the procedure mentioned below. A stock solution of the unlabeled
DOTA-Exendin-4 was prepared by dissolving the ligand in autoclaved
saline with a concentration of 1 μg/μL and each of the three animals
was injected 100 μL of the solution through one of their lateral tail
veins 15min prior to the administration of the radiolabeled preparation.
The animals were sacrificed after 3 h of administration of the
radiolabeled preparation and bio-distribution studies were performed
following the procedure mentioned above.

2.10. Study of metabolites in urine and kidney lysate

Stability of [177Lu]Lu-DOTA-Exendin-4 in urine as well in kidney ly-
sate of the animals at different post-administration time points viz. 3 h,
1, 2 and 7 days was determined by following the procedure outlined
below. The urethra of the animals was tied under anesthesia 1 h prior
to the designated sacrifice time. The animals were sacrificed after the
elapse of scheduled time and the urine-filled bladder was separated
while dissecting the animals. The urine was collected in a syringe by
puncturing the bladder and an aliquot of the urine sample (~100 μL)
was treated with acetonitrile (300 μL) to precipitate the proteins pres-
ent in it. Subsequently, the mixture was centrifuged at 15000 rpm for
5 min and the supernatant layer was separated from the pellet. An ali-
quot of the supernatant layer was injected in the HPLC and chromato-
gram was recorded following the gradient elution method mentioned
above.

Metabolite study using kidney lysate was carried out by homogeni-
zation of six kidneys, collected from three animals, sacrificed at 3 h, 1, 2
and 7 days post-administration time points. The kidneys were homoge-
nized, dissolved in lysate buffer and subsequently centrifuged at
15000 rpm for 10 min. Post-centrifugation, the supernatant (~200 μL)
was separated from the precipitate and mixed with 300 μL of acetoni-
trile. The resultant mixture was centrifuged again at 15000 rpm for
10 min and the supernatant, thus obtained, was analyzed using HPLC
following the procedure mentioned above to determine the presence
of radiolabeled metabolites, if any.

3. Results

3.1. Preparation, radiochemical studies and quality control of [177Lu]Lu-
DOTA-Exendin-4

Optimization of radiolabeling protocol for preparation of [177Lu]Lu-
DOTA-Exendin-4 involved variation of various reaction parameters
and in these experiments, % RCY of the radiolabeled peptide was deter-
mined by varying single parameter at a time. Radiolabeling of DOTA-
Exendin-4 with [177Lu]LuCl3 was carried out using two different buffer
systems of pH = 5.0 namely, sodium acetate (0.2 M) and HEPES
(1.25M). A L:M ratio of 5:1 was chosen for this experiment and incuba-
tion was continued for 1 h. No radio-protectant was added in any of the
formulation for this experiment. Fig. 1 shows the variation of
radiolabeling yield of [177Lu]Lu-DOTA-Exendin-4 prepared at three dif-
ferent temperatures (45, 65 and 95 °C) using these two buffers. It is ev-
ident from this figure that [177Lu]Lu-DOTA-Exendin-4 was obtained
with comparatively higher radiolabeling yields under identical condi-
tions when HEPES was used instead of sodium acetate as the buffering
medium except at 65 °C, when use of both the buffers provided similar
radiolabeling yields. Therefore, for all the subsequent studies HEPESwas
used as the buffer during radiolabeling process.

Subsequently, attempts were made to determine the effect of incu-
bation period on the radiolabeling yield of [177Lu]Lu-DOTA-Exendin-4
complex keeping rest of the parameters same as in previous experi-
ment. These studies revealed that radiolabeling yield of [177Lu]Lu-
DOTA-Exendin-4 complex gradually increased with the increase in the
incubation period and reached N95% only when incubation was contin-
ued for 1 h. The effect of variation of incubation period on the
radiolabeling yield of [177Lu]Lu-DOTA-Exendin-4 complex (at 95 °C) is
shown in Fig. 2.

Attemptswere also directed to find out the optimum ligand tometal
(L:M) ratio for obtaining [177Lu]Lu-DOTA-Exendin-4 complexwith ade-
quately high radiolabeling yield and high degree of reproducibility. It
was observed that apart from the amount of DOTA-Exendin-4 used for
the radiolabeling, the incubation temperature also plays a significant
role in controlling the radiolabeling yield of [177Lu]Lu-DOTA-Exendin-
4, particularlywhen radiolabeling reactionswere performed using com-
paratively lower L:M ratios. The [177Lu]Lu-DOTA-Exendin-4 complex
was obtained with the radiolabeling yields of (26.12 ± 1.27),
(33.28 ± 2.34) and (93.90 ± 0.52) % when L:M ratios used were 3:1,



Table 1
Effect of incubation temperature on the radiolabeling yield of [177Lu]Lu-DOTA-Exendin-4
complex corresponding to different ligand to metal ratios.

Ligand to metal ratio (L:M) Percentage radiolabeling yield (% RCY)

65 °C 95 °C

3:1 26.12 ± 1.27 89.73 ± 1.24
4:1 33.28 ± 2.34 96.40 ± 1.23
5:1 93.90 ± 0.52 97.70 ± 0.58
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4:1 and 5:1, respectively and the incubation temperature was main-
tained at 65 °C for a period of 1 h. However, when the incubation tem-
perature was raised to 95 °C, [177Lu]Lu-DOTA-Exendin-4 complex was
obtained with the radiolabeling yields of (89.73 ± 1.24), (96.05 ±
2.33) and (97.70 ± 0.58) %, respectively with the same corresponding
L:M ratio after 1 h of incubation. The effect of variation of L:M ratio on
radiolabeling yield of [177Lu]Lu-DOTA-Exendin-4 complex at two differ-
ent incubation temperatures is shown in Table 1.

Various experiments performed to maximize the radiolabeling yield
of [177Lu]Lu-DOTA-Exendin-4 complex led to an optimized
radiolabeling protocol involving the use of L:M in 5:1 proportion and in-
cubation at 95 °C for a period of 1 h using 1.25 M HEPES (pH = 5.0)
buffer as the reaction medium. Under these reaction conditions,
[177Lu]Lu-DOTA-Exendin-4 complex could be prepared consistently
with N95% radiolabeling yield, whichwas determined by PC and further
corroborated by HPLC studies. In PC, carried out using 0.1M sodium cit-
rate buffer of pH= 5.0, radiolabeled peptide remained at point of spot-
ting (Rf = 0.0) while free [177Lu]LuCl3 moved towards the solvent front
(Rf = 0.8–1.0) under identical conditions. In HPLC, [177Lu]Lu-DOTA-
Exendin-4 complex exhibited a retention time of 17.2 ± 0.3 min,
whereas free [177Lu]LuCl3 eluted from the column at 3.5±0.3min. Typ-
ical HPLC profiles of free [177Lu]LuCl3 and [177Lu]Lu-DOTA-Exendin-4
complex, prepared under the optimized reaction conditions, are
shown in Fig. 3. Average radiolabeling yield obtained under the opti-
mized reaction conditionswas (97.70±0.58) %when the complexation
reactions were carried out using [177Lu]LuCl3 having specific activity in
the range from 537.6 MBq/μg (14.53 mCi/μg) to 1101.5 MBq/μg
(29.77 mCi/μg) at the end of preparation.

3.2. Synthesis and characterization of non-radioactive Lu-DOTA-Exendin-4
complex

DOTA-Exendin-4 was labeled with non-radioactive Lu to ascertain
the formation of Lu-DOTA-Exendin-4 complex. HPLC chromatogram of
Lu-DOTA-Exendin-4 complex was recorded monitoring UV signal at
Fig. 3. Typical HPLC profiles of (a) free [177Lu]
280 nm where a new peak (not present in the profile of DOTA-
Exendin-4) was observed at a retention time (Rt)= 17.1± 0.1min. Re-
tention time of UV signal of Lu-DOTA-Exendin-4 complex in the HPLC
chromatogramwas observed to bematchingwith that of its radioactive
counterpart (Rt = 17.2 ± 0.3 min). In mass spectrum, mass peak (m/z)
corresponding to DOTA-Exendin-4 was observed at 4815.211 [M + H]
(calculated mass = 4814.311) whereas mass peak corresponding to
Lu-DOTA-Exendin-4 complex was observed at 4987.319 [M + H] (cal-
culated mass = 4986.211).

3.3. Effect of presence of radio-protector on radiolabeling yield of [177Lu]Lu-
DOTA-Exendin-4 complex

Addition of radio-protecting agent, namely gentisic acid, ascorbic
acid and ethanol in the reaction mixture resulted in an apparent de-
crease in the radiolabeling yield of [177Lu]Lu-DOTA-Exendin-4 complex
and the effect was found to be more profound when ascorbic acid was
used as the agent for radio-protection followed by gentisic acid and eth-
anol. It was found that [177Lu]Lu-DOTA-Exendin-4 complex could be
prepared with (86.96 ± 3.28), (61.25 ± 0.92) and (54.00 ± 2.50) %
radiolabeling yields under the optimized reaction conditions (HEPES
buffer, L:M ratio = 5:1, incubation at 95 °C for 1 h) when ethanol,
gentisic acid and ascorbic acid were used as the radio-protecting
agent, respectively, during the preparation. The effect of using various
radio-protecting agents during complexation on the radiolabeling
yield of [177Lu]Lu-DOTA-Exendin-4 complex is shown in Fig. 4.

3.4. In vitro stability studies

The use of ascorbic acid and gentisic acid as the radio-protecting
agent during the complexation was found to reduce the radiolabeling
yield of [177Lu]Lu-DOTA-Exendin-4 complex to a considerable extent
and thus, employing these agents as radio-protector was not consid-
ered. Therefore, ethanol was chosen as the radio-protecting agent for
the preparation of [177Lu]Lu-DOTA-Exendin-4 and attempts were
made to study the comparative in vitro stability of the radiolabeled
preparations formulated with and without ethanol during complexa-
tion reaction. HPLC analyses of both the preparations at different post-
preparation time periods revealed the appearance of an additional
peak corresponding to a new radiolabeled species at a retention time
of 15.5±0.7min, particularly at longer periods of incubation. Although,
the relative percentage of peak area of this new peak was smaller com-
pared to that covered by [177Lu]Lu-DOTA-Exendin-4 peak, it showed a
gradual and steady increase with time until 7 days post-preparation,
up to which the study was continued.
LuCl3 and (b) [177Lu]Lu-DOTA-Exendin-4.



Fig. 4. Variation of percentage radiolabeling yield of [177Lu]Lu-DOTA-Exendin-4 complex
in presence of three different radio-protectors viz. ethanol, gentisic acid and ascorbic acid.
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Since the use of ethanol as the radio-protecting agent during com-
plexation also significantly reduced the radiolabeling yield of [177Lu]
Lu-DOTA-Exendin-4 complex [from (97.70 ± 0.58) to (86.96 ± 3.28)
%], an attempt was made to introduce ethanol in the radiolabeled for-
mulation after completion of the radiolabeling process. A comparative
study conducted to observe the effect of addition of ethanol during
and after radiolabeling reaction on stability of [177Lu]Lu-DOTA-
Exendin-4 complex, indicated no degradation of the radiolabeled prod-
uct until 2 days post-preparation for both the formulations. However, an
additional peak at retention time 15.5 ± 0.7min with an area of 3.08±
1.02% was observed at 2 days post-preparation, when no radio-
protector was added either during or after the completion of the
radiolabeling reaction. The area covered by this additional peak gradu-
ally increased with the progress of storage period and reached to
(8.45±1.67) % after 7 days, up towhich the studywas continued. How-
ever, the area covered by this additional peak remained b5% when eth-
anol was added as a radio-protector after the completion of the
radiolabeling process and the formulation was stored at room tempera-
ture for 7 days. Relative areas covered by the peaks in HPLC chromato-
gram e.g. corresponding to free [177Lu]LuCl3, [177Lu]Lu-DOTA-Exendin-
4 and an additional peak (Rt=15.5±0.7min) appeared during storage
period are shown in Table 2. Table 2 results indicate that excluding eth-
anol altogether is either better than or just as good as adding it after the
reaction and is much better than adding it during the reaction.

3.5. In vitro serum binding and stability studies

In vitro serum binding studies revealed a serum binding of (90.43 ±
0.49) % indicating high affinity of the radiolabeled peptide towards
serum proteins. A gradual decrease in the stability of [177Lu]Lu-DOTA-
Exendin-4 complex was observed when the radiolabeled preparation
was stored in freshly isolated human blood serum until 7 days post-
preparation, up to which the study was continued. HPLC studies per-
formedwith the aliquots obtained from the radiolabeled preparation re-
vealed retention of radiochemical purity to the extent of (75.17± 1.06)
% after 7 days of storage in human blood serum at room temperature.
Fig. 5 shows the stability of the [177Lu]Lu-DOTA-Exendin-4 complex in
human blood serum at two different post-incubation time points.

3.6. Bio-distribution studies

Bio-distribution studies carried out in healthy Swiss mice revealed
preferential accumulation of [177Lu]Lu-DOTA-Exendin-4 complex in



Fig. 5. HPLC profiles of [177Lu]Lu-DOTA-Exendin-4 complex depicting its stability in human blood serum at (a) 3 h and (b) 7 days post-preparation.

Table 3
Bio-distribution pattern of [177Lu]Lu-DOTA-Exendin-4 in healthy Swiss mice.

Organ/tissue % IA/g of organ/tissue

3 h 1 d 2 d 7 d

Blood 0.06 ± 0.03 (0.07 ± 0.00) 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Lungs 2.40 ± 0.35 (0.48 ± 0.12) 0.61 ± 0.04 0.49 ± 0.08 0.07 ± 0.02
Heart 0.22 ± 0.16 (0.10 ± 0.04) 0.01 ± 0.02 0.04 ± 0.02 0.00 ± 0.00
Stomach 0.17 ± 0.07 (0.05 ± 0.02) 0.04 ± 0.00 0.11 ± 0.06 0.01 ± 0.00
GIT 0.39 ± 0.08 (0.13 ± 0.00) 0.12 ± 0.03 0.09 ± 0.03 0.06 ± 0.01
Liver 1.04 ± 0.18 (0.93 ± 0.16) 0.67 ± 0.26 0.89 ± 0.44 0.36 ± 0.11
Spleen 0.78 ± 0.15 (0.73 ± 0.02) 0.27 ± 0.10 0.37 ± 0.25 0.15 ± 0.04
Kidneys 226.60 ± 24.08 (252.20 ± 42.98) 130.71 ± 7.49 107.85 ± 19.47 32.07 ± 5.87
Muscle 0.04 ± 0.00 (0.04 ± 0.05) 0.00 ± 0.00 0.02 ± 0.02 0.03 ± 0.02
Bone 0.40 ± 0.14 (0.01 ± 0.00) 1.22 ± 0.69 0.52 ± 0.36 1.30 ± 0.90
Pancreas 3.69 ± 1.14 (0.18 ± 0.07) 0.98 ± 0.26 0.58 ± 0.19 0.12 ± 0.08

#Values in parentheses indicate the uptake in respective organs post blocking studies at 3 h post-injection
Three animals were used for each time point.
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the pancreas along with fast clearance of the radiotracer from majority
of the non-target organs. The bio-distribution pattern exhibited by
[177Lu]Lu-DOTA-Exendin-4 complex in Swiss mice is shown in Table 3.
Very high non-specific uptake was observed in kidneys at early post-
administration time points [(226.60 ± 24.08) and (130.71 ± 7.49) %
IA/g at 3 h and 1 d post-injection, respectively]. However, the initial up-
take showed gradual clearance from the kidneys with the progress of
Fig. 6. Activity uptake ratios of pancreas to various other organs/tissues at 3 h post-
administration in healthy Swiss mice.
time [(107.85 ± 19.47) and (32.07 ± 5.87) %IA/g at 2 and 7 d post-
injection, respectively]. Non-accumulated activity exhibited steady
clearance through urinary route as around half of the injected activity
got cleared within 1 d of administration and this was increased to ~85
% of the injected activity at 7 d post-injection. The clearance of radioac-
tivity frommajority of organs/tissueswith time has reflected in the high
uptake ratios of pancreas to other organs/tissues, even at a time point as
early as 3 h post-administration and this has been documented in Fig. 6.

Results of the blocking experiment, performed by administering
~100 fold excess of non-radioactive DOTA-Exendin-4 in the animals
prior to the injection of the radiotracer, revealed significant decrease
in the uptake of [177Lu]Lu-DOTA-Exendin-4 in GLP-1 receptor-positive
organs such as, lungs [(2.40 ± 0.35) and (0.48 ± 0.12) %IA/g without
and with blocking, respectively] and pancreas [(3.69 ± 1.14) and
(0.18 ± 0.07) %IA/g without and with blocking, respectively]
(p b 0.05) at 3 h post-administration.

3.7. Study of metabolites in urine and kidney lysate

Studies performed for checking in vivo integrity of the radiolabeled
preparation involving analyses of urine and kidney lysate revealed the
adequate stability of [177Lu]Lu-DOTA-Exendin-4 in vivo at various
post-administration time points. The radiochemical purity of the super-
natant fraction, isolated from the urine of the treated animals, remained
~95% up to 5 d post-injection and reduced to ~70 % only at 7 d post-
administration. Studies to detect the presence of in vivo radiolabeled
metabolites, carried out by analyzing the supernatant, extracted from
kidney lysate, revealed the retention of radiochemical purity of the ra-
diotracer to the extent of N95 % at 7 d post-injection. The HPLC profile
recorded with the treated kidney lysate showed a sharp single peak,
corresponding to the retention timeof the radiolabeled peptide, indicat-
ing almost no in vivo degradation of [177Lu]Lu-DOTA-Exendin-4 even



Fig. 7. HPLC chromatograms depicting stability profiles of [177Lu]Lu-DOTA-Exendin-4 in kidney lysate at (a) 2 days and (b) 7 days post-administration; in urine at (c) 2 days and (d) 7 days post-administration of healthy Swiss mice.
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after 7 days of administration. Fig. 7 shows the typical HPLC chromato-
grams of [177Lu]Lu-DOTA-Exendin-4 in kidney lysate and urine of Swiss
mice at 2 (Fig. 7a and c) and 7 days (Fig. 7b and d) post-administration,
respectively.

4. Discussion

Insulinoma, although rarely seen in overall population, is the most
common form of pancreatic neuroendocrine tumors and frequently re-
mains undetected [23,24]. The recent success of [68Ga]Ga-labeled
DOTA-Exendin-4 in accurate screening of insulinomas [25] has opened
up a new possibility of treating the disease by employing PRRT using
Exendin-4 labeled with therapeutically important radionuclides, such
as 177Lu[Lu]. Exendin-4 (Exenatide) is approved for clinical use as an
anti-diabetic drug for type 2 diabetes and its safety and tolerance in
humans have already been proven beyond doubt [26]. The success of
[177Lu]Lu-DOTA-TATE (DOTA coupled Tyr3-octreotate), which has
emerged as one of the most successful agents for PRRT of inoperable
metastasized neuroendocrine cancers over-expressing somatostatin re-
ceptors, has proven the efficacy of 177Lu[Lu] for radiotherapy of tumor-
ous lesions [27]. As 177Lu[Lu] decays via emission of moderate energy
β− particles having maximum energy of 497 keV, this radionuclide is
expected to be suitable for treating insulinomas which in majority of
cases are small in size [18,19].Moreover, 177Lu[Lu] can beproduced eco-
nomically with adequate specific activity for PRRT applications by sim-
ple neutron bombardment on enriched (in 176Lu) Lu target using
medium flux research reactors [18,19]. Therefore, attempt was made
to study the radiolabeling of DOTA-Exendin-4 with 177Lu[Lu], obtained
via (n,γ) route from a medium flux research reactor, in detail and
study the preliminary pharmacokinetic behavior of the radiolabeled
peptide in small animal model.

During course of the presentwork, attemptsweremostly directed to
arrive at an optimized protocol of the radiolabeling reaction so that
[177Lu]Lu-DOTA-Exendin-4 complex could be formulated with high
radiolabeling yield, preferably N95 %, along with high reproducibility.
Twodifferent buffer systems namelyHEPES (weaklymetal coordinating
organic buffer) and sodium acetate (metal coordinating inorganic
buffer) were utilized to carry out the radiolabeling studies and it was
found that the radiolabeling yields were better when HEPES was used
as the buffering medium during the formulation of the agent. It is re-
ported in the literature that use of Good's buffers, namely HEPES, for
radiolabeling, results into relatively higher incorporation of radioactiv-
ity in the ligands compared to the similar preparation carried out in
presence of other metal coordinating inorganic buffers, such as sodium
acetate, ammoniumacetate etc. [28–30]. Thismaypossibly be attributed
to the lesser tendency of the organic buffers to compete with the ligand
for radiometal ion during complexation [28–30]. Our present study
showed that minimum L:M ratio required for the preparation of
[177Lu]Lu-DOTA-Exendin-4 reproducibly with N95 % radiolabeling
yield is 5:1 and this resulted formulation of the agent with a maximum
molar activity (Am) of 38.43 MBq/nmol (1.04 mCi/nmol) under the op-
timized reaction conditions i.e. incubation at 95 °C for a period of 1 h.
However, the maximum achievable specific activity of the formulation
in the present case is limited by the maximum specific activity of
[177Lu]LuCl3 [1101.5 MBq/μg (29.77 mCi/μg)] used during the study.
The prime advantage of using this optimized protocol for the formula-
tion of [177Lu]Lu-DOTA-Exendin-4 lies in the fact that the agent does
not require any post-labeling purification, which is not only tedious,
particularly while preparing patient dose with a large amount of radio-
activity; but also there is no loss of radioactivity due to post-labeling pu-
rification. Our study also showed that formulation of [177Lu]Lu-DOTA-
Exendin-4 complex in presence of radio-protecting agents usually led
to an overall decrease in the radiolabeling yield. However, decrease of
radiolabeling yield was less prominent when ethanol was used as the
radio-protector instead of gentisic acid or ascorbic acid. Additionally, it
also suppressed the degradation of the radiolabeled formulation until
three days post-preparation and suppressed its formation in the subse-
quent days of storage.

In vivo experiments in small animal model revealed the fast clearance
pattern of the radiolabeled peptide via renal pathway. Though, bio-
distribution studies were carried out in healthy animal model, accumula-
tion and retention of the radiotracer in GLP-1 receptor-positive organs
such as, pancreas and lungs could be observed. The receptor blocking
studies carried out by administering significantly higher amount of non-
radioactiveDOTA-Exendin-4 prior to the administration of the radiotracer
in the animals provided evidence in favor of the fact that the uptake in
these organs was specific to the GLP-1 receptors. Receptor blocking stud-
ies also showed significant reduction of uptake of [177Lu]Lu-DOTA-
Exendin-4 in bone (0.40 ± 0.14 versus 0.01 ± 0.00 at 3 h post-injection)
(Table 3).Metabolite studies carried out by analyzing urine and kidney ly-
sate of animals, isolated at different post-administration time points, re-
vealed the stability of radiolabeled peptide with respect to degradation
to radiolabeled metabolites until 7 days post-administration, up to
which the studies were continued. The aforementioned observation con-
firms the robust nature of the radiolabeled preparation which makes it a
suitable candidate for radiotherapy of insulinomas. However, very large
uptake of activity and retention in kidneys might pose limitations while
carrying out radiotherapy using this agent.

5. Conclusions

A radiolabeling protocol to prepare [177Lu]Lu-DOTA-Exendin-4 with
reproducible and high radiolabeling yield was optimized. Studies to-
wards optimizing the radiolabeling of DOTA-Exendin-4 with carrier
added [177Lu]LuCl3 using two different buffer systems viz. HEPES and
sodium acetate revealed relatively higher incorporation of radioactivity
using former as reactionmediumduring radiolabeling reaction. Ethanol
was found to be the best radio-protecting agent for the radiolabeled for-
mulation and in vitro stability studies showed that addition of ethanol
after the completion of radiolabeling has least effect on the radiochem-
ical purity of the [177Lu]Lu-DOTA-Exendin-4. Bio-distribution studies in
healthy animalmodel revealed the fast pharmacokinetic behavior of the
radiolabeled peptide which resulted in higher pancreas to organ ratio
even at early post-administration time points. Though, studies were
conducted in healthy Swiss mice model, specificity of [177Lu]Lu-DOTA-
Exendin-4 towards GLP-1 receptor-positive organs, such as, pancreas
and lungs could be observed in the blocking experiments carried out
at 3 h post-administration. Stability of the radiolabeled peptide in the
urine and kidney lysate of the animals at different time points revealed
the absence of formation of any radiolabeled metabolites. The results of
the present study can be extrapolated for preparation of the patient
doses of [177Lu]Lu-DOTA-Exendin-4 using carrier added [177Lu]LuCl3.
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