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Abstract

Background—~Peptides labeled with positron-emitting isotopes are emerging as a versatile class
of compounds for the development of highly specific, targeted imaging agents for diagnostic
imaging via positron-emission tomography (PET) and for precision medicine via theranostic
applications. Despite the success of peptides labeled with gallium-68 (for imaging) or
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lutetium-177 (for therapy) in the clinical management of patients with neuroendocrine tumors or
prostate cancer, there are significant advantages of using fluorine-18 for imaging. Recent
developments have greatly simplified such labeling: in particular, labeling of
organotrifluoroborates via isotopic exchange can readily be performed in a single-step under
aqueous conditions and without the need for HPLC purification. Though an automated synthesis
has not yet been explored, microfluidic approaches have emerged for 18F-labeling with high speed,
minimal reagents, and high molar activity compared to conventional approaches. As a proof-of-
concept, we performed microfluidic labeling of an octreotate analog ([18F]JAMBF5-TATE), a
promising 18F-labeled analog that could compete with [68Ga]Ga-DOTATATE with the advantage
of providing a greater number of patient doses per batch produced.

Methods—Both [18F]JAMBF3-TATE and [68Ga]Ga-DOTATATE were labeled, the former by
microscale methods adapted from manual labeling, and were imaged in mice bearing human
SSTR2-overexpressing, rat SSTR2 wildtype, and SSTR2-negative xenografts. Furthermore, a
dosimetry analysis was performed for [18F]JAMBF3-TATE.

Results—The micro-synthesis exhibited highly-repeatable performance with radiochemical
conversion of 50+6% (n=15), overall decay-corrected radiochemical yield of 16+1% (n=5) in ~40
min, radiochemical purity >99%, and high molar activity. Preclinical imaging with [18F]JAMBF3-
TATE in SSTR2 tumor models correlated well with [68Ga]Ga-DOTATATE. The favorable
biodistribution, with highest tracer accumulation in the bladder followed distantly by
gastrointestinal tissues, resulted in 1.26x10~2 mSv/MBq maximal estimated effective dose in
human, a value lower than that reported for current clinical 18F- and 58Ga-labeled compounds.

Conclusions—The combination of novel chemical approaches to 18F-labeling and microdroplet
radiochemistry have the potential to serve as a platform for greatly simplified development and
production of 18F-labeled peptide tracers. Favorable preclinical imaging and dosimetry of
[18FJAMBF3-TATE, combined with a convenient synthesis, validate this assertion and suggest
strong potential for clinical translation.

Keywords

Tumor-targeting peptide; neuroendocrine tumors; SSTR2 imaging; microfluidic radiochemistry;
trifluoroborate; clinical translation; precision medicine

1 Introduction

The use of PET (positron emission tomography) has revolutionized applications in cancer
diagnosis. To wit, PET provides dynamic, high-resolution spatio-temporal imaging of tumor
uptake and clearance of the injected radiotracer. New hybrid imaging machines, which
combine PET with CT (X-ray computed tomography) or MRI (magnetic resonance
imaging), can enhance tumor images with the superposition of anatomical features including
bony structures, soft-tissues, as well as blood flow for proper anatomical registration and
assessment of neovascularization [1].

The production of PET radiotracers requires the judicious use of one of several short-lived
positron-emitting nuclides, the choice of which is often dictated in part by the tracer’s
pharmacokinetics. Of the various PET isotopes in use, fluorine-18, however, is the only one
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that can be produced at large scale (>37 GBq [1 Ci] per run) sufficient for production of
many patient doses in a single batch. With a moderate half-life, a track-record in FDA
approval of 18F-labeled radiotracers, low radiotoxicity, and the highest resolution of any
PET nuclide due to a low positron energy [2,3], fluorine-18 is the choice isotope for use in
PET. Early on, 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG), 3’-[*8F]fluoro-3’-
deoxythymidine ([18F]FLT), and 1H-1-(3-[18F]fluoro-2-hydroxypropyl)-2-nitroimidazole
([*8F]FMI1S0) [4] enabled cancer imaging based on increased metabolism or hypoxia typical
of most but not all cancers. Over the past four decades, [18F]FDG has become the most
extensively used radiotracer. Yet despite its utility, it typically cannot assess tumor subtypes,
and it can give both false negatives and positives [5,6].

Over the past two decades, cancer subtypes are increasingly being distinguished by peptides
that have emerged from the study of endocrinology and from various combinatorial screens
[7-12] that were undertaken to identify target-based diagnostics and therapeutics [13].
Radiolabeled peptides have been used in clinical PET imaging to distinguish pathologically
distinct cell types via recognition of specific molecular targets—a feat that is impossible with
[18F]FDG [14-17]. Examples of such peptides include octreotate [18-22], bombesin [23],
folate [24-29], and RGD [30-32]. Drugs based on peptides include Lupron™ for prostate
cancer, various octreotate analogs (e.g. Sandostatin™) for neuroendocrine tumor treatment,
the folate-vincristine conjugate Vintafolide™ for ovarian cancer [33,34], as well as other
potential therapeutic toxin conjugates [35,36]. Undeniably, peptides and other relatively
large biologic entities provide the needed specificity and affinity for specific recognition of
pathognomonic targets, which when properly imaged can enhance personalized diagnosis. In
some cases, the same peptide that is used for PET imaging can be engineered for theranostic
applications that may include targeted therapy via conjugation/chelation with a radiotoxin,
chemotherapeutic, or used fluorescently to guide surgical resections.

Given the molecular complexity of peptides and their general water solubility, peptides have
been typically labeled for both diagnostic and radiotherapeutic purposes by radiometal
chelation that simply involves heating a peptide-chelator conjugate in the presence of a
radiometal (e.g. gallium-68 or copper-64 for imaging or lutetium-177 for therapy).
Nevertheless, the use of radiometals for imaging poses several drawbacks, most notably a
lack of scalability in their production, the potential for transchelation of the metal /n vivo
[37-39], and generally lower molar activities compared to those labeled with fluorine-18.
Yet radiometal chelation remains highly useful for imaging since the production of 18F-
labeled peptides continues to be challenged by the relatively short half-life of fluorine-18
(110 min) and more importantly, by both solvent and chemical incompatibilities. Anionic
[18F]fluoride is unreactive as a nucleophile in water [40] whilst most peptides are insoluble
in the dry aprotic solvents that are typically used for 18F-labeling [41], and electrophilic
fluorinating agents (e.g. [18F]F,) pose problems including non-selective reaction with
cysteine, methionine and tryptophan and generally have lower molar activity compared to
anionic [*8F]fluoride. Hence, multistep syntheses are usually required such as first
synthesizing an 18F-labeled prosthetic for further conjugation to a peptide via a variety of
chemistries including biorthogonal “click” reactions. While feasible, multistep procedures
generally suffer from long reaction times and unwanted side-products. Hence any approach
that would simplify radiofluorination would be of considerable interest.

Nucl Med Biol. Author manuscript; available in PMC 2019 June 01.
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Recently, three new methods for one-step/late-stage 18F-labeling of peptides have appeared:
(1) triorganosilyl-fluorides that are labeled by 19F-18F isotope exchange (IEX) [42,43], (2)
NOTA chelation of aluminum-fluoride [44-46], and (3) organoboronate esters to capture
aqueous fluoride as 18F-labeled organotrifluoroborates (RBF3s). While all three methods are
relatively simple, peptide-BF3 bioconjugates are labeled under fully aqueous conditions and
do not require HPLC purification. Nevertheless, to date, only a manual synthesis has been
reported for various peptide-BF3 bioconjugates. Moreover, conventional automated
radiosynthesizers are not suited to the relatively small reaction volumes needed to achieve
high molar activities that can be observed with 18F-labeled peptide-BF3 conjugates [47].
Hence, emerging microfluidic platforms, which offer advantages such as faster synthesis
times, reduced reagent consumption, would be expected to afford the requisite low volumes
that in turn would increase molar activity values [48-50] while also increasing both ease of
use and access to peptide-BF3 tracers provided that such a platform could be configured for
automated preparation of such conjugates. Our work using electrowetting-on-dielectric
(EWOD) microfluidics for the droplet-based radiosynthesis of several 18F-labeled PET
tracers (e.g. [18F]FDG, [*8F]FLT, [18F]Fallypride) [51-54] has provided compelling
evidence that it could be readily adapted to these novel peptide tracers.

To interface the unique microfluidic platform of the EWOD system with an aqueous
radiofluorination of a peptide-BF3 conjugate in a one-step automated synthesis with
requisite low volumes, we opted to investigate octreotate as there would be considerable
interest if it could be labeled with [18F]fluoride on a microfluidic platform for eventual
translation for imaging neuroendocrine tumors (NETS). The previous report on the
preclinical evaluation of the 18F-labeled BF3-conjugate of octreotate, [28FJAMBF3-TATE,
showed excellent pharmacokinetic properties, with high tumor uptake and high contrast
ratios, in mice bearing AR42J tumor xenografts [55] underscoring the potential utility of this
particular octreotate-derived tracer. Yet this report featured manual labeling within a fully
shielded hot-cell using up to 37 GBq [1.0 Ci] of no-carrier-added [18F]fluoride consistent
with clinical GMP guidelines and since then, there has been no report of an automated
synthesis of the same tracer, nor a report on microfluidic synthesis, both of which would be
of considerable import in terms of extending the means and methods for producing,
distributing, and translating this and other 18F-labeled peptide tracers. Our choice for
[18FJAMBF;-TATE is based in part on these previous results that now provide an essential
set of benchmarks in terms of radiochemical yields, molar activities, reaction times, tumor
uptake values and contrast ratios, all of which arguably would need to be recapitulated on an
EWOD microfluidic platform in order to consider is use in clinical translation and a means
of comparing microfluidic production compared to a manual synthesis.

In turn, an 18F-labeled octreotate might be expected to compete with [$8Ga]Ga-DOTATATE,
a DOTA-conjugate to the somatostatin analog octreotide that is now used routinely in the
United States to determine target expression and stage neuroendocrine tumors [56] for
diagnosis or patient stratification for radioligand therapy using [/’ Lu]Lu-DOTATATE, a
radiotoxin conjugate based on the same targeting peptide. The great success of SSTR2
imaging using the Tyr3-octreotate peptide has paved the way for U.S. FDA approval for
Advanced Accelerator Applications (AAA) of NETSPOT, a kit for the preparation of a
single patient dose of [68Ga]Ga-DOTATATE injection. Notwithstanding the viability of
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[68Ga]Ga-DOTATATE, labeling with Ga-68 can make it difficult to meet the high imaging
demand at some facilities, while the development of an 18F-labeled analog, that could be
made in larger multi-patient-dose batches is of considerable practical interest.

In this paper, we pave the way toward automated production of such tracers by
demonstrating the straightforward radiosynthesis of [28FJAMBF3-TATE (Figure 1) in
microdroplet format [50]. Eventually, the microfluidic chip could form the basis for a
compact, inexpensive synthesis kit. Furthermore, herein we report preclinical imaging
studies of human SSTR2 transduced and rat SSTR2 wildtype murine xenografts, performed
to provide direct comparison of [8Ga]Ga-DOTATATE and [18F]JAMBF5-TATE in the same
animals. To support clinical translation, a dosimetry analysis of [28FJAMBF3-TATE is also
presented. The microscale synthesis can readily produce clinically-relevant quantities and
could be further scaled up using techniques such as concentration of [*8F]fluoride [57] prior
to introduction into the microreactor.

2 Materials & Methods

2.1 Reagents and materials

No-carrier-added [18F]fluoride was produced by the (p,n) reaction of [*80]H,0 (84%
isotopic purity, Zevacor Pharma, Noblesville, IN, USA) in an RDS-112 cyclotron (Siemens;
Knoxville, TN, USA) at 11 MeV using a 1 mL tantalum target with havar foil. [8F]FDG
and [8Ga]Ga-DOTATATE were obtained from the UCLA Biomedical Cyclotron Facility.

Acetonitrile (MeCN; anhydrous, 99.8%), methanol (MeOH; anhydrous, 99.8%), ethanol
(EtOH; 200 proof), aqueous ammonia solution (28% NH3 in H,0), and N,N-
dimethylformamide (DMF; anhydrous, 99.8%) and 0.2 um inorganic membrane filters
(Whatman Anotop, catalog # 6809-3122) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Saline (0.9% sodium chloride injection, USP) was obtained from Hospira Inc.
(Lake Forest, IL, USA); pyridazine ( >99%) was obtained from Tokyo Chemical Industry
Co., Ltd. (Japan), and hydrochloric acid (HCI; 3N) was obtained from HAZCAT (Mariposa,
CA, USA). All reagents were used without further processing or purification. Deionized
(DI) water was obtained with a purification system (RODI-C-12BL, Aqua solutions, Inc.,
Georgia, USA). C18 cartridges (Sep-Pak Plus C18) were obtained from Waters (Milford,
MA, USA) and were preconditioned before use by flowing 10 mL of MeOH followed by 15
mL of DI water. The AMBF3-TATE precursor was prepared as previously described [55].

To prepare a batch of the reaction buffer, 720 uL pf pyridazine was added to 5mL of DMF
and 2.5 mL DI water in a 15 mL conical tube. The pH was adjusted to the range 2.0-2.5
with 3M HCI. The final volume was then adjusted with DI water until the final volume
reached 10 mL. To prepare a batch of the quench solution (5% NH3 aqg. v/v), 1.8mL of 28%
NH3 was diluted in 8.2 mL of DI water. pH test strips (0-14 range, Ricca Chemical
Company), and TLC plates (Baker-flex silica gel IB-F sheets 2.5x7.5 cm, J.T. Baker) were
purchased from Thermo Fisher Scientific.

Nucl Med Biol. Author manuscript; available in PMC 2019 June 01.
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2.2 Microdroplet radiosynthesis of [18F]JAMBF3-TATE

The radiosynthesis was performed in droplets on microfluidic chips composed of Teflon-
coated glass substrates. These simple chips serve as surrogates for more sophisticated
electrowetting-on-dielectric (EWOD) chips [51-53] that could be used to perform fully-
automated droplet synthesis. Details of fabrication are described in the Supplementary
Information (Section 1). A simple temperature control system was assembled to heat and
cool the glass chip (Figure 2). The detailed design of this subsystem is described in the
Supplementary Information (Section 2).

[18F]JAMBF;-TATE was synthesized via an isotopic exchange process at a trifluoroborate
group, similar to the SiFA methodology first introduced by Schirrmacher and Jurkschat in
2006 [42]. To maximize the molar activity, the synthesis [55,58] was adapted to the droplet
scale [50,59] to minimize the amount of precursor needed (Figure 3). Cyclotron-produced
aqueous [*8F]fluoride (up to 3.7 GBq [100 mCi], 100 uL) was deposited on the chip surface
with addition of equal volume of MeCN (up to 60 pL) and 10 pL saline; the chip was then
heated at 105°C for 2—3 min until only a tiny droplet remained. 5 nmol of TATE-AMBF3
precursor, dissolved in pyridazine-HCI buffer / DMF (5 yL, 1M, pH 2.0-2.5), was loaded
onto the chip and mixed with the dried residue. Next, the droplet was covered with a second
chip placed Teflon-side down. This cover chip had narrow strips of tape adhered on the
underside of 2 edges to provide a separation between the plates of 150 pm when assembled.
The isotopic exchange reaction was carried out for 15 min at 90°C. After removing the top
chip, the reaction was quenched by adding a 10uL droplet of 5% ag. NH3 to the reaction
droplet. Next, the product was collected from the bottom chip by adding 20 uL of an EtOH/
saline mixture (1:1 v/v) to the area where the droplet was in contact with the chip surface,
and then transferring the diluted crude product with pipette into a clean vial. The process
was then repeated with an additional 20 uL. Residual crude product was collected from the
cover chip using a similar process.

For preclinical imaging purposes the collected product was purified and formulated for
injection. It was first diluted with 5% aq. NH3 quench solution to a volume of 2 mL and then
slowly passed through the pre-conditioned C18 Sep-pack to trap [18F]JAMBF3-TATE. Next,
the cartridge was washed with 4 mL of DI water. Finally, [18FJAMBF3-TATE was eluted
with 0.5 mL EtOH/saline mixture (1:1 v/v), and diluted to 10% EtOH with 2.0 mL saline.
The resulting product was passed through a sterile 0.2 um filter into a sterile empty glass
vial. If more concentrated product was needed (i.e. to achieve at least 37-74 MBg/mL [1-2
mCi/mL] for imaging), the compound was instead formulated via an evaporation method.
The [*8FJAMBF3-TATE was eluted from the cartridge with 2 mL EtOH into a glass vial
with Teflon stir bar, and then the solvent was fully evaporated with nitrogen gas flow (7psi)
under vacuum for 3-5 mins at 90°C (using an ELIXYS FLEX/CHEM radiosynthesizer,
Sofie Biosciences, Inc., Culver City, CA, USA). Next, saline was added to redissolve the
residue to the desired concentration and sterile filtration was performed.

Samples of final product or intermediate steps were analyzed via standard procedures to
determine the performance of the synthesis (see Supplementary Information, Section 3).

Nucl Med Biol. Author manuscript; available in PMC 2019 June 01.
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2.3 Murine tumor models

To evaluate [28FJAMBF3-TATE /n vivo, NOD scid gamma (NSG) mice (n=4) were first
engrafted with 1 x 107 AR42J cells (pancreatic NET model cell line naturally expressing
SSTR?2) in the left shoulder on day -7 and 1 x 10° RM1 cells (murine control cells, SSTR2-
negative) in the right shoulder on day —3. This tumor inoculation protocol has been
optimized to ensure similar tumor sizes of about 50 mm3 at day 0 for both cell lines. On day
0 [*8F]FDG PET/CT imaging was performed to assess tumor viability and size. PET/CT
imaging with [18F]JAMBF3-TATE and [68Ga]Ga-DOTATATE were performed on day 1 and
day 2, respectively. Across all imaging days, AR42J tumors were 56 + 19 mmS3 and RM1
tumors were 111 + 59 mms3. (The RM1 tumors were larger due to their faster growth rate
beginning at day 0.) To indicate well-preserved binding capability to the human receptor,
RM1 cells stably transduced with human SSTR2 were used (RM1-hSSTR2).

AR42] cells were purchased from American Type Culture Collection (ATCC; Manassas,
VA, USA), whereas the RM1 cells were kindly provided by Dr. Michel Sadelain (Memorial
Sloan-Kettering Cancer Center, New York, USA). The cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose, L-glutamine, sodium pyruvate
(Cellgro, Corning Life Sciences) and 10% fetal bovine serum (Omega Scientific) at 37°C,
20% O, and 5% CO,. For tumor injection, the cells were harvested and resuspended ina 1:1
mixture of PBS (Gibco Life Technologies) and Matrigel (Corning Life Sciences).

2.4 PET/CT imaging and biodistribution

PET/CT images were acquired using the integrated GENISYS 8 microPET/CT (Sofie
Biosciences). It has a PET subsection optimized for mouse imaging with an energy window
of 150-650 keV and peak sensitivity of approximately 14% at the center of field of view
(FOV). The intrinsic detector spatial resolution is 1.5 mm FWHM in the transverse and axial
directions. The CT section consists of a gantry and flywheel that uses a 50 kVp, 200 pA x-
ray source and flat-panel detector. The CT acquires images in a continuous-rotation mode
with 720 projections at 55 msec per projection, and reconstructed using a Feldkamp
algorithm.

Tumor-bearing NSG mice underwent static imaging with [28F]JFDG and [68Ga]Ga-
DOTATATE, and dynamic and static imaging with [18FJAMBF5-TATE. For [18F]FDG
imaging, the mice were fasted 4 hours prior to tracer injection. 0.74 MBq (20 pCi) of
[18F]FDG were administered via tail vein injection. The mice were kept under 2% isoflurane
anesthesia during the tracer uptake of 1 h and 10 min static PET imaging. For [$8Ga]Ga-
DOTATATE imaging, the mice were injected with 1.1 MBq (30 uCi) of the tracer with
conscious uptake of 1 h and 10 min static PET. For [18F]JAMBF;-TATE imaging, the mice
were injected with 1.1 MBq (30 pCi) [8FJAMBF3-TATE via a tail vein catheter at the
beginning of 1 h dynamic PET scans, followed by 10 min static PET scans at 2 h. All mice
received CT scans following each PET imaging. Image analysis was performed using
AMIDE version 1.0.5 imaging software [60].

For determining [18FJAMBF3-TATE dosimetry, male C57BL/6 mice (n=3) were injected
with approximately 2.2 MBq (60 pCi) via a tail vein catheter at the beginning of 1 h

Nucl Med Biol. Author manuscript; available in PMC 2019 June 01.
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dynamic PET scans, followed by static PET scans at 2 h (10 min acquisition), 4 h (15 min
acquisition) and 6 h (15 min acquisition). All mice received CT scans following each PET
imaging. For improved soft tissue identification, for the last CT scan mice were injected via
tail vein catheter with 100 uL of Omnipaque 350 immediately before start of the CT scan,
followed by an additional injection of 100 uL during the first 30 s of scanning. Imaging
biodistribution was confirmed by ex vivo analysis: each mouse was sacrificed following its
last imaging time point and organs (brain, heart, lung, liver, kidneys, spleen, stomach, small
intestine, large intestine, muscle, bone, bone marrow and blood) were collected, weighed
and counted using a gamma counter (Cobra Il Auto-Gamma, Packard Instrument Co.,
Meriden, USA) with decay correction to time of [18F]AMBF3-TATE injection. Data were
normalized to mass of the organs.

2.5 [18F]AMBF3-TATE dosimetry

From [18F]JAMBF3-TATE PET scans of 3 C57BL6 mice, the amount of radioactivity in
selected organs was quantified and absorbed doses were calculated based on the respective
time-integrated activity coefficients (TIACs; formerly known as residence times, RTs). The
dose extrapolation to humans involved scaling the biodistributions and the subsequent
calculation of the absorbed doses from the scaled biodistributions. The biodistribution
scaling was performed by two alternative methods. Method 1 was based on the assumption
that the TIAC for the same organ is the same in mice and humans [61,62]. Method 2
considered a relative mass scaling in which the TIAC value in a human organ is set equal to
the TIAC value in the same animal organ multiplied by the ratio of whole body and the
respective mass of the human and the animal organ[61,62].

TIACs were calculated using the software solution NUKFIT as described by Kletting et al.,
choosing the optimal fit functions as proposed by the code [63]. TIAC values for bladder
were calculated based on trapezoidal method. The absorbed dose calculation was performed
for a selected group of organs using OLINDA/EXM v1.1 [64]. Details on the methodology
used for extrapolating the mouse data to humans are provided in the Supplementary
Information, Section 4.

2.6 Statistical Analysis

3 Results

Data are presented as mean + standard deviation. All p values were determined with
unpaired, two-tailed T tests and values less than 0.05 were considered to be statistically
significant. Prism 6 (GraphPad Software) was used to calculate statistics and generate
graphs.

3.1 Microdroplet radiosynthesis of [18F]JAMBF3-TATE

We initially performed low-radioactivity fluorination reactions and observed highly-
reproducible performance with radiochemical conversion (as determined by a combination
of radio-TLC and radio-HPLC analysis of the crude product) of 50 + 6% (n=15), and non-
isolated radiochemical yield (crude RCY) of 17 £ 3% (n=15). Full production runs were
then performed, including cartridge purification and formulation, with up to 3.7 GBq [100
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mCi] of activity. The RCY in these experiments was 16+1% (n=5). Radiochemical purity
was >99%. A representative chromatogram is shown in the Supplementary Information
(Section 5). The molar activity was determined for several syntheses ranging in starting
activities from 0.185-1.85 GBq [5-50 mCi]. Molar activity was found to increase with
starting activity, ranging from 37 to 185 GBg/umol [1 to 5 Ci/umol], all values decay-
corrected to EOB (Figure S2).

3.2 Preclinical imaging

The preclinical biodistribution of [18FJAMBF3-TATE is summarized in Figure 4 and in the
Supplementary Information (Figure S5). Highest tracer accumulation was observed in the
bladder followed distantly by gastrointestinal tissues [55]. Bone retention was within range
of background tissues lacking SSTR2, indicating little to no /n vivo defluorination for
[18F]JAMBF;5-TATE. [18F]JAMBF5-TATE retention was approximately two-fold higher in
SSTR2-high AR42J tumors than in SSTR2-low RM1 tumors (3.99 + 0.75 %ID/g and 1.87

+ 0.22 %ID/g, respectively; p < 1.6e-3). Time-activity curves derived from PET imaging
(see Supplementary Information, Figure S6) showed [18F]JAMBF3-TATE saturation in
AR42] tumors by 20 min, but a continuous decline in RM1 tumors after peaking at
approximately 10 min. [®8Ga]Ga-DOTATATE uptake in the tumors at 1 hr post-injection
(3.94 £ 0.53 %ID/g and 2.13 £ 0.30 %ID/g, respectively; p < 9.8 e-4) was nearly identical to
[18F]JAMBF;-TATE. Results were confirmed with ex vivo gamma counter analysis of tissues
after the last imaging time point. In contrast, [\8F]FDG imaging, a measure of tissue glucose
metabolic activity, showed a reverse pattern with lower [18F]FDG metabolism in AR42J
tumors than RM1 tumors (2.44 £ 0.57 %ID/g and 5.25 + 2.14 %ID/g, respectively; p <
4.4e-2).

3.3 Dosimetry analysis

Similarities in somatostatin peptide binding affinity between mouse and human SSTR2
suggest mouse dosimetry provides a good estimation for human dosimetry [65,66].
Absorbed doses for [28FJAMBF3-TATE in humans were extrapolated from mouse PET
biodistribution data using two extrapolation methods, Method 1 and Method 2 (see
Supplementary Information, Section 4). Organ TIAC values are summarized in Table 1 and a
full list of the corresponding mean absorbed doses is provided in Table 2. The highest TIAC
values were observed for the bladder and small intestine based on Method 1 (0.536 + 0.021
h and 0.207 + 0.019 h, respectively). Based on Method 2, the highest TIAC values were
observed for the bladder, small intestine and bone marrow (0.536 + 0.021 h, 0.237 £ 0.017 h
and 0.030 £ 0.013 h, respectively). The highest absorbed dose value using the one-
compartment voiding bladder model was 0.106 + 0.003 mGy/MBg (Method 1) and 0.107

+ 0.004 mGy/MBq (Method 2) for the bladder. All other organs showed significantly lower
absorbed dose values. Bladder was the dose-limiting organ and on average the maximum
administered human activity limit is estimated as 472 MBq (Method 1) and 469 MBq
(Method 2) (FDA Code of Federal Regulations 21CFR361.1). In addition, the effective dose
per unit activity has been calculated. However, the quantity “effective dose” can only be
applied to the description of stochastic radiation effects and organ absorbed doses of less
than 1 Gy. The mean extrapolated effective doses are 1.26 x 1072 + 3.06 x 10™* mSv/MBq
(Method 1) and 1.16 x 1072 + 1.53 x 10~4 mSv/MBq (Method 2). This corresponds to

Nucl Med Biol. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lisova et al. Page 10

effective doses of 2.6 mSv (Method 1) and 2.4 mSv (Method 2) for an administered activity
of 200 MBg, which is lower than that reported for current clinical 18F- and %8Ga-labeled
PET tracers for imaging SSTR2-expressing tumors [20,67].

4 Discussion
4.1 Microdroplet radiosynthesis of [L8FJAMBF3-TATE

The total synthesis duration (including purification and formulation) was 35-45 min, making
this an attractive platform for on-demand production of [18F]JAMBF3-TATE. It is expected
that further developments of the microfluidic system could enable significant reductions of
the synthesis time. For example, automation of reagent delivery steps [50], and automation
of the purification and formulation process could reduce the time by up to 15 min and
increase safety and simplicity of operation. While the yield was slightly lower than the 20—
25% (uncorrected) yield reported by Liu et a/. for the macroscale synthesis of [18FJAMBF5-
TATE [55], the microscale synthesis used 10x lower precursor (5 nmol vs 50 nmol). Notably,
equally high molar activity could be achieved using much lower starting radioactivity (0.93—
1.1 GBq [25-30 mCi] instead of 30-37 GBq [800-1000 mCi] to achieve ~110 GBg/umol [3
Ci/umol]). This is noteworthy insofar as the chip has significant potential for miniaturized
production in a kit-like system [68]. Since the quantity and concentration of the tracer were
sufficient for imaging, we did not perform significant optimization; however, in the
Supplementary Information (Section 7), we report a detailed analysis of intermediate
measurements during the synthesis and potential optimization strategies. While these yields
are still a bit low, yields, purities, and molar activities are suitable to contemplate clinical use
for human translation. In addition, the ease of use and the reproducibility in terms of yields
and molar activity augur well for eventual clinical use.

By using portions of a large initial batch of [18F]fluoride, or by producing small batches of
[18F]fluoride throughout the day, we anticipate that radiosyntheses on the scale reported
herein (i.e. up to ~3.7 GBq [100 mCi]) would be sufficient to supply patient doses
throughout the day. Generation of [18F]fluoride throughout the day would have the
advantage of ensuring similar molar activity for each batch of the tracer, but would require
proximity to a cyclotron. In addition, the microdroplet approach may also be compatible
with the concept of producing larger multi-dose batches. Though it is often assumed that
microfluidic approaches are limited to only low activity levels, we should emphasize that
this is not the case: whereas experiments here were limited to <3.7 GBq [100 mCi] for safety
reasons, there are approaches to load significantly more activity into microdroplet reactions.
One of us previously reported that ~30 GBq [~810 mCi] of [*8F]fluoride can be
concentrated into a volume of 5 uL [57], clearly opening up the possibility to use high levels
of activity (sufficient for multiple patient doses) in microdroplet synthesis. Though it
remains to be investigated in practice, mathematically, we would predict that the increase in
scale from 3.7-30 GBq [100-800 mCi] would increase the molar activity 8-fold, assuming
the amount of precursor is fixed at 5 nmol and that the batches of [18F]fluoride have similar
molar activities. However, due to the increased proportion of [18F]fluoride relative to
precursor, we would also predict that the RCY could decrease. To counteract this effect, the
amount of precursor could be increased (e.g. from 5 to 40 nmol), while still achieving molar
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activities in the range we report herein. As further evidence that scalable syntheses are well
within the realm of possibility, it should also be noted that manual synthesis of
[18F]JAMBF;-TATE has been previously performed with 30-37 GBq [0.8-1.0 Ci] and 50
nmol precursor, resulting in 20-25% RCY and molar activities >111 GBg/umol [>3 Ci/
umol] [55].

Finally, it should be appreciated that the BF3 moiety can easily be connected to other
molecules to create precursors for other radiolabeled peptides and dual-modality tracers
[69,70] that can likely be labeled under identical or similar conditions. Microfluidic isotopic
exchange labeling could therefore provide a route to a variety of 18F-labeled compounds
with simple production and high molar activity. Despite the low pH and relatively high
reaction temperature, these conditions are not unusual in peptide synthesis as much more
acidic conditions are typically used for resin cleavage e.g. 80% TFA, conc. HF, and during
purification e.g. 1% TFA, pH 0, and are only slightly more acidic than methods commonly
used in radiometallation of peptides (i.e., pH 3-4 and similar temperatures). Notably, several
peptides and other small molecules have successfully been labeled with this approach [71].
While we recognize that not all functional groups (e.g. trityl groups, para-methoxybenzyl
acetals) would survive these conditions, for the most part, standard peptides should be
compatible. Further development and automation of the microdroplet labeling methods
would benefit the development of this whole class of reactions.

4.2 Preclinical imaging and dosimetry

Preclinical biodistribution and dosimetry calculations for [}8FJAMBF3-TATE showed
significant potential for clinical use and was undertaken to further demonstrate that the
radiotracer produced on the EWOD chip would provide clinically useful tracers with
dosimetry that could be used to support clinical administration of this tracer as well as the
further development of this method for labeling other peptide tracers. In particular,
[18F]JAMBF;-TATE showed very similar biodistribution to [(8Ga]Ga-DOTATATE in our
experiments, and in comparisons with literature reports [55]. [*8FJAMBF3-TATE tumor
imaging corroborated with level of SSTR2 expression, but did not correlate with [18F]FDG,
suggesting these two tracers provide different information for therapeutic strategy and
response monitoring. Dosimetry calculations showed lower effective dose per unit
radioactivity than reported for current clinical 18F- and ®8Ga-labeled PET tracers for
imaging SSTR2-expressing tumors [20,67]. Since comparable performance to [(8Ga]Ga-
DOTATATE (currently the clinical gold standard for imaging SSTR2) was achieved, these
data suggest that further study of [28FJAMBF3-TATE, including evaluation in humans, is
warranted.

5 Conclusions

We adapted the isotopic exchange based radiosynthesis of [18FJAMBF3-TATE to a droplet-
based radiochemistry platform and could produce the injection-ready tracer in 16+1% (n=5)
overall RCY (decay-corrected) in ~40 min. The small volume synthesis used minimal
quantities of precursor (5 nmol), enabling high molar activity to be achieved, even starting
from very little radioactivity. The BF3 chemistry is very convenient, with straightforward
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purification and formulation performed using solid-phase extraction on a C18 Sep-pak
cartridge. Though only demonstrated at scales starting with <3.7 GBq [100 mCi] for safety
reasons, it is possible to leverage technologies to concentrate [18F]fluoride ion for automated
microdroplet synthesis to explore the possibility of scale-up to produce [18F]JAMBF3-TATE
for multiple human doses.

Preclinical evaluation with [28FJAMBF3-TATE in SSTR2 tumor models showed excellent
contrast with surrounding tissues and comparable results to [63Ga]Ga-DOTATATE. Due to
the convenient synthetic method, favorable physical properties and scalability of fluorine-18
compared with gallium-68, and encouraging imaging and dosimetry, clinical translation of
[18F]JAMBF;-TATE and further development of the microdroplet synthesis are warranted.
We contend that the [18F]JAMBF3-TATE can be used for diagnosis and [177Lu]Lu-
DOTATATE can be used for therapy; eventual demonstration that [1’7Lu]Lu-DOTATATE
can block uptake of [18FJAMBF3-TATE would be sufficient to fully qualify this for
application as a companion diagnostic.. Finally, while we have not addressed the possibility
of boron neutron capture therapy (BNCT), the use of 10B-enriched AMBF3 might constitute
a promising approach that would qualify [28FJAMBF3-TATE for diagnosis and
[19BJAMBF;-TATE for therapy in theranostic applications demanding a single molecule for
both diagnosis and therapy.

Notably, we expect that other trifluoroborate conjugates of various other peptides could be
labeled with fluorine-18 with high molar activity using the microdroplet approach in the
same straightforward, Kit-like manner, paving the way to the rapid development of novel
18F_|abeled peptides for potential theranostic applications when paired with appropriate
analogs labeled with therapeutic isotopes. Furthermore, the underlying microfluidic
technology is anticipated to be compatible with other single-step peptide labeling methods
(including organosilane conjugates labeled via isotopic exchange, NOTA conjugates labeled
via chelation of [18F]AIF, etc.) or other more complex multi-step processes involving
conjugate of modified peptides to 18F-labeled prosthetic groups. Leveraging the availability
of fluorine-18 in high quantities, the microdroplet reactor is capable of producing sufficient
quantities of 18F-labeled peptides for several human doses. Further efforts in automation of
the overall droplet radiochemistry process will allow safe investigation of scaling activity
levels above 3.7 GBq [100 mCil.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Radiosynthesis of [\8F]JAMBF3-TATE via isotopic exchange on a microfluidic chip
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Fig. 2.
(A) Photograph of heating setup and microfluidic reaction chip. (B) Schematic of the chip

and heating setup
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Fig. 3.
Schematic of the sequence of operations to perform the microdroplet radiosynthesis of

[*8F]JAMBF3-TATE on the chip
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Fig. 4.
MicroPET/CT imaging. (A) MIP image and tissue biodistribution of 1.1 MBq injection of

[18F]JAMBF5-TATE in C57BL6 mouse , n=3. MIP image (top) and transverse slice (bottom)
of (B) 1.1 MBq injection of [28FJAMBF3-TATE, (C) 1.1 MBq injection of [(8Ga]Ga-
DOTATATE and (D) 0.74 MBq injection of [18F]FDG of the same NSG mouse engrafted
with SSTR2-positive (AR42J; left) and SSTR2-negative (RML1; right) tumor cells. (E)
Region-of-interest analysis of PET images, n=4. Images were acquired for 10 min under 2%
isoflurane anesthesia at 1 h post-injection of the PET tracer. Error bars are standard
deviations. Tumors are delineated in dashed circles. MIP = maximum intensity projection.
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Mean time-integrated activity coefficient (TIAC) values for the several organs scaled to humans

Table 1

Target Organs

Mean TIAC (h)

Standard deviations (h)

Method 1 | Method 2

Method 1 Method 2

Bladder

5.36E-01 5.36E-01

2.14E-02 2.14E-02

Bone marrow

1.77E-02 2.95E-02

7.99E-03 1.33E-02

Brain

1.73E-03 2.10E-03

4.30E-04 7.10E-04

Gallbladder content

5.34E-03 2.05E-02

4.02E-03 1.58E-02

Heart content

2.74E-03 6.01E-03

1.78E-04 1.08E-03

Heart wall 3.04E-04 6.67E-04 1.97E-05 1.19E-04
Kidneys 4.23E-02 1.27E-02 5.77E-03 2.05E-03
Liver 2.07E-02 1.45E-02 5.56E-03 3.53E-03
Lungs 2.99E-03 6.62E-03 4.89E-04 1.93E-03

Small intestine

2.07E-01 2.37E-01

1.91E-02 1.72E-02

Spleen

1.88E-03 2.95E-03

1.45E-03 1.62E-03

Stomach

3.50E-02 | 4.94E-03

4.49E-03 3.17E-04

Cortical bone

1.62E-02 1.52E-02

1.23E-02 1.20E-02

Trabecular bone

7.97E-03 7.50E-03

6.06E-03 5.90E-03

Remainder of body

4.70E-01 4.72E-01

9.62E-02 7.50E-02
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Table 2

Page 23

Mean absorbed dose coefficient values of the organs and the respective standard deviations for both methods
using a one-compartment voiding bladder model.

Mean absorbed dose coefficients of the organs (mGy/MBq)

Standard deviations (MGy/MBq)

Target Organ

Method 1 Method 2 Method 1 Method 2
Adrenals 4.44E-03 3.91E-03 3.96E-04 4.62E-04
Brain 8.40E-04 9.27E-04 1.11E-04 1.58E-04
Breasts 2.20E-03 2.21E-03 3.75E-04 3.12E-04
Gallbladder Wall 1.45E-02 3.80E-02 6.59E-03 2.49E-02
LLI Wall 9.08E-03 9.49E-03 2.20E-04 1.97E-04
Small Intestine 4.54E-02 5.12E-02 3.25E-03 2.85E-03
Stomach Wall 1.71E-02 6.14E-03 1.90E-03 3.38E-04
ULI Wall 1.14E-02 1.24E-02 1.73E-04 2.89E-04
Heart Wall 2.63E-03 3.43E-03 2.12E-04 3.03E-04
Kidneys 2.88E-02 1.09E-02 3.32E-03 1.10E-03
Liver 4.85E-03 4.22E-03 7.34E-04 5.61E-04
Lungs 2.15E-03 2.72E-03 2.48E-04 4.53E-04
Muscle 3.96E-03 3.97E-03 3.67E-04 3.27E-04
Ovaries 1.04E-02 1.11E-02 1.15E-04 1.73E-04
Pancreas 5.51E-03 4.68E-03 5.20E-04 5.75E-04
Red Marrow 5.43E-03 6.26E-03 5.64E-04 9.45E-04
Osteogenic Cells 6.40E-03 6.78E-03 1.96E-04 2.95E-04
Skin 2.45E-03 2.44E-03 3.21E-04 2.66E-04
Spleen 5.35E-03 5.54E-03 1.28E-03 1.52E-03
Testes 4.60E-03 4.63E-03 3.87E-04 2.93E-04
Thymus 2.62E-03 2.71E-03 4.56E-04 3.72E-04
Thyroid 2.53E-03 2.57E-03 4.65E-04 3.75E-04
Urinary Bladder Wall 1.06E-01 1.07E-01 3.00E-03 3.51E-03
Uterus 1.36E-02 1.41E-02 1.53E-04 2.00E-04
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