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8 ABSTRACT: Pancreatic β cells are responsible for insulin secretion and are important for glucose
9 regulation in a healthy body and diabetic disease patient. While the conventional biomarkers for
10 diabetes have been glucose and insulin concentrations in the blood, the direct determination of the
11 pancreatic β cell mass would provide critical information for the disease status and progression. By
12 combining fluorination and diversity-oriented fluorescence library strategy, we have developed a
13 multimodal pancreatic β cell probe PiF for both fluorescence and for PET (positron emission
14 tomography). By simple tail vein injection, PiF stains pancreatic β cells specifically and allows
15 intraoperative fluorescent imaging of pancreatic islets. PiF-injected pancreatic tissue even facilitated
16 an antibody-free islet analysis within 2 h, dramatically accelerating the day-long histological
17 procedure without any fixing and dehydration step. Not only islets in the pancreas but also the low
18 background of PiF in the liver allowed us to monitor the intraportal transplanted islets, which is the
19 first in vivo visualization of transplanted human islets without a prelabeling of the islets. Finally, we
20 could replace the built-in fluorine atom in PiF with radioactive 18F and successfully demonstrate in
21 situ PET imaging for pancreatic islets.

22 ■ INTRODUCTION

23 Developing an advanced imaging technology for live pancreatic
24 β cells has become of great interest over the past decade in the
25 diabetes area.1−3 Pancreatic β cells are responsible for insulin
26 synthesis and secretion in response to hyperglycemia, and
27 insulin controls the uptake of glucose from the blood into
28 target organs such as fat or muscle. The dysregulation of
29 insulin production, secretion, or its downstream signaling
30 would disturb the proper control of the blood glucose
31 concentration. A persistent high blood glucose level is a
32 signature biomarker of diabetic diagnosis and prognosis. Type
33 1 diabetes (T1D) is caused by pancreatic β-cell death and
34 consequent a decrease in insulin production, giving rise to
35 hyperglycemia as a result. Therefore, patients with T1D are
36 expected to have reduced β-cell mass due to gradual β-cell
37 destruction.4 Type 2 diabetes (T2D) is more complicated.
38 Through multiple chronic causes, the blood glucose concen-
39 tration can rise, and the pancreatic β-cell mass is also increased
40 initially to secrete more insulin for compensation. Hyper-
41 insulinemia occurs in the presence of insulin resistance, and
42 eventually β-cell death occurs.3 Therefore, beyond measuring
43 glucose and insulin concentrations in the blood, an ability to
44 determine the pancreatic β-cell mass noninvasively at various
45 time points would be revolutionary in monitoring the

46progression of diabetes and prognosis upon drug treatment.
47To determine the β-cell mass accurately, the currently possible
48way is a histological analysis of pancreatic specimens obtained
49from patients through an operation. However, this surgical
50process is invasive and thus difficult to use as a routine
51prognostic method and is able to estimate the β-cell mass only
52within a particular area, not for the whole pancreas, due to the
53uneven number and distribution of islets in the human
54pancreas.4 Hence, a nonsurgical and noninvasive visualization
55method for the accurate measurement of the β-cell mass via a
56specific molecular probe is highly desired for the stratification
57of patients at diagnosis and follow up as the disease progresses.
58Current imaging technologies provide different information
59in terms of penetration, resolution, and sensitivity along with
60anatomical, physiological, and cellular contexts. Chromogenic
61small-molecule probes such as Newport green6 and dithiazone
62(DTZ)7 have been used for the ex vivo imaging of pancreatic

Received: October 17, 2019

Articlepubs.acs.org/JACS

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/jacs.9b11173
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

clr00 | ACSJCA | JCA11.2.5208/W Library-x64 | manuscript.3f (R5.0.i2:5002 | 2.1) 2020/01/15 13:43:00 | PROD-WS-118 | rq_1414624 | 2/03/2020 11:53:24 | 10 | JCA-DEFAULT

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nam-Young+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jung+Yeol+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sang+Hee+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="In+Ho+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong+Hwa+Hwang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min+Jun+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wut+Hmone+Phue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wut+Hmone+Phue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bikram+Keshari+Agrawalla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Si+Yan+Diana+Wan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Janise+Lalic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sung-Jin+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jong-Jin+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jong-Jin+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haw-Young+Kwon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="So+Hee+Im"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Myung+Ae+Bae"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Hee+Ahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chang+Siang+Lim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adrian+Kee+Keong+Teo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adrian+Kee+Keong+Teo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sunyou+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sang+Eun+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Byung+Chul+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dong+Yun+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Young-Tae+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Young-Tae+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b11173&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.9b11173?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


63 islets and for the facilitated islet isolation for transplantation
64 therapy.
65 Advancements in clinical practice aim to develop a
66 noninvasive imaging modality for pancreatic β cells based on
67 the magnetic resonance imaging (MRI), positron emission
68 tomography (PET), and single-photon emission computed
69 tomography (SPECT) platforms. The advantages of MRI
70 include the high spatial resolution, contrast, and penetration
71 depth of soft organs. The ex vivo labeling of islets with
72 fluorescently labeled nanoparticles8 or encapsulation with
73 MRI-detectable magnetocapsules9 allows transplanted islets
74 to be monitored under the kidney capsules or in the livers of
75 recipients. However, a visualizing method of unlabeled
76 endogenous islets using an MRI technique has not yet been
77 demonstrated.
78 Applying PET imaging to pancreatic β-cell biomarkers is
79 limited by the availability of specific radiotracers. As early as
80 2000, the most common PET imaging probe, 18F-FDG (2-
81 deoxy-2-18F-fluoro-D-glucose), was used for imaging and
82 quantifying the endocrine pancreas in rats.10,11 While useful,
83 the multiple binding sites of 18F-FDG prompted a quest for
84 more specific β-cell probes. Radiolabeled 18F-fluoropropyl-
85 dihydrotetrabenazine (18F-FP-DTBZ) and its derivatives
86 targeting vesicular monoamine transporter 2 (VMAT2) have
87 been used for β-cell imaging. However, not all of the
88 immunoreactivity from VMAT2 is associated with β cells.11

89 In addition to VMAT2, various β-cell-specific imaging reagents
90 were recently introduced, targeting new biomarkers such as
91 sulfonylurea receptors (SUR-1), glucagon-like peptide 1 (GLP-
92 1), free fatty acid receptor 1 (FFAR1), and β-cell-specific
93 antigens.12−14 Of them, Mn-DPDP,15 11C-DTBZ,16 18F-AV-
94 133,17 18F-FDOPA,18 and 68Ga-NOTA-exendin-419 are
95 representative probes, which were tried in clinical setups and
96 evaluated for β-cell mass with great promise.20 Still, there is a
97 missing link between fluorescent probe application and PET
98 imaging of pancreatic β cells for the systematic comparison
99 between ex vivo and in vivo imaging results.
100 We have worked on pancreatic α-21 and β-cell-selective
101 probe development for the past decade and published the first
102 fluorescent small-molecule probe for β cells, PiY (pancreatic
103 islet yellow).22 Through tail vein injection, PiY demonstrated
104 selective staining and facilitated the isolation of live islets from
105 mice. While useful for the ex vivo application of islet imaging,
106 PiY had a limitation in terms of a long tissue-handling
107 procedure over 10 h. PiY also showed higher localization in the
108 liver than in the pancreas through a pharmacokinetic study,
109 thus hampering its applicability to the imaging of transplanted
110 islets in the liver.
111 We envisioned that an ideal β-cell imaging probe is optically
112 active (fluorescent), has low background in other organs, and
113 eventually is convertible to a PET probe without chemical
114 modification. On the basis of these criteria, we herein report a
115 novel β-cell probe, PiF (pancreatic islet fluorinated probe),
116 with a dual-modality application both for optical and PET
117 imaging of the β-cell mass.

118 ■ RESULTS
119 Identification of the Pancreas-Selective PiF Probe
120 from DOFLA. The diversity-oriented fluorescence library
121 approach (DOFLA) was developed in the Chang laboratory,
122 and DOFL is composed of thousands of small fluorescent
123 molecules in library formats.23 Through DOFLA and
124 combining DOFL with unbiased screening, various fluorescent

125sensors and imaging probes have been developed and
126demonstrated for different cells and tissues.24,25 For this
127project, we started in vitro screening of DOFL to pick up
128candidates with an increase in fluorescence upon addition of
129insulin, assuming that the insulin sensor would be a potentially
130selective probe for β cells. From the primary screening, six hits
131were found from the rosamine library,26 and the selected
132compounds (Figure S1A) were retested in a range of insulin
133concentrations, showing a fluorescence increase in a dose-
134dependent manner against insulin (Figure S1B). Using the
135molecular information from the six candidates, we shuffled the
136structure and also incorporated the fluorine atom, which can
137be subsequently replaced by the 18F radioisotope for PET
138 f1probe generation to yield three candidate molecules (Figure
139 f11A). As expected, all three candidate molecules showed an

140excellent insulin response in a dose-dependent manner. As the
141main limitation of previously reported probe PiY22 was an
142unfavorable organ distribution in animal tests, we subjected the
143three candidate molecules to an in situ pharmacokinetic study
144in mice. After tail vein injection (300 μM, 250 μL), the
145fluorescence signal of injected probes throughout abdominal
146organs including the kidney, pancreas, liver, spleen, and fat pad

Figure 1. Development of pancreatic islet fluorinated probe PiF. (A)
Chemical structures of PiF and derivatives of PiF (F1 and F2). (B) In
vitro insulin responses of PiF, F1, and F2. Relative fluorescence units
(RFUs) of PiF, F1, and F3 at 0.5 μM with different concentrations of
bovine insulin in 20 mM HEPES buffer (1% DMSO, pH 7.4). (C)
Fluorescence tissue distribution of PiF. The probe was dissolved in
2% BSA at 300 μM (3% DMSO) and injected intravenously (250 μL)
after anesthesia. The fluorescence intensity is observed from different
abdominal organs (kidney, pancreas, liver, fat pad, and spleen) during
3 h under a Texas red filter (ex, 540−580; em, 610 long pass). (D) Ex
vivo fluorescent images of organs. (Left) Bright-field image of organs.
(Middle) Fluorescent image of PiF. (Right) Merged images of BF and
PiF. Yellow dot circles represent the pancreas samples. All images
were taken using a Leica MZ10 customized modular stereo
microscope for fluorescent imaging.
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147 was monitored for 3 h while the animal was under anesthesia.
148 Compound F2 showed a similar fluorescence intensity signal in
149 both the liver and pancreas (Figure S2A), which is not
150 desirable for whole-body imaging. The liver is anatomically
151 close to and also much larger than the pancreas, and thus it
152 would be difficult to isolate the two organ signals from the
153 imaging data. Compound F1 had a weaker fluorescence signal
154 (over about half of the pancreas) in the liver but remained at
155 significant levels over the 3 h (Figure S2B).
156 In contrast, PiF showed some signal in the liver in the
157 beginning that was gradually reduced over time. One hour after
158 injection, the fluorescence signal of PiF in the liver dropped
159 down to almost the baseline level, while the sign-in pancreas
160 remained significantly high (Figure 1C). Considering the half-
161 life of 18F to be 110 min, the signal profile of PiF seemed
162 reasonable for a couple of hours of monitoring. After 3 h of
163 supervision, the pancreas was harvested and observed under
164 the fluorescence microscope, and PiF and F1 showed a good
165 contrast for islets but F2 did not (data not shown). On the
166 basis of these observations, we selected PiF as the best
167 candidate for further development. It is noteworthy that all
168 three compounds showed a stronger signal in the kidney than
169 in the pancreas and the signal decreased over time, which may
170 be due to the compounds’ excretion process. After dissection,
171 we evaluated the remaining fluorescence signal from several
172 tissues, including the brain and heart by ex vivo imaging
173 (Figure 1D). Both the kidney and pancreas manifested a higher
174 fluorescence intensity than other tissues, which is consistent
175 with the in situ biodistribution monitoring data. While the
176 fluorescence signal of PiF in the kidney is stronger than in the
177 pancreas, discrimination of the imaging signal is expected to be
178 feasible due to the anatomical distance between the two
179 organs. With PiF, we further investigated in vitro selectivity
180 against albumin and glucagon, which are the most abundant
181 proteins in the serum and hormone secreted from α cells,
182 respectively. As expected, PiF responded strongly to insulin
183 but much more weakly to albumin or glucagon (Figure S3).
184 Therefore, PiF selectivity in β cells might be due to the
185 selective binding to and the turn-on effect by insulin of high
186 concentration in β cells. Through these procedures, we
187 identified promising pancreatic β-cell probe PiF [(λex = 535
188 nm, λem = 565 nm, quantum yield (Φ) = 0.51 in DMSO,
189 extinction coefficient (ε) at 535 nm = 43 000 M−1 cm−1 in
190 DMSO (Figure S4)] that allows chemical modification by

s1 191 introducing a radioactive 18F into a PET tracer (Scheme 1).
192 Ex Vivo Visualization of Live and Healthy Pancreatic
193 Islets with the PiF Probe. The conventional β-cell imaging
194 procedure includes insulin or other relevant antibody-based
195 immunohistochemistry, which is expensive and a labor-
196 intensive, time-consuming procedure. Previously, we devised
197 a protocol for measuring the β-cell mass using PiY, which does

f2 198 not require any antibody for immunostaining (Figure 2A, PiY
199 protocol).22 With this protocol, both PiY and PiF can be used
200 to visualize pancreatic β cells of islets on the cryo-tissue
201 sections (Figure 2B). While useful without the need for
202 antibody, this method still requires paraformaldehyde fixing (2
203 h) and dehydration with 30% sucrose (usually at least 12 h).
204 We further optimized the staining procedure with PiF and
205 dramatically shortened the whole procedure from a day to a
206 couple of hours by dropping the fixation and dehydration steps
207 (Figure 2A PiF protocol). Using this improved protocol,
208 staining with PiF worked well, but not with PiY (Figure 2C).
209 We then tested this protocol with PiF in a type 1 diabetic

210mouse model injected with STZ (streptozotocin), which is
211toxic to the β cells in the pancreas (Figure S5). First, we
212measured the total fluorescence intensity of the two
213pancreases, and the control pancreas showed a more than 5
214times higher fluorescence signal than did the STZ-treated
215pancreas (Figure 2D,E). Then, we prepared cryo-tissue
216sections based on the new protocol, and the islet imaging
217was successfully achieved both for control and STZ-treated
218islets (Figure 2F). With the simplified procedure, we could
219prepare hundreds of pancreatic tissue slices and took ex vivo
220images to compare the statistically meaningful difference
221between control and STZ-treated pancreases. Among 200
222sections we obtained from each group, the control pancreas
223contained 3 times more islets than the STZ-treated pancreas
224(Figure 2G) and as such exhibited more than 2 times higher
225intensity per islet (Figure 2H). Therefore, PiF could be a
226powerful tool for the fluorescence microscopic imaging analysis
227of healthy β cells in the islets in various tissue sections of the
228disease model biopsy.
229Confirmation of PiF as a Pancreatic β-Cell Probe.
230Next, we monitored the selective staining of PiF among cells
231within the pancreatic islets. We cultured islets after isolation
232according to the procedure previously reported with α-cell
233probe TPα.21 The cultured islets were first incubated with PiF
234for 1 h, followed by TPα treatment for another half hour
235before fluorescence microscopy imaging. As expected, TPα
236was localized around the border of the pancreatic islet, where
237the rodent α cells are usually found, and PiF primarily stained
238 f3the core of the islet where β cells reside (Figure 3A left). The
239mutually exclusive cell staining by these two dyes in the islet
240strongly suggested that PiF stained endocrine cell populations
241that are not α cells. To further clarify the PiF-stained
242population, we carried out immunocytochemistry with insulin
243antibody immediately after the addition of PiF. In the presence
244of insulin antibody, overlapping images of PiF (red) with anti-
245insulin (green) were visible (Figure 3A middle). A counterstain
246with glucagon antibody again demonstrated mutually exclusive
247cell populations between PiF (red) and antiglucagon (green)

Scheme 1. Synthesis Scheme of PiFa

aReagents and conditions: (a) N-methyl-2-(tetrahydro-2H-pyran-2-
yloxy)ethanamine, DMSO, 90 °C, overnight, 37%; (b) 10% Pd/C,
hydrazine monohydrate, MeOH, 70 °C, 5 h, 93%; (c) PMBCl, NaH,
DMF/CH2Cl2 (1:5), rt, 48 h, 82%; (d) 3,5-dimethyl-4-methoxy-
phenylmagnesium bromide, THF, 60 °C, overnight, 91%; (e) PPTS,
THF/EtOH (1:1), rt, 24 h, 94%; (f) AgOTs, MeCN, rt, overnight,
99%; (g) DAST, CH2Cl2, 0 °C, 20 min; (h) TFA, CH2Cl2, 0 °C, 2 h,
61%.
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248 (Figure 3A right). As a further confirmation, PiF-stained cells
249 from isolated pancreatic islets were sorted by fluorescence-
250 activated cell sorting (FACS), resulting in two distinct
251 populations (Figure 3B). Ten percent of bright and dim cells
252 were respectively collected and analyzed by real-time PCR for
253 insulin gene expression. The insulin gene expression in PiF
254 brightly stained cells was about 10 times higher as compared to
255 that of PiF dimly stained cells (Figure 3C). Then, the sorted
256 cells were also grown in 96-well plates by allowing them to
257 attach to the bottom of the wells, and immunostaining was
258 performed with anti-insulin and anti-glucagon antibody.
259 Consistently, PiF brightly stained cells appeared positive
260 only for insulin antibody, a hormonal marker of β cells. On the

261contrary, PiF dimly stained cells showed high positive signals
262for the glucagon antibody, a hormonal marker of α cells
263(Figure 3D). Collectively, we conclude that PiF is indeed a
264pancreatic β-cell-selective probe that can be utilized for in vivo
265applications. Due to the small number of islets per mouse, we
266decided to switch to rat islets27 for transplantation work.
267Before surgery, we first evaluated the in vitro selectivity of the
268rat islet by PiF at a variety of concentrations (0, 0.25, 0.5, 1,
269and 2 μM) for 1 h of incubation. The rat islets were also
270labeled with PiF after PBS (phosphate-buffered saline)
271washing as observed under the fluorescence microscope
272(Figure S6A). With these islets, we measured the cell viability
273by CCK-8 (cell counting kit 8: live cells convert water-soluble

Figure 2. Facilitated procedure to visualize pancreatic islets using PiF. (A) Schematic procedure comparison of PiY- and PiF-detecting islets
preparation and imaging. The PiY dissolved in 1% 4600 PEG, and 0.1% tween 20 was injected via the tail vein at 300 μM in a 250 μL quantity. The
pancreas was collected after 1 h of incubation. the dissected pancreas was put into 4% PFA for 2 h and then into 30% sucrose. The pancreas was left
for 12 h in the refrigerator and the next day was embedded in tissue freezing media (TFM) and kept at −80 °C for 1 h. The frozen block was
cryosectioned into 20-μm-thick slices. The section after the removal of TFM was placed under the fluorescence microscope. (B) PiY structure and
representative images of PiY- and PiF-stained islets processed with the PiY protocol. Both probes were visualized after the PiY protocol. (C)
Representative images of PiF- and PiY-stained islets processed with the PiF protocol. Only PiF was visualized under the fluorescence microscope
with the PiF protocol. The fluorescent images were taken under the TRITC filter of a Nikon Ti microscope. (D) Ex vivo fluorescent tissue images
of CON and STZ mice. (Left) Untreated control mouse. (Right) STZ-streptozotocin-treated type 1 diabetic mouse. All images were taken with the
IVIS Spectrum in vivo imaging system. Fluorescent images were acquired at λex = 535 nm, λem = 585 nm. (E) Average intensity of a PiF-stained
pancreas from CON and STZ. The region of interest in the pancreas was measured from the yellow circle. (F) Representative PiF stained islet
section images of the control and STZ after one dropping of PBS. (G) Total number of PiF-stained islets from the control and STZ group (the
number of control islets is 3803 vs 1116 for STZ). (H) Sum of the intensity of PiF-stained islets from the control and STZ group. The total
number of sections collected was about 200 from each group (50 sections per mouse, n = 3, P < 0.05). Statistical analysis was performed under the
fluorescence microscope. Scale bar: 50 μm.
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Figure 3. Confirmation of PiF as a pancreatic β-cell probe. (A) Fluorescent images were acquired after the cell culture of isolated islets. (Left)
Merged fluorescent images of PiF (λex = 535 nm, λem = 585 nm, red) and TPα (λex = 370 nm, λem = 475 nm, green). (Middle) Merged confocal
images of PiF (red) and anti-insulin (green: pseudocolor). Anti-insulin was imaged under a Cy5 filter. (Right) Merged confocal images of PiF
(red) and anti-glucagon (green: pseudocolor). Anti-glucagon was imaged under a Cy5 filter. Hoechst was used for nuclei staining. (B) Scheme of
the PiF staining process for FACS. Isolating islets from C57BL/6 mice. Dissociating islet cells. Applying PiF at 1 μM and incubating for 1 h.
Loading PiF-stained cells for FACS. Isolating 10% of PiF bright and dim cells. (C) Real-time PCR analysis from B. The relative mRNA levels of the
gene of interest are normalized to that of GAPDH. Analysis was perfomed in triplicate. (D) Immunocytochemistry (ICC) with anti-insulin and
glucagon after sorting PiF bright and dim cells. The cells are seeded in a tissue culture dish after sorting to confirm the presence of insulin and
glucagon from β cells (PiF bright cells) and α cells (PiF dim cells). All fluorescent images were taken under a Nikon Ti microscope. Scale bar: 10
μm.

Figure 4. Transplanted rat and human islets were detected by PiF fluorescence imaging. (A) Rat islets (1000) labeled with PiF (2 μM) were
intraportally transplanted to nude mice. (Left) Representative live fluorescent image 2 h after rat islet transplantation. (Middle) Ex vivo
fluorescence image of a rat islet transplanted mouse. (Right) Histological evaluation of rat islet grafts in the liver. (B) Schematic illustration of
imaging intrahepatic transplanted rat islets. PiF (300 μM, 250 μL) was intravenously injected 1 day after rat islet transplantation. (C) Ex vivo
fluorescence images of sham and transplanted mice after i.v. injection of PiF for 1 h. The fluorescence of PiF was highly detected in the liver
transplanted mouse against the sham control. (D) Ex vivo fluorescence images of transplanted human islets detected by PiF. (Left) Bright-field
images (L, liver; K, kidney; P, pancreas; S, spleen). (Right) Fluorescent images from the sham, contol, and transplant. Human islets were
transplanted into the liver, and 250 μL of 300 μM PiF was injected intravenously 1 day after transplantation (n = 3 mice from each group.)
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274 tetrazolium salt to orange formazan dye by bioreduction)
275 assay, and PiF did not exhibit any significant cell toxicity on rat
276 islets for up to 2 μM concentration as compared with
277 untreated islets (Figure S6B). Furthermore, PiF showed an
278 excellent linear correlation (R2 = 0.97) between the
279 fluorescence intensity and probe concentration (Figure S6C).
280 In Vivo Bioimaging of Transplanted Islets with the
281 PiF Probe. PiF-labeled rat islets were utilized for trans-
282 plantation to determine whether they can be visualized in vivo
283 after surgery. We introduced a PiF-labeled rat islet graft via the
284 liver portal vein of a nude mouse and were able to locate the

f4 285 PiF signal in the liver 2 h post-transplantation (Figure 4A left).
286 Subsequently, we also performed ex vivo imaging of several
287 organs (liver, heart, lung, kidney, and spleen) to confirm that
288 the fluorescence signal came only from the liver and not from
289 other organs (Figure 4A middle). Moreover, we performed
290 histological analyses on the liver sections to ascertain PiF
291 staining at the cellular level. As expected, we could identify
292 PiF-labeled rat islets in the liver under the TRITC channel of
293 the fluorescence microscope (Figure 4A right). To further
294 confirm the applicability of PiF for in vivo imaging, we then
295 transplanted unstained rat islets into the portal vein of a mouse
296 followed by i.v. injection of PiF (300 μM, 250 μL) the
297 following day. For surgical control, PBS was injected into the
298 sham mouse in the portal vein instead of islets, followed by the
299 PiF i.v. injection (Figure 4B). The tissues were then harvested
300 after 2 h to image the fluorescence signal of PiF under ex vivo
301 conditions. Among the various organs, the liver clearly showed
302 a stronger intensity for PiF labeling in the transplanted
303 recipient as compared to the sham control (Figure 4C). Taken
304 together, we have demonstrated that our PiF small-molecule
305 fluorescence probe is capable of visualizing rat pancreatic β
306 cells transplanted in vivo in an ectopic site.
307 To then confirm that PiF stains human pancreatic β cells, we
308 prepared cryo-sections of human islets after PiF staining. PiF
309 also showed the fluorescence signal in the human islets. We
310 then immunostained the sections using insulin antibody. From
311 the merged images, we confirmed that the PiF signal is well
312 overlapped with that of insulin antibody in the β cells of the
313 human islets (Figure S7A). Human islets were also trans-
314 planted through the liver portal vein of the mice, and PiF was
315 injected via the tail vein the day after. Ex vivo imaging revealed
316 that the PiF signal was evident in the transplanted liver but not
317 in control or sham organs (Figure 4D). The PiF intensity was
318 about 2 times higher in transplanted than in the control or
319 sham mouse (Figure S7B). Collectively, PiF allowed the
320 visualization of transplanted human pancreatic β cells in the
321 islets without antibody or genetic manipulation.
322 Taken together with the in vivo selectivity of PiF in the islet,
323 we further carried out the stability of PiF via a biodistribution
324 study for 3 h. After the intravenous administration of PiF, we
325 collected organs such as plasma, white adipose, brain, heart,
326 liver, lung, and spleen including the pancreas and measured the
327 residual concentration of PiF from the tissues (Figure S8). Up
328 to 3 h, the PiF still resides in the pancreas with a higher level of
329 fluorescence intensity than in all organs except the heart
330 (Table S1). The data showed that PiF is selective and stable
331 from the pancreatic islets in vivo.
332 Pancreatic Islet PET Imaging with [18F]PiF. Radiosyn-
333 thesis of [18F]PiF was conducted via nucleophilic aliphatic
334 [18F] fluorination from the tosylate PiT, according to our
335 previous study28 (see Supporting Information (SI), Exper-
336 imental Procedure.) After prepurification on a tC18 Sep-Pak

337cartridge and purification on an HPLC, [18F]PiF was
338formulated and ready to use for the animal experiment in
3395% ethanol/saline solution. The measured log D value (2.19)
340of [18F]PiF predicted a rapid renal excretion together with the
341high stability in human serum (Materials and Method). In
342animal studies, the tissue distribution in C57BL/6 mice was
343shown with comparable pancreas uptake (Table S2). The
344initial uptake of [18F]PiF has shown the desirable level of 10.8
345+ 1.3% ID/g, and it reached the maximum level (16.1 + 5.6%
346ID/g) 30 min postinjection and was then washed out from the
347pancreas. As shown in Figure S9, the PET/CT images of
348[18F]PiF visually reflected the ex vivo biodistribution of 18F
349uptake in healthy ICR mice. [18F]PiF possessed the highest
350pancreas uptake at 30 min and then was rapidly washed out
351 f5(Figure 5). To confirm the specificity of [18F]PiF in the

352pancreas, a blocking experiment was performed in the
353autoradiographic analysis (Figure S10). Blocking with excess
354PiF (100 pmol in 0.2 mL of saline) resulted in significantly
355reduced radioactivity uptake in the pancreas. An in vivo PET
356image and biodistribution analysis of [18F]PiF in the pancreas
357are shown in Figure S11. The radioisotope signal intensity of
358[18F]PiF at 15 min is increased dramatically, and it showed the
359highest peak at 30 min. After 60 min, the signal intensity is
360decreased by 120 min.

361■ DISCUSSION
362Using DOFLA, we have developed a novel fluorescent probe
363PiF for pancreatic β-cell staining in rodent and human islets.
364Optical imaging with PiF allows higher resolution than MRI
365and PET and has broadened the application potential,
366especially for ex vivo tissue experiments. With PiF,
367unprecedented expeditious pancreatic islet quantitation is
368now possible without the requirement of antibody and also
369within a couple of hours instead of a conventional overnight
370method. PiF also demonstrated an excellent tissue selectivity in
371the pancreas with a low background compared to the liver in
372whole-body imaging experiments. The low liver background
373allowed us to transplant exogenous rat and human islets into
374the mouse portal vein and successfully perform an optical
375detection of transplanted islets. This is the first demonstration
376of transplanted islet detection without any prelabeling.

Figure 5. In vivo PET/CT images of [18F]PiF in ICR mice. ICR mice
(n = 3) were intravenously dosed with approximately 7.4 MBq of
[18F]PiF. PET acquisition in the lis mode was concomitantly started
with the intravenous injection of [18F]PiF and was performed for 120
min using a small animal PET/CT (NanoPET/CT, Mediso). The
analysis was conducted using PMOD software version 3.6.
Quantitative data were expressed as the percentage of the injected
dose per gram of tissue (%ID/g).
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377 In general, low-molecular-weight compounds have advan-
378 tages for PET tracers over large protein- or peptide-based
379 probes, including proper biodistribution and clearance profiles.
380 Also, small molecules are less prone to elicit immunologic
381 responses. Importantly, small molecules are more suitable for
382 structural modifications, which are often necessary to optimize
383 probe performance. However, in many cases, the structural
384 modification of the probe into PET tracer could change the
385 biological properties. We overcame this well-known problem
386 by introducing a fluorine atom into a DOFL probe from the
387 design stage. The fluorine atom in PiF could be replaced with
388 radioactive 18F for PET imaging without changing the
389 chemical/biological property of the original PiF. [18F]PiF
390 was successfully demonstrated in pancreatic imaging in mice
391 and can potentially be used to evaluate changes in the β-cell
392 mass in a clinical format.1,29 Therefore, this is the first
393 demonstration of the systematic conversion of the fluorescence
394 probe for β-cell imaging by combining DOFLA and fluorinated
395 chemical motif.

396 ■ CONCLUSION
397 We have developed a bimodal small-molecule probe which
398 allows the visualization of rodent and, importantly, human
399 pancreatic islets using optical and nuclear imaging techniques.
400 As an optical imaging probe, PiF showed an excellent response
401 against insulin in vitro as well as specific β-cell selectivity on
402 the ex vivo pancreatic islet. It is noteworthy that the optimized
403 tissue-staining protocol for PiF dramatically improved the
404 procedure time by shortening the preparation time from a day
405 to 2 h. In whole-body imaging, PiF showed promising staining
406 kinetics of the pancreas through tail vein injection. The low
407 fluorescence background signal of PiF in the liver allowed us to
408 optically visualize transplanted islets on the portal vein in the
409 liver. Finally, owing to the original design of PiF, the built-in
410 fluorine atom was directly replaced with [18F] to generate a
411 chemically equivalent PET probe, and the in situ PET imaging
412 of the pancreas was successfully demonstrated in mice.

413 ■ MATERIALS AND METHODS
414 Synthesis of PiF. The synthesis of pancreatic β-cell probe PiF was
415 summarized in Scheme 1. Known xanthone 7 was prepared from
416 commercially available 3-fluorophenol and 4-nitrosalicylic acid
417 according to a reported procedure.30 The THP-protected dialkylami-
418 no group was introduced by regioselective SNAr substitution of
419 xanthone 7, and then nitroaryl 8 was reduced to corresponding aniline
420 9 by Pd catalyst/hydrazine. The aniline group was converted to N-
421 PMB aniline using a standard protocol, and the product was treated
422 with a Grignard reagent to provide the desired rosamine 11.
423 Deprotection of the THP group using PPTS in methanol provided
424 alcohol 12. Unfortunately, the fluorination of xanthone using DAST
425 yielded a mixture of the desired product and inseparable alkyl chloride
426 as a byproduct. After the counteranion exchange reaction of alcohol
427 12 with silver p-toluenesulfonate, a fluorination reaction was carried
428 out successfully to afford the pure desired product without inseparable
429 impurities. Finally, full deprotection of the PMB group with TFA
430 completed the synthesis of PiF (Φ = 0.51, λex/λem = 535/565 nm) in
431 seven linear steps and 14% overall yield.
432 In Vitro Assay of the Insulin Response. PiF (0.5 μM) was
433 added to bovine insulin solution dissolved in 20 mM HEPES buffer
434 (1% DMSO, pH 7.4) to measure the fluorescence intensity change in
435 vitro. The concentration of insulin ranged from 0 to 400 μM. The
436 fluorescence signal was recorded with a Spectra MaxM2 plate reader
437 (λex = 535 nm, λem = 565 nm). After the addition of dye, the 96-well
438 plates were incubated for 30 min before the fluorescence intensity was
439 read.

440In Vitro Selectivity Test of PiF. In vitro selectivity assay of the
441insulin response. PiF (1 μM) was added to three different proteins
442(insulin, glucagon, and human serum albumin) solution dissolved in
44320 mM HEPES buffer (1% DMSO, pH 7.4) to measure the
444fluorescence intensity change in vitro. The fluorescence was measured
445at 2 mg/mL for each protein. The fluorescence signal was read with a
446Spectra MaxM2 plate reader (λex = 490 nm, λem = 520−670 nm).
447After the addition of dye, the 96-well plates were incubated for 30 min
448before the fluorescence intensity was read.
449Preparation of PiF Injection into the Animal. PiF was
450dissolved in DMSO as a stock solution. For animal injection, PiF was
451diluted in 2% BSA in PBS solution to make a final concentration of
452300 μM and 250 μL was administered through the mouse tail vein
453accordingly.
454Pancreas Cryosection Procedure. PiF (250 μL, 300 μM) was
455injected into the mouse tail vein and incubated for 1 h. The pancreas
456was harvested and then put into tissue-freezing media (TFM) until
457frozen on the dry ice. The cryo-bock was cut into 20-μm-thick
458sections, and the sections covered with TFM were directly observed
459under a fluorescence microscope. PiF-stained islets with TFM were
460still visualized when the fluorescence was turned on. Subsequently,
461PBS was dropped on top of tissue to remove TFM, and PiF-stained
462islets were also confirmed. For PiY imaging, 4% paraformaldehyde (2
463h) and 30% sucrose (overnight) were required before cryo-block
464preparation. The next day, the pancreas was put into a TFM medium,
465and the sections were obtained as in the method described above.
466Fluorescence Ex Vivo Imaging. For this part of the experiment,
467nude mice were used. The animal was positioned at dorsal
468recumbences. For the transplantation animal model, pancreatic islets
469suspended in 0.3 mL (300 μL) of medium was injected into the
470hepatic portal vein. In the same manner, the sham animals received
471only 0.3 mL (300 μL) of medium, and the control animals did not
472receive any injection into the hepatic portal vein. Fluorescence
473imaging was done on postoperative day one. PiF was injected via the
474tail vein at a concentration of 300 μM. After 3 h of incubation, the
475fluorescence signal was obtained using an IVIS machine both in vivo
476and ex vivo. For the ex vivo imaging, organs such as liver, spleen,
477kidney, pancreas, and fats were included.
478Diabetes Model Using Streptozotocin (STZ). STZ solution
479was freshly prepared in Na-citrate buffer solution and injected at 200
480mg/kg as a final dosage intraperitoneally. Before STZ induction (day
4810), we measured the body weight and blood glucose level after STZ
482injection. The blood concentration was measured with a blood
483glucose meter (Lifescan Inc., Milpitas, CA, USA), and STZ-treated
484mice had a glucose value from 15 to 40 mM. On day 10, PiF (300
485μM, 250 μL) was injected into three each STZ and control mice.
486After 1 h, the pancreas was harvested to prepare the cryo-section, and
487pancreas sections were observed in the presence of TFM under a
488Nikon Ti microscope with a TRITC filter.
489Statistical Analysis of Islets from CON and STZ Groups. PiF-
490stained islets were visualized to analyze statistical data by measuring
491the sum intensity per islet and by counting the number of islets from
492CON (untreated control) and STZ (streptozotocin-treated type 1
493diabetic mouse group). We collected the total number of sections of
494about 150 from each group (50 sections per mouse, n = 3). We placed
495serial sections from one to three on top of the slide as labeled it as
496slide no. 1. To remove the same islets between slides, we made room
497for more than a 100 μm gap between sections. The area and intensity
498of PiF-stained islets were analyzed by NIS-Elements software
499provided with the Nikon Ti microscope. A value of P < 0.05 was
500considered to be statistically significant.
501Cultured Islet Staining with a Fluorescence Probe. The
502rodent islet isolation protocol was followed as in a previously
503described paper. We picked up the isolated islets by hand, and the
504islets were incubated in 4500 mg/L D-glucose DMEM with 10% FBS
505and 1% penicillin-streptomycin (GIBCO) for culturing at 37 °C. The
506isolated islets were grown for 1 week by changing the medium every
507other day. PiF was added at 1 μM for 1 h in a new medium at 37 °C,
508and TPα was added to the same medium at 1 μM for 30 min before
509dual live islet imaging. After two-probe staining, the medium was
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510 changed to a new medium for fluorescence imaging. We took
511 fluorescent images with a Nikon Ti microscope with TIRC for PiF
512 and with FITC for TPα. Human islets were obtained from the
513 Clinical Islet Laboratory, University of Alberta31 Hospital, Edmonton.
514 The use of human islets is approved by NUS Institutional Review
515 Board (NUS-IRB) B-15-072E. Informed consent was obtained from
516 the next of kin of the donor.
517 Immunostaining. After PiF staining on the islets, the media were
518 changed to 4% PFA buffer, and they were incubated for 20 min and
519 then washed with fresh PBC three times. To provide permeability, the
520 solution was changed to 0.2% triton ×100 and incubated for 2 h and
521 then washed again. The islet cells were transferred to a blocking buffer
522 containing 1% bovine serum albumin as required for 1 h of
523 incubation. Then insulin and glucagon antibodies were prepared
524 accordingly. Guinea pig polyclonal anti-insulin (diluted 1:100, Dako)
525 was applied for 3 h and then incubated with a Cy5-conjugated goat
526 antiguinea pig secondary antibody (diluted 1:500, Invitrogen) for 1 h.
527 A mouse monoclonal antiglucagon (dilution 1:500 Sigma) was used
528 for 1 h and then placed with a Cy5-conjugated goat antimouse
529 secondary antibody (diluted 1:1000, Invitrogen) for 1 h of incubation.
530 These islets were observed under a Nikon A1 confocal microscope.
531 FACS Operation. About 150−200 islets per mouse were obtained.
532 Dissociation media were contained with 0.2 mL of calcium and
533 magnesium-free PBS + 0.025 mg/mL trypsin + 0.4 mg/mL EGTA + 1
534 mg/mL DNase. Islets were incubated for 15 min at 37 °C and
535 subsequently were mixed by pipetting or vortex mixing for 10 s. After
536 spinning for 5 min at 1500 rpm, the pellet was suspended in 0.5 mL of
537 islet media in the presence of PiF at 1 μM. After 1 h of incubation, the
538 dissociated cells were loaded into FACS to sort the PiF-Bri and PiF-
539 Dim cells separately. The speared cells were utilized for real-time PCR
540 to check the mRNA gene expression level of insulin as well as
541 immunocytochemistry with anti-insulin and glucagon to identify PiF
542 from isolated cells by images.
543 Quantitative Real Time PCR. Using the miRNeasy Mini Kit
544 (QIAGEN), we isolated the total RNA as lysates from PiF bright and
545 PiF dim cells. One-step quantitative RT-PCR was performed on a
546 StepOne real-time PCR system using a power SYBR green RNA-to-
547 CT 1-step kit (Applied Biosystems). The relative mRNA levels of the
548 genes of interest were normalized to that of GAPDH. The primer
549 sequences (5′ to 3′) are the following:
550 mouse INSULIN forward CCAAACCCACCCAGGCTTTTG
551 mouse INSULIN reverse AGTTCTCCAGCTGGTAGAGGG
552 mouse GAPDH forward CAAGGTCATCCATGACACTTTG
553 mouse GAPDH reverse GGCCATCCACAGTCTTCT GG
554 In Vitro Staining of Rat Pancreatic Islets with PiF. First, we
555 dissolved Collagenase-P (1 mg/mL) (Roche, Basel, Switzerland) in
556 HBSS (Hank’s balanced salt solution) injected into the common bile
557 duct to perform in vivo enzyme treatment and allowed the pancreas to
558 rest for 15 min after dissection. Using Medium 199 (Sigma, St. Louis,
559 MO, USA), the pancreas was washed two times, and then rat islets
560 were obtained by discontinuous density gradient centrifugation
561 combined with FicollTM Histopaque (Sigma). The purified rat islets
562 were cultured for 1 day and subsequently treated with various
563 concentrations of PiF at 0, 0.25, 0.5, 1, and up to 2 μM for 1 h. PiF-
564 labeled rat islets were imaged under a fluorescence microscope
565 (Eclipse TE2000-S; Nikon, Tokyo, Japan) after PBS washing. We also
566 measured the correlation curve between concentration and PiF
567 intensity using a microplate reader. For the cellular toxicity of PiF, we
568 applied PiF to isolated rat islets for 1 h and then washed twice with
569 PBS. A new islet medium (190 μL) was placed in a 96-well plate, and
570 CCK-8 solution (10 μL) was added to incubate at 37 °C for 4 h. We
571 measured the absorbance at 450 nm by using a microplate reader
572 (SpectraMax M2; Molecular Devices Inc., Sunnyvale, CA).
573 Transplanted Rat Islet Imaging. PiF-labeled islets were infused
574 as above into the portal vein using a 27-G insulin syringe (BD,
575 Franklin Lakes, NJ, USA). Two hours after transplantation, the nude
576 mouse was imaged in vivo using the IS4000-MM Kodak image station
577 (Carestream Health, Rochester, NY, USA). We also transplanted
578 1000 unstained rat islets into nude mice intraportally. The sham
579 animal was injected with PBS instead of islets. The next day, we

580injected 250 μL of 300 μM PiF into the tail vein of recipients. We
581took ex vivo images 2 h after incubation.
582Human Islet Transplantation and Imaging. For this part of the
583experiment, we used nude mice and injected 1000 human islets. We
584made a ventral midline incision on the mice. Pancreatic human islets
585were suspended in 300 μL of human islet medium and inserted into
586the hepatic portal vein. The control animal underwent no surgery, and
587the sham animal was injected with 300 μL of only human islets (IRB
588reference code, NUS-IRB; reference Code, B-15-072E).
589In Vivo Biodistribution Study. For the biodistribution study in a
590vital organ, animals were sacrificed 1 and 3 h after the administration
591of PiF. Various animal tissues such as plasma, white adipose, brain,
592heart, liver, lung, pancreas, and spleen were collected from each
593animal. Tissues were washed with saline, four volumes (w/v) of saline
594were added, and then the tissues were homogenized with a tissue-
595homogenizer (IKA Labortechnik T10 basic ULTRA-TURRAX,
596Staufen, Germany) at 30 000 rpm on ice. Each 200 μL of homogenate
597samples was extracted with 800 μL of acetronitrile containing
598disopyramide as an internal standard for LC-MS/MS analysis and
599then vortex mixed for 10 min before the extracts were centrifuged
600(15 000 rpm, 4 °C, 10 min). Clear supernatant was analyzed with LC-
601MS/MS.
602LC-MS/MS Analysis. The LC-MS/MS analysis was performed on
603an Agilent 1200 series (Agilent Technologies, Santa Clara, CA, USA)
604with an Agilent 6460 LC-MS spectrometer (Agilent Technologies,
605USA). The chromatographic separation of PiF and imipramine was
606conducted on a hypersil gold column (50 mm × 2.1 mm, 3 μm,
607Thermo Scientific, USA) with a SecurityGuard C18 guard column (4
608mm × 2.0 mm i.d., Phenomenex). The flow rate was 300 μL/min with
609a mobile phase consisting of 10 mM ammonium formate in water
610(eluent A) and 100% acetonitrile (eluent B) under isocratic
611conditions in a ratio of 20:80. The run time was 2.5 min, and the
612injection volume was 5 μL. Multiple reaction monitoring (MRM)
613mode by electrospray positive ionization (ESI) was used for the
614quantification of PiF: m/z 405.1 → 390.2 and 362 for the ionic
615transition. The optimized mass parameters were set as follow: gas
616temperature of 350 °C, sheath gas temperature of 350 °C, sheath gas
617flow of 11 L/min, gas flow of 10 L/min, nebulizer of 45 psi,
618fragmentor of 185; collision energy of 33/41, and cell accelerator
619voltage of 4.
620PET Imaging with [18F]PiF. ICR mice (n = 3) were intravenously
621administrated approximately 7.4 MBq of [18F]PiF. PET acquisition in
622lis mode was concomitantly started with the intravenous injection of
623[18F]PiF and was performed for 120 min using a small animal PET/
624CT. The analysis was conducted using PMOD software version 3.6.
625Quantitative data were expressed as the percentage of the injected
626dose per gram of tissue (%ID/g).
627Measurement of the Lipophilicity of [18F]PiF. For the
628measure of lipophilicity, [18F]PiF (0.74 MBq) in 5% ethanol/saline
629was added to the mixture of n-octanol (5 mL) and sodium phosphate
630buffer (5.0 mL, 0.15 M, pH 7.4) in a test tube. After vortex mixing for
6311 min, each container was then stored for 3 min at room temperature
632and the phases were separated. The radioactivity of samples of each
633phase (100 μL) was measured with a γ-counter. The lipophilicity (log
634D) is expressed as the logarithm of the ratio of the counts from n-
635octanol versus that of sodium phosphate buffer. The obtained log D of
636[18F]PiF was 2.19 ± 0.03.
637Measurement of the In Vitro Stability of [18F]PiF in Human
638Serum. [18F]PiF (3.7 MBq) in 0.4 mL of 5% ethanol/saline was
639mixed with an equal volume of human serum. The mixture was
640incubated at 37 °C for 120 min. At each time point, the sample was
641analyzed using a radio-TLC scanner, and the stability of the
642radiotracer was measeured by thin layer chromatography (10%
643methanol−dichloromethane, Rf = 0.3). The results showed that
644[18F]PiF was stable (>99%) for up to 120 min in human serum.
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