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Molecular Imaging Probe Design

Linker

Signal agent: Targeting moiety:
- PET: 18F, 11C, %4Cu, etc. - Viruses
- SPECT: 99mTc, 1"|n, etc. - Small molecules
- Optical: near IR fluoresent dyes - Peptides Target:
- MR: magnetically active elements - Proteins - Enzyme
Gd (lll) chelates; Iron oxide nanoparticles; - Antibodies - Receptor
Dynamic nuclear polarization; Para-Hydrogen - Nanoparticles - DNA/RNA
- Ultrasound: microbubbles; micelles; liposomes - Dual recognition - Physiological state

- Multimodal agents
MR/PET; MR/optical; CT/optical;
MR/fluoresence/bioluminescence

Fig. (1).
Schematic representation of molecular imaging probe.



Molecular Imaging Probe Design

. High binding affinity to target

. High specificity to target

. High sensitivity

. High contrast ratio

. High stability in vivo

. Low immunogenicity and toxicity

. Production and economical feasibility



Molecular Imaging Probe Design

« 1. High binding affinity to target

Molecular imaging generally favors the acquisition of the images at early time
after administration of a molecular probe. To obtain high uptake of the imaging probe
to the target within limited circulation time frame requires that the imaging probe has
binding property of fast on-rate (K_,) and slow off-rate (K¢).
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« 2. High specificity to target.
* 3. High sensitivity.

* 4. High contrast ratio.

* 5. High stability in vivo. . 1 1 | |
* 6. Low Immunogenicity and toxicit  ° A WY
* 7. Production and economical feasibility.
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Molecular Imaging Probe Design

« 1. High binding affinity to target
« 2. High specificity to target

In contrast, target-specific molecular imaging probes can interact with particular
biomarkers, such as enzyme, receptor, and transporters, which are involved in various
biological processes associated with particular cell populations and subcellular
compartments.

Manspecific prebes Targeted probes

i " "
» 3. High sensitivity ﬂ,‘ . . L
» 4. High contrast ratio Ha T W A &

« 5. High stability in vivo
* 6. Low Immunogenicity and toxicity
« 7. Production and economical feasibility



Molecular Imaging Probe Design

* 1. High binding affinity to target

* 2. High specificity to target

« 3. High sensitivity
To detect the biochemical process of the disease, especially at an early stage,
frequently requires spying on the aberrant of a very small amount of targets.

* 4, High contrast ratio

* 5. High stability in vivo

* 6. Low iImmunogenicity and toxicity

* 7. Production and economical feasibility



. High stability in vivo
. Low immunogenicity and toxicity

Molecular Imaging Probe Design

. High binding affinity to target
. High specificity to target

. High sensitivity

. High contrast ratio.

High contrast images with high target-to-background or signal-to-noise ratio
ensure appropriate interpretation of physiological and pathological
conditions of the diseases.

10 min 20 min 30 min 650 min 90 min 110 min

. Production and economical feasibility



Molecular Imaging Probe Design

« 1. High binding affinity to target
« 2. High specificity to target

* 3. High sensitivity

* 4, High contrast ratio

* 5. High stability in vivo

Although only trace amount of imaging probe is normally given to the living
subjects, maintenance of the intact structure of an imaging probe is a big challenge
because numerous enzymes or proteases present in serum or targeted tissue may
degrade the imaging probe. The image information given from the metabolites of
the imaging probe undoubtedly complexifies the imaging readout and usually makes
the understanding of disease highly vague.

* 6. Low iImmunogenicity and toxicity
* 7. Production and economical feasibility



Molecular Imaging Probe Design

. High binding affinity to target

. High specificity to target

. High sensitivity

. High contrast ratio

. High stability in vivo

. Low immunogenicity and toxicity

A molecular imaging probe should have minimal or acceptable level of
Immunogenicity and toxicity before it can be safely employed in human.

. Production and economical feasibility

The low cost and excellent availability of molecular imaging probes are
advantageous for their wide distribution and clinical routine use.
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Isotope
11 C

].%N

]50

ISF

Primary decay
mode (branching

Half-life ratio)
20.364 (14) p* (1)
min
99654) p*(1)
min

122.24 B (1)
(16) s

109.77 (5) B+ (1)
min

Mean §*
energy (keV)
385.70 (44)
491.82 (12)

735.28 (23)

249.8 (3)

f* end-point
energy (keV)
960.4 (10)
1198.5 (3)

1732.0 (5)

633.5 (6)

% abundance
ﬂ+

99.7669 (25)
99.8036 (20)

99.9003 (10)

96.73 (4)

Radionuclides for positron emission tomography (PET)

Production route
HN(p,(X) 1 IC

lﬁo(p,a)IJN
ISN(p,H)ISO

14N(d,n)"50O
50(p,n)'*F

3"Ne(d,a)“‘F



The Radiopharmaceutical Chemistry of Carbon-11: Basic
Principles

The Radiopharmaceutical Chemistry of Carbon-11: Tracers
and Applications

The Radiopharmaceutical Chemistry of Fluorine-18:
Nucleophilic Fluorinations

The Radiopharmaceutical Chemistry of Fluorine-18:
Electrophilic Fluorinations



The Radiopharmaceutical Chemistry of Carbon-11: Basic
Principles

Historic View on Carbon-11 Chemistry

Carbon-11 was produced for the first time in
1934 by Crane and Lauritsen.

Decay Characteristics of Carbon-11

2m.C?

0.45 MeV S

5B11



Carbon-11 Precursors for Labeling

Production of Carbon-11
Cyclotron

MN(pﬂ]IHC

In-Target-Produced Primary Precursors
Secondary Precursors

VgOTf

"CHZ0Tf
______________________________________________________________ “)/Y e X
: [''C]sarcosine ["'C]choline [''Clacetate ["'C]hydroxyurea [”C]WAY100635
E Radiopharmaceuticals [''C]Phe [''CIDASB ['C]palmitate [''C]diethyl malonate
- [cITyr [''C]DTBZ [''CJbutanol

[1C]Carbon D10x1de Starting Point for Labeling PET Radiopharmaceuticals
http://dx.doi.org/10.5772/intechopen.72313



The Radiopharmaceutical Chemistry of Carbon-11: Tracers and
Applications

Technical Aspects of Carbon-11: Commercially Available Synthesizers and Optimization

Overview of the four necessary procedures for a successful radiosynthesis

E Kk e £

- Trapping of CO,/CH, - Chemical and physical - Injection valve - Reagent valve (EtOH,
resistance buffer)
- Conversion to Mel + HPLC purification
- Tightness . Sterile filtration
- Conversion to MeOTf + UV and radiodetector
- Heating/cooling block
- Optional by-passing + Fraction collector

- Stirring feature
+ Solid phase extraction




General Considerations for Radiotracer Production and the Setup of Synthesizers

Reactors and Reagent Vessels

( PART 1

Mel or MeOTf

production
(chapter 12.3.)

In loop
(chapter 12.5.)

product
collection

PART 4 /

reagent vessels

PART 2 \

exhaust

reactor

transporiation
tube

waste

-

bulb ||

detector

mobile
phase

PART 3/

The four essential parts of carbon-11 radiosynthetic modules



[""C]CH, @

Gas pump

‘Gas phase’
100°C production of
[""C]JCH,l

“Gas-phase” lf_U

production of [*!C]methyl 720-740°C
iodide. (a) Direct delivery of

[1*C]CHj,l into the reactor and

(b) online passage of [}C]

CH,l through AgOTT for

conversion into [1'C]CH,OTf

b

200°C

[

[MC]CH;,l-
Trap

J 190°C [""C]CH,OTf

Reactor



Radiochemical synthesis of [LC]MET

HS A~ _-O00H NP
NaOH, [''C]CHSl TRl
‘ EtOH i ‘

NH, SPE NH,
RCY: 80%
L-homocysteine [""CIMET

Article in Neurologia medico-chirurgica -
December 2013




Reaction pathways to [*'C]CO, fixation products yielding in high oxidation
state functional groups

[''Clacetate

O

o (\N

N/\/N

C [carbonly-1"C]WAY-100635

(L5 cpno




1. Grignard Reactions in Carbon-11 Radiochemistry (In-Loop)
2. Moisture Sensitivity, Solvents, and Preparation
3. Technical Considerations: Reaction Vessels Versus In-Loop Syntheses for Grignard

Scheme of in-loop syntheses for (a) a one-step reaction and (b) a multistep synthesis of (+)-
[HC]JPHNO

a 1 STEP SYNTHESIS
[1'C]co, mp

hydrolysis

["'C]RCO,H Pure

i Product
HOMgX =p

% 1) reduction
i -
= 2) quenching
- S ™Pamide m—
1) [ CICO, 3 HPLC (+)-[1"C]JPHNO
2) thionylchloride or 5 =) =
phtaloylchloride 5



Overview of Other Methodologies for the Production of 11C-
abeled Radiotracers

Reaction pathways to
less-common carbon-11
precursors




Automatical synthesis equipment in lead-shielded fume hoods

[11C]Carbon Dioxide: Starting Point for Labeling PET Radiopharmaceuticals
http://dx.doi.org/10.5772/intechopen.72313



Automatical synthesis equipment in lead-shielded fume hoods




The Radiopharmaceutical Chemistry of Carbon-11: Basic
Principles

The Radiopharmaceutical Chemistry of Carbon-11: Tracers
and Applications

The Radiopharmaceutical Chemistry of Fluorine-18:
Nucleophilic Fluorinations

The Radiopharmaceutical Chemistry of Fluorine-18:
Electrophilic Fluorinations



The Radiopharmaceutical Chemistry of Fluorine-18:
Nucleophilic Fluorinations

Introduction of Fluorine-18
Decay scheme of 18F
18F (109.72 min)

/‘

1.655 MeV < 3.14%
Y

B+ (0.633 MeV) 96.86%
A Y

180

Nucleophilic 18F-Substitution
General Aspects of ¥F-Labeling
18F-Preprocessing

Aliphatic ¥F-Substitution

Bwn e



SN2 mechanism with Walden inve_rsion

18F]F-

) s LG

18F- - --- LG » 18F
Step 2

\V >E—LG >
Step 1




Nucleophilic synthesis — of [\8F]FDG
AcO OTf 18 O OAc OH

O 0 HCI o
AcO K2.2.2/K,COx4 AcO HO

18F 18F

A v B -

Journal of Ovarian Research volume 12, Article number: 12 (2019)



https://ovarianresearch.biomedcentral.com/

Synthesis of [*F]FLT from the corresponding precursor using a nosyl leaving group and

tertbutoxycarbonyl and dimethoxytrityl protecting groups for the amide and hydroxyl,
respectively NO,

: Lk i
HaCO
3 O:Szo I N O 15 NH
i ey 1. "8F-/K2.2.2/KHCO, PN
o) N™~0 > HO N”~0
Sy o f
el

1BF
[18F]fluoro-L-thymidine
Early Response O 0 o
Assessment to Targeted o() ?3@ HaC H3C NH
Therapy using 18F-FLT- v | |
PET/CT in Lung Cancer RJ* ?j‘{’ HO N/J%O HO N/J\O
W g © =
{ Jx Y%l\
G M \{_‘/ i
] OH "F
% Thymidine 3'-deoxy-3'(18)F]-fluorothymidine
DNA LD

Baseline 2> 9 day CT vs FLT-PET imaging post targeted therapy

FLT indicates changes
in tumor cell proliferation

Diagnostics 2020, 10(1), 26



Synthesis of 8F-Labeled Arenes by Aromatic Nucleophilic ¥F-Substitution (SNAr)

18F
-0.30 _ ¢

010N | 6

R— o,

—0.30~" _~-0.25
-0.10

Charge distribution

18 18F 18
ST " N 9"°F 18F

= ] = LG = LG NG © =
R — ['8F]F R—Z R —_ R— -LG R —
S (,l — > / - 5 \-)(/* - L f— ~ |

Meisenheimer complex

Aromatic nucleophilic substitution (SvAr)



Three multistep, nucleophilic syntheses J?N,CHa .
of 6-[18F]FDOPA 3r::on\ Boc’N\i)kO Phy,Ph
H,CO N(CHg); TfO

. )
BT + O—
e
18F- (o]
K2.2.2/K,CO4 o= g Oo—

H5CO 18 18-
3COI I TBAHCO, TBAHCO,
j NaBH, —_\i
CH,
’ Ph_Ph
N Ph

HaCO CH,OH
I:I Boo-N Ao Hh?(’
H,CO : oy 18F

18F >LO \(
HBr o
Do
0=/ ©Bn © o

H;,CO

Br
3co l mCPBA \ mCPBA

(Ph),CNCH,COOtBu

chiral phase transfer catalyst CH;s Ph_Ph

N y,Ph
N\/go HN
oy 18F
18F >LO\€

o)
o)
OtBu o—
N CgH o o~
HyCO Y e 4O ©Bn a

OCH;  CgHs o

controls patients gray matter atlas HI, 180\ HBr, 50 °C\ /3" 50°C
18F
COOH
HO NH,
OH

J. Neurosci., July 25, 2007 « 27(30):8080-8087



Prerequisites for nucleophilic 8F-substitutions

Aliphatic '*F-substitution
Ry
M['®F]
)\ solvent ’ /l\
R, 18

R, LG

LG = Cl, Br, 1, sulfonates

R, = alkyl, aryl: R, = alkyl, aryl, H
M = Cs*, Rb*, RyN*, K2.2.2./K*, R = alkyl

Solvent: acetonitrile, DMF, DMSO, tert-butanol/acetonitrile

Aromatic '*F-substitution

LG 18F
I N M['8F] X
/\ solvent I ,\
Y‘le Yo.p

LG = Cl, Br, I, F, NO, [35], (CH;);N* [36], Ar,S* [37], ArI* [38], IL, [39,
40], I(OAc), [41], ArSO [42], ArSeO [43], N-arylsydnones [44]

Y = COOR, COR, CHO, CN, NO,

M = Cs*, Rb*, Ry;N*, K2.2.2./K*

R = alkyl

Solvent: DMSO, DMF, DMA

LG = leaving group, Y = activating group, DMSO = dimethyl sulfoxide, DMF = N,N-dimethylformamide, DMA = N,N-dimethylacetamide



The Radiopharmaceutical Chemistry of Fluorine-18:
Electrophilic Fluorinations

The Fundamentals of Electrophilic Radio-fluorination Chemistry

OH O

HO
HO O OH

OH
HO NH
18 HO 18 2

Structures of 2-[18F]FDG (left) and 6-[18F]F-DOPA (right)



The Fundamentals of Electrophilic Radio-fluorination Chemistry

Low molar activity radiotracer High molar activity radiotracer
(carrier-added) (no-carrier-added)

Very few binding sites are More binding sites are
occupied by occupied by
the radiotracer: the radiotracer:
Poor imaging signal Good imaging signal

Influence of molar activity on the quality of the imaging signal



Secondary Labeling Precursors and Building Blocks for Electrophilic Radio-
fluorinations with 18F

[8FIFCIO;  ['8F]FOAc

(11,12) (13) ["°F1XeF,
['8F]FOCF, l (18-20)
(14) /
/M—CI \ A
5 @ — e
18F 2 OTf N*
18 (15)
(22,23)
/ \ \
O || (I)
18F
SEa ;b Q
(21) “

(17)

Secondary precursors for electrophilic *8F-labeling derived from [{8F]F,



Ag-mediated radiofluorinations with [18F]Selectfluor® bis(triflate)

Cl
N*J
[w] =
SnMes 'Tl\? 2 “OTf
18
F

\ —_—
—R 18F
= ['8F]Selectfluor
bis(triflate) e
- —
AgOTf i
B(OR’),
X
| —R



Radiopharmaceutical
OH

HO )
HO OH

18|:
2-['8F]Fluoro-deoxyglucose
(2-['®FIFDG)
2-["*F]Fluorodeoxyglucose
(2-[*FIFDG)

@) 18
— . CF'F
N\YN\)LH €
NO,

['8F]-2-(2-Nitro-1[H]-

imidazole-1-yl)-N-

(2,2,3,3,3-

pentafluoropropyl)-

acetamide

([18F]EFS5)

["*F]-2-(2-Nitro- 1 [H]-imidazole-1-yl)-N-
(2,2,3,3,3-pentafluoropropyl)-acetamide
(["*FIEF5)

O

HOWOH
HO 18 NH2

F
6-['8F]Fluoro-3,4-
dihydroxy-L-phenylalanine
(6-['®F]F-DOPA)
6-["*F]Fluoro-3,4-dihydroxy-L-phenylalanine
(6-["*F]F-DOPA)

Synthesis method

Addition of ["*F]F,, ["*F]XeF,, or ['*F]
FOAC to the double bond in
triacetoxyglucal precursor

Application
PET imaging of glucose
metabolism

Addition of ['"*F]F, to the double bond in PET imaging of hypoxia

trifluoroallyl precursor

Direct electrophilic radiofluorination
with ["*F]F, or ["*F]FOAc
®F-fluorodemetallation using HgR; or
SnMe; precursors with ["*F]F, or [""F]
FOAc

PET imaging of dopamine
metabolism

References
[1] (["F]Fy)
[34] (["*F]XeF,)
[35] (["*F]FOACc)

[36]

[22] (["*F]F,)

[37] (["*F]FOAC)
[25, 26] (['"*F]FOAcC,
HgR,)

[27, 29] (["*FIF,,
SnMe;)

[29] (["*F]FOAC,
SnMe;)



Radiopharmaceutical
(0]

HN |
OJ\N
H

5-["8F]Fluorouracil
5-["*F]Fluorouracil

18F

O

HO o NH,

, F
OH
4-Borono-2-['8F]fluoro-L-
phenylalanine
4-Borono-2-["*F]fluoro-L-phenylalanine
O

OH

HO 18 NH2

2-['8F]Fluoro-L-tyrosine
2-["*F]Fluoro-L-tyrosine

Synthesis method
Direct electrophilic radiofluorination

with ["*F]F, or [""F]FOAc

Direct electrophilic radiofluorination
with ["*F]JFOAc

""F-fluorodestannylation with ['*F]F,

Application
Tumor imaging

PET imaging of amino
acid metabolism

PET imaging of amino
acid metabolism

References
[38. 39] (["*F]F,)
[40] (["*F]FOAc)

[41, 42]

(31]



Radiopharmaceutical
(o]

)\ \>_18F
\\O

-Y

OH
8-["®F]Fluoroganciclovir

8-["*F]Fluoroganciclovir

H,N

H3C
: o)
N _CH,
o)
18F
['8FICFT
["*F]CFT
o]
joma.
HO 18 NHz

['8F]Fluorometaraminol
["*F]Fluorometaraminol

Synthesis method Application References
Direct electrophilic radiofluorination PET imaging of HSV1-tk  [43]
with ["*F]F, expression

""F-fluorodestannylation with ["*F]JFOAc PET imaging of dopamine [44]
metabolism

""F-fluorodestannylation with ["*F]F, PET imaging of cardiac [30]
sympathetic nerve integrity



The Radiopharmaceutical Chemistry of Fluorine-18: Next-Generation Fluorinations

Comparison of the bond dissociation energies (kJ/mol) of the bond between fluorine and
carbon as well as some heteroatoms

Bond Bond dissociation energy (kJ/mol)
B-F 732
C-F 514
N-F 290
Al-F 675
Si-F 576

P-F 405



Thank you for
your attention!!

Medical devices

SPECT for
radiotherapy

: .« Nuclear
Diagnosis medicine Therapy

Therapeutic
PET radiopharma-
ceuticals




