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Production of PET Tracers

Radioisotope Radiolabeling,
0P Purification, and Quality Control Testing
Production .

Formulation
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Production of PET Tracers

Radiolabeling,
Purification, and Quality Control Testing

Radioisotope
Production

Formulation

Chemical reaction, chromatography,
solvent exchange

Rotary

' -l evaporator
-
LYy

Hot cell

Semi-prep HPLC April 17, 2013 (START)
© R. Michael van Dam, 2013

Production of PET Tracers

Radiolabeling,
Purification, and
Formulation

Radioisotope

Production Quality Control Testing

Analytical chemistry

Gas chromatograph Radio-TLC Analytical radio-HPLC Dose calil?rato'r '
(measure residual solvents) (measure purity) (measure purity) (measure radioactivity)
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Production is currently very expensive

* Equipment costs
— Radiosynthesizer and HPLC purification
— Dedicated synthesizer for each tracer

— Analytical equipment for QC

* Infrastructure costs

— Radiation hazard requires use of expensive hot cells
— Size/weight of hot cells requires site planning

* QOperating costs

— Maintenance and repairs for each equipment
— Personnel with specialized expertise

¢ Synthesizer setup and operation

¢ Quality control testing
— Reagents and consuambles
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%
PET Radiopharmacies PET Centers
Clinical PET center
[18F]fluoride N [9HFDG
-.—E‘ = [8FJFLT
18E]FDOPA
Produce Dispense = | (9]
[*8F]fluoride doses

Clinical PET research center

[8F]fluoride
- % [*®F]FHBG
L] » | [BFIFAC
%3 oo | [°FIFDDNP
[*FJfluoride Preclinical PET research center
[*8F]fluoride [*.F]FDG
| > | [8FFAC
e T | [°FISFB-Db

Need a technology that PET tracer production
affordable and enables decentralization

Benchtop Radiosynthesizer
Personal Computer (with integrated Purification and
Quality Control)

N L

Single-Batches of Different

' Tracers on Demand
;

Multi-batch
[*8F]fluoride

Different PET Studies
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Microfluidics — an ideal platform for PET?

T

>
Continuous droplet microfluidics

. | microreactors
Glass microreactors
Digital microfluidics
PDMS (silicone) microfluidics Paper microfluidics
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Importance of Microfluidics
in Radiochemistry?
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Compact size

e During production of PET probes, shielding is needed to protect
operator from gamma radiation

¢  Minimum size can be considered a “shel
* Thus mass of shielding scales as R?

|II

around the synthesizer

8 20718
If synthesizer is size of a hot cell:
50” x 37” x 47" rectangular interior, 3” thick b
Mass of Pb = 7600 kg Laad
11.34 g/cm?3

T,(Pb): 4.1mm
If size of mini cell:
27" x 20” x 24" rectangular interior, 3” thick 1
Mass of Pb = 2400 kg I =1, )

T

Hypothetical future microfluidic system:
2” x 2” x 2” rectangular interior, 3” thick
Mass of Pb = 90 kg (BENCHTOP!)
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Low Cost Systems

e Many components can be integrated onto a single microfluidic chip, decreasing overall
system cost

¢ Microfluidic chips can be mass-produced which drives cost of the consumables down

Microelectronics

Revolution
Parallel fabrication of many
transistors
Microfluidics
Revolution
(Lab on a chip)
Parallel fabrication of many

microvalves
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Precise control of reaction conditions

Macroscale heating

Beaker / vial

fi Reactants

Oil bath at temperature T —

Heater + Stirring Plate

HEATING

Reactant
Temperature

COOLING

T.

ol

\ Rate of heating depends

on: volume, solvent,
geometry, heat transfer
coefficients, etc.

Time
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Microscale heating

¥

pumps micro
reactor

reactants \ product

Microreactor + Heater
Small liquid volume has have large heat capacity
low heat capacity and (isothermal)
can be rapidly heated
and cooled

Reactants
Temperature

oil

“|deal” temperature profile ~ TMe

Alkylation and acylation
Oxidation

Nitration

Halogenation with fluorine, chlorine and bromine
Lithiation and Grignard reactions

Hydrogenation

Defydration

Glyeosylations

Diels—Alder

Witig

Diazotisation and diazo coupling

Enamine synthesis

Aldol condensation

Michael addicion

{-peptide synthesis

Chiral resolutions of epoxides

Free-radical, RAFT and ATRP polymerisations

Heck, Suzuki, Kumada, Senogashira and Stille reactions

Nanoparticle and colloid synthesis — Au, CdSe, silica, polymers

Source: David Brown, Synthetic
Chemistry in Microreactors

April 17, 2013 (START)
© R. Michael van Dam, 2013

4/17/2013



Reduced radiolysis

511 keV

Positron gamma
— O,

Energy deposited by scattering positron forms
| __——radicals in solvent and leads to radiolysis

Positron-emitting (radiation damage to the PET tracer)
radionuclide

Annihilation

511 keV
gamma ray

Cylinder, radius r Planar droplet, thickness ¢

If characteristic dimension << positron range,
positrons deposit very little energy in liquid

Fraction of deposited energy E,u...(r)
[%]

0 05 1 15 2
Distance r from decay event [mm]
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Rensch et al. Microfluidic reactor geometries for radiolysis
reduction. Applied Radiation and Isotopes 70: 1691-1697 (2012)

April 17, 2013 (START)
© R. Michael van Dam, 2013

4/17/2013



Reduced reagent cost / consumption

Macroscale synthesizer

Typical reaction volume: 1.0 mL
Typical reagent cost: up to several hundred $

Microscale synthesizer

Demonstrated microscale volume: 10 uL=0.01 * 1.0 mL
Reagent savings: 100X *

* Sometimes slightly less if higher
reagent concentration needed
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Boost concentrations for reactions

* Example: F-18

Theor. Max. Specific activity: 1710 Ci/umol
Number of F-18 in 1 Ci 0.6 nmol
Concentration (1 mL): 0.6 uM
Human image needs ~10 mCi: 6 nM

Mouse image needs ~100 pCi: 60 pM

Microfluidic chip
(nL to uL)

V-vial (1 mL)

® Radioisotope
® Precursor April 17, 2013 (START)
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Additional advantages

Increased specific activity? (Currently being investigated)
Faster overall synthesis process
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Continuous-flow Radiochemistry
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Radiolabelling

>_|—De-Prole ction
’_>

o ﬁt..lJﬂli—‘l

Steel et al. J Label Compd Radiopharm (2007)

Fluoride drying omitted

Volumes: 500 pL
Flow rate: 50 puL/min
Residence time: 9sec

(6 sec fluorination, 3 sec deprotection)

Total reaction time: 10 min
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Polymer (polycarbonate and SU8)
microfluidic chip with vortex mixer

— Top Plate

\s./( T Fitting Inlets

15
'mr}/v

"~ Etched mixing discs
(10 mm diameter, 100um deep)

Reactor
Vortex Mixer (0.2 mm diameter)

7 Bottom Plate

™ Fitting Outlet

Gillies et al. Applied Rad. and Isotopes 64: 333-336 (2006).
Gillies et al. Applied Rad. and Isotopes 64: 325-332 (2006).

Inlet 1 Inler 2 Channel drameter

| 10K jun
L -

500 pL volumes

250 pL/sec flow rate

2 sec residence time

6 sec total reaction

No on-chip F-18 drying
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Commercial flow-through synthesizer:
Advion NanoTek

Syringe Capillary Evaporation
pump reactor module
module module .
4 parallel mixers and reactors
for up to 4-step reactions
Key abilities:

May need several

- High temperature of these

- High pressure
- Multiple back-to-back runs, optimization
- Volumes 100s of pL
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Another commercial flow-through synthesizer:
Scintomics p-ICR

Syringe pumps

Results for the "*F-Incon pnn‘lllr‘:n of Selected Cnmpﬂunds-
//\ HPLC injectors
e
)

P

Capillary
Heaters

% Radiochemical yiedd [Anatytical)
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Another commercial flow-through synthesizer:
Veenstra / Future Chemistry D-500

Flow Q

|

Flow A ==
Flow B == \
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Radiochemistry-on-chip (ROC) project

a) Module 1 Module 2 Madule 3 Module 4 Module 1 traps in “batch” mode,
N moes g o L R o won then releases in continuous mode
| | N4 |

oulied outiet waste outlet outlet

Dry Fluorination Solvent Hydrolysis
[*8F]fluoride Reaction removal reaction

Arima et al. 2013. Lab on a Chip. DOI: 10.1039/C3LC00055A

External [*8F]fluoride /
valves [8O]H,O

[*8O]H,0
recovery

Release
To reactor

Tha Shgrnant Srice 1 s 1n place e glass chip
preparty and prec o haster.
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Microfluidic electrochemical trapping
(Traps in batch mode, releases in continuous mode)

2mL 500 pL / min

M Deposit F-18 on glassy carbon
V—|
’ P e DE> £, £ ““"". -~ tlooum

_DE>

Recover F-18 to aprotic solvent

Yamahara et al. Proc. MicroTAS 2007: 856-858
Saiki et al. Applied Radiation and Isotopes 68:
1703-1708 (2010)
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Adsorption (trapping)

190
H,150
[*F]fluoride / 198 Huo 2
[*O]H,0 [80JH,0 . H,%0
inlet outlet [Flfiuoride / —_ Electric
[**O]H,0 [O]H,0 a field
4 109 (189 (182 (188 (189 (182

l I inlet outlet K

Clamping S
screw .

Reference
electrode

Drying

e*
field

18p (19p (185 (195 (18p (18p (18p

! N Desorption (release)
| I
Adsorption Reference | Channel pattern (top view) | '\
electrode electrode AN
JihEE . 16y
€>1 3.4mm . —> . . P
T N
! B N\, . Electric
1op field
-
El & 19p (109 (10 (189 (1op (12p
N 0~
Inlet Outlet
25mm
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Efficiency (%)

Au Zn Ni Brass Havar Tantalum

w [“Flfluoride trapping = [‘®Flfluoride release » [*®Flfluoride combined
efficiency efficiency trap and release efficiency

Outlet
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Batch Radiochemistry
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L

Lee et al. Science 310: 1793 (2005 Elizarov etal. van Dam et al.
2 J. Nucl Med 51(2): 282 (2010) Proc Nanotech 2007 3: 300 (2007)
40 nL reaction volume .
5 pL reaction volume

| :
Bejot et al. J. Label Compd. Keng et al. PNAS 109(3): 690 (2012)

Radiopharm 54: 117-122 (2011) T HL e

60 pL reaction volume
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PDMS Microfluidics

Lee et al. Science 310: 1793 (2005)

valve open valve closed

control
channel

control channel cont/ml channels

E M A7
fluid
channel
(a) valve (b) pump () mixer
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ulating
Add Eluent

First Evaporation + Cooling

1)00°C130 .

ﬂ@cﬂn\in

Second Evaporation + Cooling

April 17, 2013 (START)
© R. Michael van Dam, 2013

4/17/2013

19



Solvent removal in PDMS microfluidics

A

Glass Substrate

| — [*8F]fluoride solution
in ring reactor

Heater

|~ ['8F]fluoride residue
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K222 | Mannose Triflate (2) / MeCN

25°C 1 20 Sec

1) 100°C / 30 sec
2) 120°C / S0sec

120°C to 35°C / 40 sec

Perform Fluorination + Cool

Add Deprotectant + Perform Deprotection

HEI

Il
[

25°C 20 s8¢

60°C /1 min

Elute Product
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Scaled-up chip for human dose
5 pL “coin-shaped” reaction volume

%S

17

Elizarov, van Dam, et al. JINM 2010

Scaled-up PDMS chip

r—o (i} vent channel

| H

{iii} manifold for
introduction of
mannose triflate

To external

fon-exchange (i 5 L. coin-shaped
cohmn reactor
To vacuum
pump Reactor Vacuum channel
1 |

Substrate
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2 pL volume resin bed

(AG].-XS, B|0Rad) valve closed
e ~2mL
e [*8F]fluoride / :
% \ [*80]H,0 876 mCi
g /
99.5% Efficiency
(n=1)
} Trapping
3 [°0]H,0
fluid channel recovery
Elizarov et al.
J. Nucl Med 51(2): 282 (2010)
~5uL
Eluent

||I " 92.7% Efficiency
— (n=1)

||
Release ;
To reactor ~808 mCi
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Synthesis process

F-18/K,CO; fill H20 evap K222/MeCN fill MeCN evap Mannose triflate fill

Fluorination HCI fill Hydrolysis FDGFDG elute

Bes

April 17, 2013 (START)
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*  Mixing

e Elution

Elizarov et al. Biomed Microdevices 13(1): 231-242 (2010)

April 17, 2013 (START)
© R. Michael van Dam, 2013

4/17/2013

22



Alternative architecture for coin-shaped chip

Closed Open
Apply Pressure Relax Pressure

Flexible

membrane Actuating Pin
<+— Pin Guide

Inert, rigid

polymer Vent Layer

Gasket

Inert, rigid

polymer Flow Layer

van Dam et al. Proc. Nanotech 2007
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Bejot et al. J. Labelled Compounds and
Radiopharmaceuticals 54: 117-122 (2011)

Chip

Valve Actuator

Chip to world interface

2

[8FISFB
radiochemical yield (%)
s, ¢

¢

130 1é0 1%0 2&0 2%0
Temperature (°C)
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N2 > ~ Vacuum

Reaction chamber

/|

Valve actuator
Heater/cooler

[ J—
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Digital microfluidics:
Electronic control of chemical reactions

Hydrophobic Hydrophilic
Drop Drop

¥ A

Electrowetting effect

~ Increasing voltage,
“

electrode

surface electrode

coated with

hydrophobic
dielectric

water
drop

Unlike chips with internal or external valves and pumps,
liquid movement is controlled electronically
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EWOD Concentration Video

Separations

Splitting Droplets

Aaron Wheeler, Univ. Toronto

Droplet dispensing, moving, merging,

o o Richard Fair, Duke University
splitting, mixing

Hyejin Moon Lab, UT Arlington
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Radiosynthesis on digital microfluidics

Cover Plate EWOD Chip

Reagent edge-

loading site 2
Reaction site

(heater
electrode)

Reagent edge-

loading site 1
Cover plate

Contact pads (Au)

EWOD control oy
electrodes (ITO) ground ig

Keng, van Dam, et al. PNAS 2012 April 17, 2013 (START)
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Open structure permits faster evaporations

Droplet Condensation Dried Residue

Heater

— R B S N .,
N i st B S b

\

Condensation dissipates
as heat transfers laterally

. through chip
Vapor escapes cold part of chip Solutes remain at heater

from surface electrode

Heat droplet

Vapor condenses on

April 17, 2013 (START)
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18F-Radiosynthesis in EWOD chip

18F Drying Azeotropic Distillation

Add F-18
solution

Add
Precsursor

April 17, 2013 (START)
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Scaled-up chip for larger doses

Heater 1 Heater 3

Heater 2 Heater 4
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Time — Vapor condensation
(0]
Reagent_
loading

sites —>

(ii) - - - -

(m) - - . -

(iV) - - - -
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Demonstrated repeatable synthesis of [18F]FDG

Soters Thin layer chromatography (TLC) analysis

[FIFTAG —>

After
fluorination

[28F]fluoride

After
hydrolysis

Time Zero After Ten Minutes

Source: Waters Corporation

Radio-TLC reader

After
purification

T

T T
0 20 40 60 80
Distance Travelled (mm)

* Avg. fluorination efficiency: 8817% (n=11)

« Avg. hydrolysis efficiency: >95% (n=9)
* Miniature off-chip purification: >99% pure
* Scale of synthesis: several mCi

April 17, 2013 (START)
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Reagent loading

Typical EWOD approaches:

Proof-of-concept approach:

Manual reagent loading, product
extraction, purification

Need to store volatile reagents OFF
chip, and introduce on chip on-
demand

Reagents stored
ON TOP of the chip

Simple reagent loading system

Syringe pump

EWOD chip

Veniscus
| E—

1

) —

1

Volume compensation required (nL)

400

320

240

160

80

20 40 60 80 100

Time since last droplet dispens%:lénmm]' ;Té?]lgégggg
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2"d-generation reagent loading

V for EWOD Loading site Loading site Droplet held
and sensing is “dry” is “wat” al loading site
Vonl
F
T | 1n)
. Excess liquid
Once “wal
2 pulled back by
pressure off gravily

Reagents pushed with gas
pressure; no syringe pumps

April 17, 2013 (START)
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On-chip radiochemistry
optimization

April 17, 2013 (START)
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PDMS chip for generation of programmable
droplet composition

inlet A inlet B

(a)
VentA |t f| ventB
j—.uﬁ.l-u.—.—t »

Chamber diving valves

Chamber A Chamber B

(b) L Ll .

Can perform analytical scale optimization to deal with batch-to-batch variations

L]
— Mix droplets with different ratios
— Analyze
— Pick best conditions for labeling a larger batch

April 17, 2013 (START)
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[18F]SFBl lBiomoIecuIe lpH buffer

—————— Droplet generation core —
7

1 2 3 45 6 8
] L] ] 1 1 ] T

1l e |

== Valve closed —
I Valve open

3 l : =+ Droplet outlet

N,gas

L |[euueyd __
Bupap

— dwnd -
apjelsuag
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a Digital microfluidic droplet generator b screen reaction conditions C In vitro and in vivo
in each droplet studies

o

=2

< >

N =]

£

i 5 . iable pH 2 E
variable p 4

TP J} P RS s

r ¢ Smin, 30°C °

["*FISFB A2 Db ['*F]FB-A2 Db 2

I—‘—l
variable ratio -4

pH

Liu et al. Molecular Imaging 10(3): 168-176 (2011)
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Tools for visualizing microfluidic
radiochemistry
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Phophorimager I

Kerays

Ga-68
Lavén et al. Lab on a Chip 5:
756-763 (2005)

Beta-particles

Gamma-rays

UV light

aunsody]
Phosphoimager erasurz
at wavelength “2"
—_—

Digital image

= = produced
X
® Light detector
—

Laser of visible light at
wavelength “X"

Excited electrons trapped in

bromine vacancies Electrons return to greund state

releasing photons at wavelength “Y"

F-18
Sadeghi et al. Applied Radiation and
Isotopes 75: 85-94 (2013)
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Direct positron detection with PSAPD
Microfluidic channel
. \ i 3
microChip 2mm Vu et al. Proc. IEEE Nucl. Science
POMS contral -t Symposium 2006, pg 3536-3539
Tayer ~130 pm —F Glass Slide 150 pm
Vu et al. J Nucl. Med 52: 815-821 (2011)
Beta tracks PSAPD Detector T 56 pm
Je————— Active area 135 mm’ ————|
Drawing not to scale
LB e 291Ci _ —»
., | + NetCounts | mm
1 -
16403 4 ’o.. iv--vF-‘IE Decay
E e, |——Detection Limit
" L L] E }
= ] *s
8 1 E+02 *ae,
G y R 56 pCi
= ] *oey i /
1E+01 4 bk 3 JOPY
} 1%, I
! i L4 A8 [
1.E+00 T : + - y
0 200 400 600 800 1000 1200 (b) 1 mm
Time (minutes) |
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Cerenkov Imaging

CCD Sensor Light-tight i

enclosurei
Droplet

Y, = X
Z, Cover plate

i \@ jA EWOD chip

............

Integrated ROI Signal vs. Radioactivity

ssssss

2 ) «
Radioactivity (uCi)

Cho et al. Phys. Med. Biol. 54 (2009) 6757-6771

2"d generation Cerenkov imaging setup

Cerenkov
CCD
Camera

Optical
Camera

shielding
for CCD

EWOD
Chip

Electrical

Connection
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Cerenkov Optical

After loading F-18

After drying F-18

After mixing (MT)

After fluorination

)
1]
Q
c
S
ey
2
=
o

After hydrolysis
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Summary

e Recap of PET tracer production
e Importance of microfluidics in radiochemistry

e Examples of microfluidic radiochemistry
— Continuous flow synthesis
[18F]fluoride drying methods compatible with continuous flow
— Batch mode synthesis
Reaction optimization
— Visualization of microfluidic chips

¢ Next couple of weeks:
— Microfluidic chip fabrication and cleanroom tour
— Microfluidic chip lab / demonstration
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