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MICROFLUIDIC CHIP FOR SYNTHESIZING RADIOACTIVELY
LABELED MOLECULES SUITABLE FOR HUMAN IMAGING WITH
POSITRON EMISSION TOMOGRAPHY

Field of the Invention

The present inventions relate to microfluidic devices and related
technologies, and chemical processes using the devices. More specifically, the
application also discloses the synthesis of radioactive compounds for imaging, such

as by PET, in a fast, efficient and compact manner.
BACKGROUND OF THE INVENTION

Large-scale synthesis modules have been developed and used for the
preparation of a number of radiopharmaceutical compounds, including 2-deoxy-2-
[F-18]-fluoro-D-glucose (FDG) and 3'-deoxy-3'-[F-18]-fluorothymidine (FLT).
Such modules or reactors occupy a large amount of space and the chemical process
requires longer reaction time cycles than desired for the preparation of the labeled
compounds. These modules and reactors are also difficult to modify for the
research and development of new compounds and probes. But their main drawback

1s that the reactions take place with reduced efficiency arising from tremendous

dilution of reagents necessary only for macroscopic liquid handling.

An earlier microfluidic chip has been developed by Tseng, et al. from the
Department of Molecular and Medical Pharmacology, UCLA. This microfluidic
chip is capable of producing [F-18]FDG on a 58 microcurie (uCi) scale. However,
the design and configuration of this microfluidic chip have certain limitations, and

the chip does not permit the preparation of the labeled product on a significantly

larger scale.
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The synthesis of the [F-18]-labeled molecular probe, 2-deoxy-2-[F-18]-
fluoro-D-glucose (FDG) is based on three major sequential synthetic processes:
(1) Concentration of the dilute [F-18]fluoride solution (1-10 ppm) that is
obtained from the bombardment of [O-18] water in a cyclotron; (i1) [F-
18]tluoride substitution of the mannose triflate precursor; and (iii) acidic
hydrolysis of the fluorinated intermediate. Presently, FDG is produced on a
routine basis in a processing time (or cycle time) of about 50 minutes using
expensive (e.g., >$100K) macroscopic commercial synthesizers. These
synthesizefs consist, _in part, of an HPLC pump, mechanical valves, glass-based
reaction chambers and ion-exchange columns. The physical size of these units is

approximately 80 cm x 40 cm x 60 cm.

Inevitably, a considerable decrease in the radiochemical yields of the
resulting probe are obtained from these commercial synthesizers because of the
long processing times, low reagent concentrations and the short half-life of [F-
18]fluorine (t1/2 = 109.7 min). Moreover, because the commercialized
automation system is constructed for macroscopic synthesis, the process requires
the consumption of large amount of valuable reagents (e.g. mannose triflate),
which is inefficient and wasteful for performing research at the smaller scale.
For example, the required radioactivity for FDG PET imaging of a single patient
is about 20 mCi, which corresponds to about 240 ng of FDG. However, for
small animal imaging applications, such as for a mouse, only about 200 pCi or

less of FDG is required.

Accordingly, there is a need to develop smaller or miniaturized systems
and devices that are capable of processing such small quantities of molecular
probes. In addition, there is a need for such systems that are capable of
expediting chemical processing to reduce the overall processing or cycle times,
simplifying the chemical processing procedures, and at the same time, provide
the flexibility to produce a wide range of probes, biomarkers and labeled drugs

or drug analogs, inexpensively. These miniaturized devices may employ
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polymers, such as PDMS-like elastomers that are inert under the reaction

conditions.

Commercial large-scale synthesizers (e.g. Explora and CPCU) are
capable of preparing up to 50 doses in a lab-sized operation. On a smaller scale,
a microfluidic chip has been disclosed by Tseng, et. al. at the University of
California, Los Angeles. The microfluidic chip has been demonstrated to
produce 58 microcuries of FDG in a single run. However, the design of this
microfluidic chip is such that it is not capable of scaling up by over a 1500 fold
that is required to achieve a desired 100 mCi level of activity. In addition, the
particular design of the reaction process does not permit a significant increase in

the output or the yield.

In addition to the inability to scale up the UCLLA microfluidic chip, the
inherent design of the chip also limits the loading of reagent activity thereby
limiting the reaction throughput. That is, the microfluidic chip requires over 1
hour to load a minimal (500 microcuries) activity onto the exchange resin, which

is an unacceptable period of processing time given the short half-life of F-18.

As disclosed in the present application, the design of the microfluidic
device overcome this throughput limitation in addition to a number of other
advantages. In particular, the device is capable of producing the desired amount

of radioactivity in a short (5 minutes) period of time, and the design of the

device does not have internal factors limiting either parameters.

SUMMARY OF THE INVENTION

Elastomeric and nonelastomeric microfluidic devices including their
various operational components, and their method of fabrication are known in
the art. The references cited herein provide a representative number of literature

references disclosing certain examples of such devices and their methods of use.
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In one embodiment, the microfluidic devices disclosed in the present
application allow the efficient processing of chemical reactions in a microscale.
In one particular aspect, the microfluidic devices allow the synthesis of F-18-
labeled molecules for PET imaging in an efficient and compact manner, and also
allow the process to be performed in a short period of time. The microfluidic
devices are designed as a universal devices; that is, they are readily modifiable
devices suitable for the preparation of many known molecular probes as well as

development of new probes.

Currently it takes a significant effort to synthesize commercial PET
probes, such as [F-18]FDG, in macroscopic synthesizers. In addition, using
these synthesizers, the development of new probes is limited. Furthermore, the
short half-life of F-18 requires the development of any new synthetic processes
to be relatively fast and efficient; that is, with relatively short overall processing

cycles and high yields.

As disclosed herein, the microfluidic device or chip of the present
application is capable of processing and labeling substrates within 5 minutes on
a scale leading to several human doses (100 mCi). This scale constitute over
1000 times difference in output compared with the prior chip known in the art.
The microfluidic device is also faster and more efficient than any known

macroscale synthesizers.

In addition, the microfluidc devices disclosed herein are also readily
modifiable, the flexibility of which is required for the development and synthesis

of new molecular probes.

Microfluidic devices and their method of fabrication are well know in the
art. Examples of such references include “Disposable Microfluidic Devices:
Fabrication, Function, and Application” Fiorini and Chiu, Biotechniques,
38:429-46, 2005; “Plasma Etched Polymer Microelectrochemical Systems”
Beebe et al., Lab Chip 2:145-150; and “Monolitic Microfabricated valves and
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Pumps by Multilayer Soft Lithography” Unger et al., Science 288:113-116,
2000.

A number of synthesizers known in the art employ pressure actuated
elastomeric valves or pneumatic valves. In addition, there is significant
literature disclosing the control of microfluidic valves by various methods of
actuation. See for example, US 20020127736. However, under standard
reaction processing conditions, the pneumatic valves are pushed to the limit of
operation by the internal vapor pressures that are generated during various
processing steps, such as a solvent evaporation steps. In one particular
embodiment, the microfluidic device disclosed in the present application
employs pneumatic valves that are capable of operating efficiently under high
pressures. The design of the microfluidic device disclosed herein accomplishes

these and other objectives as disclosed herein.

In another embodiment, the microfluidic device is based on a platform or
system that is useful for synthesizing radio-labeled compounds for imaging
applications, and such applications include the use of PET and SPECT imaging
probes. In one particular aspect, the platform or system coinprising the
microfluidic device is fully automated and computer-controlled. In another
aspect, the microfluidic device is relatively compact and measures 20x20x4 mm
in size. In another variation, the device measure 25x25x5 mm in size. In certain
variations, the microfluidic devices of the present application measure in the

range from 7x7x3 mm to 30x30x6 mm or larger.

In one particular embodiment, the microfluidic device comprises an
integrated chemical reaction circuit (CRC or “chip”). The CRC of the present
application provides a number of new and useful features that overcome the
limitations that are associated with the current microfluidic chips. In certain

embodiments, the chip comprises a novel reaction chamber (or reactor) design.
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In one aspect, the chip comprises a mixer for effectively mixing reagents and

solvents in the reaction chamber.

In another embodiment, the microfluidic chip is designed to integrate
various components, such as evaporators and purification resins and the like,
however, the components are configured in new combinations. As a result of the
new designs and the new combination of components, the microfluidic chip is
capable of producing 1000 times more 18F-labeled products than previously
reported. In addition, as disclosed herein, the microfluidic chip is capable of
synthesizing at least 6 doses of a labeled compound, such as FDG, with a single

5-minute run.

DEFINITION:

As used herein, a microfluidic device is a unit or device that permits the
manipulation and transfer of microliters or nanoliters of liquid into a substrate
comprising micro channels. The device is configured to allow the manipulation
of liquids, including reagents, solvents and substrates to be transferred or flow
within the micro channels and reaction chamber using mechanical or non-
mechanical pumps. The device may be constructed using micro
electromechanical fabrication methods as known in the art. Examples of such
substrates for forming the device include glaés, quartz or polymer. Such
polymers may include PMMA (polymethylmethacrylate), PC (polycarbonate),
PDMS (polydimethylsiloxane) and the like. Such device may comprise

columns, pumps, mixers, valves and the like.

A “Chemical Reaction Circuit” or “CRC” means a chip comprising a
reaction chamber or microfluidic reactor, flow channels and valves, and may be

configured with a mixer for mixing solutions.
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A “column” means a device that may be used to separate, purify or
concentrate reactants or products. Such columns are well known in the art, and

include 1on exchange columns for chromatography.

As used herein, a “coin-shaped” reactor is a reaction cylinder with a
height diameter to height with a ratio of greater than about 3, greater than about
S5, greater than about 10 or more. The reactor height may be about 25
micrometer to about 1,000 micrometers. The reactor may have a diameter from

about 1,000 to about 20,000 micrometers.
“FDG” 1s 2-deoxy-2-[F-18]fluoro-D-glucose.

A “flow channel” or “channel” means a microfluidic channel through
which a fluid or solution may flow through. As is known in the art, such
channels may have a cross section of less than about 1 mm, less than about 0.5
mm, less than about 0.3 mm, or less than about 0.1 mm. The flow channels of
the present application may also have a cross section dimension in the range of
about 0.05 microns to about 1,000 microns, or 0.5 microns to about 500 microns,
or about 10 microns to about 300 microns. The particular shape and size of the
flow channels will depend on the particular application required for the reaction
process, including the desire throughput, and may be configured and sized

according to the desired application.

“Target water” 1s H,[ 180] after bombardment with high-energy protons
1n a particle accelerator, such as a cyclotron. It contains H[18F].

“FTAG” 1s 2-deoxy-2-fluoro-1,3,4,6-tetra-O-acetyl-beta-D-glucose.

A microfluidic “valve” as used herein, means a device that may be
controlled or actuated to control or regulate fluid or solution flow among
various components of the microfluidic device, including flow between flow
channels, solvent or reagent resevoirs, reactor or reaction chamber, columns,

manifold, temperature controlling elements and devices, and the like. Such
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valves are known in the art and include, for example, mechanical (or
micromechanical valves), (pressure activated) elastomeric valves, pneumatic
valves, solid-state valves, etc ... Examples of such valves and their method of
fabrication may be found, for example, in “The New Generation of
Microvalves” Analytical Chemistry, Felton, 429-432 (2003). Double valves, as
used herein, means that two valves are configured consecutively and in close
proximity to each other (approximately 300 microns), and the valves are
contigured to be “back-up” valves. In certain variation of the device, the double
valves may be configured and placed at a distance of about 250 microns or more

apart.

DETAILED DESCRIPTION OF THE INVENTION

Compared to known or commercial microfluidic chips, the microfluidic
device of the present application comprises of a number of novel elements and
components, and their various combinations. Certain elements and components
and non-limiting design configuration of the microfluidic device is illustrated

below:

1) lon Exchange Column: The current, known FDG chip design
presents a number of scale-up challenges. For example, the currently available
FDG chip contains an on-chip ion exchange column that is capable to trapping
several orders of magnitude less activity than required for certain applications:
that 1s, about 60 microCi as compared to a target of 300 milliCi. It is unlikely
that this scaling issue can be resolved with an on-chip nanoscale columns, since
it would require as many as 5,000 parallel columns to trap sufficient amounts of

fluoride to meet the desired activity.

In addition, the processing throughput of the known microfluidic chips is
also limited. Currently, in a single reaction processing cycle, it takes up to 1

hour to capture 50 uCi of activity on the known microfluidic chip.
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Consequently, in the microfluidic chip of the present application, a microscale
(as opposed to nanoscale) sized column is employed to capture and supply the
desired quantity of fluoride ion to overcome the throughput limitations. In one
particular embodiment, the column is integrated into the microfluidic chip. In a
preferred embodiment, the column is configured and placed off-chip. In certain
variations of the embodiment, the column is configured to be mounted on a

carrier module.

The off-chip design with certain novel elements for the column and the

microfluidic chip provides the following advantages:

(@)  The channels that supply the target water into the ion exchange
column 1s designed to be wider than the other channels, resulting in much faster

loading rates.

(b)  The column capacity can be drastically increased, since the resin

can be packaged much more tightly than by collecting the beads by filtration.

(c) A modular (and less expensive) cartridge design may be employed,
wherein a pre-packed i ion exchange cartridge may be configured and mounted

directly on the carrier module

(d)  The off-chip design facilitates the evaluation and use of more

resins, since the column will not be limited to a 15 micron bead size.

(e)  Sieve valves employed by on-chip columns have the most negative
effect on the flow rate through the column since they occlude over 75% of the
tlow channel cross-section. The off-chip column does not face this occlusion

problem.

A representative column with the following parameters has been

developed, produced and tested:
-Exchange resin - AG-1 X8 (200-400 mesh) -Column volume - 2.2 uL.

-Dead volume left for the solvent < 1 pL.
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-Loading up to 800 mCi of "°F- (99.5 % trapping efficiency) from 1.8 mL

of target water.
-Release efficiency - 92.7 % with 20 pL of 0.05M K,CO,;

2) Large-Scale Reactor Chip Design Features: Due to the increased
volume of the ion exchange column, which necessitates low-uL volumes for [F-
18] 10n elution, a larger reaction chamber is required compared to the nanoliter-
sized reaction loop of previous designs. In addition, the volume of the chamber
needs to be equal to the elution volume, which does not permit the use of loop or

serpentine designs.

As shown in Figure 1, a reaction chamber in a shape of a wide and short
cylinder; that is, a coin-shaped reaction chamber may be employed. Such a
reaction chamber may be 250 pm in height and 5 to 7 mm in diameters, for
example; and may be configured in different sizes as desired for different target

volumes and throughput.

The mixing of the reagents and solutions in the reaction chamber of the
microfluidic device may be accomplished using several different methods. Non-
limiting examples of such active mixer designs that may be used are illustrated

1n Figure 2 and Figure 3.

In one particular variation, the design of the coin-shaped reaction
chamber 1s such that it is capable of containing or holding the volume of solvent
and reagent necessary to elute 300 mCi of fluoride off the column. In addition,
depending on the desired application and desired throughput, the width or cross-
section of the channels may be increased significantly to facilitate or accelerate

the flow and accordingly, increasing the processing throughput of the device.

For example, in one experiment employing a column and a reaction
chamber of 10 uL in volume, the latter was filled with 400 to 500 mCi of [F-18]
fluoride and was eluted by a 0.05M K,COs solution. Accordingly, the example

10
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demonstrate that it is possible to reduce the volume of the reaction chamber in

order to accelerate the solvent exchange steps.

Solvent evaporation and dead-end filling require means to facilitate these
processes to be accomplished in a practical period of time because in the
microfluidic scale, the large (microliter) volume of the reaction chamber is
capable of holding these relatively “large volumes.” In one particular solution as
described herein, a vent is placed above the reaction chamber consisting of a
radiator that is separated from the reaction chamber. In one particular
configuration, a vent configured above the reaction chamber comprises of a
radiator that is sized with 250x250 micron channels that is separated from the

reaction chamber by a 100 um gas permeable membrane.

Application of a vacuum to this vent allows fast removal of gas from the
reaction chamber when the latter needs to be filled with fluid. Also during
evaporation, the process allows the removal of solvent vapors. As a result of this
particular configuration, the evaporation process may be accelerated, and the
process also reduces the vapor pressure allowing the removal solvents at lower
temperatures. Reduction of the vapor pressure reduces some of the stress on the
closed valves during the evaporation steps. In certain configuration, the vent
may be configured with two or more open ends in order to permit the flushing of
the vapors that may condense inside and allows the removal of the vapors out of

the chip, for example, by applying a gas such as nitrogen gas.

While the configuration comprising a vent placed above the reaction
chamber 1s one preferred arrangement, fabrication of the chip with the vent
below the reaction chamber (as part of the control layer) may be more facile. It
has been demonstrated that both arrangements of the vents above or below the
reaction chamber are feasible. In addition, in certain experiments, we observed
that dead-end filling rates were similar in both cases. However, solvent

evaporation, while facilitated significantly by using both vent configurations,

11
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was found to be less efficient with the bottom vent location since, in this

particular configuration, a significant amount of vapors condensed on the ceiling

of the reaction chamber.

In one preferred embodiment of the device, double valves are used in the
microfluidic chip. However, depending on the desired configuration and
efficiency of the operation and the particular reaction employed, multiple valves,
such as triple valves in series, may be employed. In addition, the combination of
multiple valves; that is, employing pneumatic valves in combination with
mechanical valves and other microfluidic valves used in the art, may be
configured into the device. Such multiple valves combination may include, for
(non-limiting) examples; three mechanical valves, two mechanical valves and
one pneumatic valve, two pneumatic valves and one mechanical valves, etc ...

all combinations of which may be configured in different sequences.

In particular, it was observed that that even with the vacuum vent being
applied 1n the process, bursts of high pressure may be generated inside the |
reaction chamber. It was observed that the burst of high pressures were of
sutficient force to push the single valves open for a split second. In such an
event, by employing double valves, if there is any back pressure behind the
closed valve, such valve may close back down after being briefly opened
without loss of pressure inside the reaction chamber. Alternatively, where there
are significantly lower pressures generated behind a single valve, some liquid or
solution may escape from the reaction chamber, which, in turn may further push
or maintain the valve open. Accordingly, the back pressure behind the (first)
valves surrounding the reaction chamber may be achieved by having a second

set of valves placed at a short distance from the first set of valves.

In another embodiment of the microfluidic device of the present
application, there is provided a microfluidic device comprising curved inlet and

outlet channels for the effective elution of products, solutions and/or solvents

12
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from the reaction chamber. We have observed that when the eluent solution or
solvent enters and leaves the chamber through channels that are configured to be
substantially perpendicular to the tangent, a significant amount of the solution or
product 1s left behind after the transfer of the solution. Alternatively, a thorough
and efficient transfer of solutions or products invariably requires a significant
amount of solvent to wash or elute the solution or product from the reaction
chamber. However, we observed that by employing a configuration or design
having curved inlet and outlet channels, the eluting solution follows a trajectory
along the far wall of the reaction chamber and, accordingly, the configuration
having curved inlet and outlet channels allows the collection or removal of

product using significantly smaller volumes of solvents.

In certain embodiments, we determined that by designing the exit
channel(s) slightly narrower than the inlet channel(s) allows the buildup of back
pressure inside the chamber during the elution process, which result in an
increase in the efficiency of product elution or collection from the reaction

chamber.

In certain embodiments, we determined that a 6-channel manifold
configuration for the introduction of various reagents, solvents and solution will
allow the reagents, solvents and solution to enter the reaction chamber from 6
directions simultaneously and consequently, leads to faster and more efficient

mixing, leading to shorter reaction and processing times.

In one particular aspect of the application, simultaneous introduction of
liquid may be accomplished by having equal path lengths in the channel work
from the origin of the manifold to each opening or inlet to the reaction chamber.
In one variation, the process may also be facilitated by having one valve or a set
of valves at the source or inlet to the manifold and a second set of valves at the

entrances or inlets of the channels to the chamber. In this particular variation,
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the configuration allows the manifold to be filled first with the desired solvent or

solution prior to releasing the solution or fluid into the reaction chamber.

3) Operation of the chip: As noted above, the resulting chip design
and configuration is significantly different from the known FDG chip.
Accordingly, the reaction process flow and processing procedures require new
methods of operation. For example, the mixing of solution and reagents in the
reaction chamber require different methods and procedures since loop-based

reactor designs are not feasible.

In one particular embodiment, the procedure for the FDG synthesis
process employing the various configurations and elements for the microfluidic

device of the present application may be illustrated in Figure 1.

Figure 1 shows a chip with a coin-shaped reactor. Valves are represented
by red rectangles. All inlet/outlet channels are the same size except for the
larger inlet for the water (product elution). The solution distributed through the
manifold travels the same distance from the origin to the chamber through all 6

ports.

a) The dilute [F-18] solution is passed through the off-chip column
and trapped by the resin off-chip. In one particular variation illustrated above,
the process is controlled by on-chip valves on short channels connecting source

of [F-18] to the column and the latter to the collection vial for H,'°0.

b) The aqueous K,COj3 solution routed through the chip and
controlled by on-chip valves is then passed through the off-chip ion exchange

column to elute the [F-18] straight into the reactor on the chip.

C) - Water may then be evaporated, leaving behind K**F and K,CO,
salts along with some residual moisture. The vacuum vent may be used in this

and all subsequent evaporation steps. As a result of this procedure, the water
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vapor permanently leaves the chip rather than staying condensed in the chip’s

matrix.

d) In order to remove this moisture by forming an azeotrope with
MeCN and solubilize K'°F in organic solvents, the chamber may be filled with a
solution, such as MeCN solution of Kryptofix222, followed by solvent

evaporation.

e) Mannose triflate may be introduced into the reactor through the 6-
port manifold. Actuating the mixer at an elevated temperature allows efficient
fluorination. Alternatively, we have also demonstrated that fluorination may be

achieved at ambient temperatures.

f) Upon completion of the fluorination reaction, the solvent may be
partially removed by evaporation. If MeCN is evaporated completely, [F-
18]FTAG forms a thick oily residue distributed unevenly throughout the reactor.

This residue is very difficult to dissolve in an aqueous solution in the next step.

o) 3N HCI solution may be introduced to the half-empty reactor
through one channel until the reactor is full. Efficient mixing with MeCN
solution of [F-18]JFTAG is achieved quickly since it is facilitated at the interface
of two solutions by swirling resulting from CO, outgassing from an acid-base
reaction (with K,COs;). Heating the reaction mixture at about 60 °C followed by
a temperature of about 75 °C allows the hydrolysis to proceed to completion by

gradual (but fast) removal of MeCN. This process results in an aqueous solution

of [F-18]FDG.

h) In certain embodiments of the process, two methods for collecting

the product from the reaction chamber after deprotection may be performed:

1. Flushing the product out through the tangential exit channel

by introducing water into the reactor through another tangential channel allows
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the tflow to follow the trajectory along the far wall of the chamber. Although 1-3
reactor volumes of water may be sufficient for complete collection of the
product, currently, larger elution volumes are currently employed because of the
extensive off-chip tubing that the product follows afterwards. In this particular
configuration, this process has been experimentally proven to be the most

efficient.

1i. In an alternative procedure, the reaction chamber may be
drained in a two-step process. In the first Step, closing off the exit from the
radiator will send N, pressure into the reactor through the gas permeable
membrane. This pressure will force the product out of the reaction chamber into
the only open exit channel. If at the same time the mixer depicted in Figure 3 is
activated, the procedure will assist in directing the product solution into the exit
channel and out of the reaction chamber, leaving behind droplets (or small
residues, rather than regions) of product solution. In the second step, the
reaction chamber is filled with water and force eluted under pressure as

described above.

1) All the product-containing water may be passed through an off-
chip purification cartridge similar to the one used in the large-scale synthesis
(containing several parts trapping Kryptofix and fluoride and neutralizing HCI).
Alternatively the product solution may be delivered to a vial containing 2M
KHCOj; solution to neutralize HCl. The contents of the vial are subsequently
passed through an alumina column resulting in 99.3% radio-pure [F-18]FDG.

4) Mixers for the Large-Scale Reactor:

a) Mixing of the contents of the reaction chamber may be achieved
by actuating the large flat round dead end channel below the reaction chamber at
a certain frequency, as illustrated in Figure 2. Figure 2 shows a microscale

reaction chamber with a bottom-up mixer.
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Using this procedure and configuration, a number of issues and

consideration may be addressed to form an efficient device:

1. Where the bottom vent location is employed, there is less

space available in the control channel for the evaporation radiator.

11. In the manufacture of the device, the membrane between
the control channel and the reaction chamber may be unstable during the final

curing of the chip because of large surface area/thickness ratio.

1.  Some product may remain behind in the reactor after final

elution.
1v.  The efficiency of the mixing by need to be optimized.

V. In order to wash the product out of the reactor, water may

be required to be introduced at the side of the reactor opposing the exit line.

b) These above issues are effectively addressed by adding a dead-end
serpentine channel to the control layer underneath the reaction chamber. Where
the device configuration is manufacture to form place the vacuum vent at the
bottom location, the configuration f;)rms a “‘double radiator”. The dead-end
channel filled with oil may be used as a mixer, that may introduce waves in the
reactor by pulsing the pressure applied to this channel. This configuration may
also provide an additional mechanism for the removal of product from the
reactor, 1n the case where the same waves oriented towards the exit channel
actuating while building up pressure inside the reactor by applying N, to the vent
instead of vacuum. As described above, the double radiator system is illustrated

in Figure 3. Figure 3 shows a radiator mixer integrated with radiator evaporator.

C) The third type of mixing mechanism may also be devised, and
such configuration requires no additional features. An analysis of the process
for the preparation of FDG suggest that the step of mixing of two solutions is

only required in the hydrolysis step. That is, in all other steps when a reagent
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solution 1s introduced into the reaction chamber, all other reagents are already
distributed throughout the chamber in the solid form, and no significant mixing

step 1s required.

Mixing of FTAG solution with HC] in this step may be “chemically
promoted” by vigorous CO, generation from an acid-base reaction at the
interface of two solutions. In this mixing step, the process produces significant
agitation or swirling, which in turns, result in a rapid mixing of the two
solutions. We have also demonstrated experimentally that in this step, the
evaporation of the FTAG solution to dryness followed by HCI introduction leads
to a the precipitation of solids, which may not be readily overcome by any type

of active mixing.

d) In one particular aspect, the fourth mixing aide may be employed
in conjunction with the self-stirring reaction in part (c), above. In one example,
as the acetonitrile is evaporated from the FTAG solution in a closed reaction
chamber, the coin-shape of the latter allows its flat surfaces to cave in as the
volume of the solution is reduced. In this process, a vacuum is created inside the
reaction chamber. When the valve(s) on the acid outlet channel is opened, the
elastomeric surface restores its shape and volume of the chamber by rapidly
withdrawing the acid inside the reaction chamber. The speed and rapid flow of
the second solution into the reaction chamber promotes virtually instantaneous

mixing of two or more solutions.

e) In another aspect, a different mixing mechanism utilizes the elastic
properties of the material from which the chip is fabricated from. This mixing
mechanism may be applied to reactions wherein the mixing of the solutions do
not engage 1n a vigorous self-stirring reaction. In this particular process, the
reaction chamber may be filled with one reagent of the reaction to about half
volume of the chamber, and the subsequent introduction of the second reagent

fills the remaining half empty space of the chamber.
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Stirring or mixing of the solutions may be accomplished by a
programmed pulsing of the pressure in the flow channel that is used to introduce
the second reagent, with the valve on that channel remaining open. Under this
process, the elastic chamber expands and elastically returns to it’s original shape
at the frequency of pulsing. In this pulsing mechanism, the contents of the
chamber will be withdrawn from the reaction chamber and then returning back
into the reaction chamber rapidly, under the frequency of the pulse, resulting in
rapid and complete mixing. Once the desired mixing of the solution is
completed, the valve(s) from the channel may be closed from the reaction
chamber. We have demonstrated and validated this mixing methods

successtully.

f) In another aspect of the mixing process, the manifold used for
simultaneous introduction of a solution into the chamber from 6 directions may
also be used for efficient and more passive mixing of the solutions with solids

deposited in the reaction chamber.
ASPECTS OF THE INVENTION:

In a first aspect, there is provided an automated, integrated microfluidic
device comprising:
a chemical reaction chip comprising:
a substrate comprising a microfluidic a network of flow channels;
and
a substantially coin-shaped reaction chamber comprising at least
one 1nlet channel and one outlet channe] wherein the reaction
chamber 18 configured to be in fluid communication with at least
one tflow channel.
In a variation of the above device, the chip further comprises a manifold
comprising multiport inlet channels and valves configured for controlling

reagent and/or a solvent flow in fluid communication with the reaction chamber;
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a pump operatively interconnected and in fluid communication
with the flow channel for pumping fluids through the flow
channel; and
the device further comprises a microscale column integrated with the chip
and configured for liquid flow from the column to at least one flow channel, and
wherein the fluid flow into the column is controlled by on-chip valves; and
at least two pneumatic valves for controlling fluid flow in the microfluidic

device.

In one variation of the above device, the chamber is designed to be 250
um 1n height with a diameter of at least 5 mm. In another variation, the chamber
has a hold volume of at least 5 uL.. In one particular variation of the device, the

column is configured to be off-chip.

In one aspect, the column 1s designed for pre-packaging application and
configured on a modular cartridge. Optionally, the off-chip column may be
‘1ncorporated on a carrier module. As employed herein, the column may be an
interchangeable or a disposable column that is configured for mounting on a
modular cartridge. In certain aspect, the modular cartridge may be

interchangeable or disposable.

In another aspect, there 1s provided the above device wherein at least one
of the pneumatic valves comprises a set of double valves configured in series
and wherein the double valves are configured to be in close proximity to each

other.

In certain configurations of the chip design, the double valves are
configured on all inlet and outlet channels that are in fluid communication with
the reaction chamber. In certain designs of the device, the inlet and outlet
channels are curvilinear to optimize liquid, reagents and product flow efficiency.
The curved design of the inlet and outlet channels, as opposed to a substantially

perpendicular in design, allows maximum flow of fluid and minimizes the
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amount of reagents or products that may remain in the chamber when eluted or
washed with a fluid, such as a solvent. In most of the cases studied
experimentally all channel orientations with obtuse or acute angles to the tangent
resulted in more efficient elutions than a 90 degree orientation. In certain
configurations, the inlet channels are configured to be wider than outlet channels
to increase the flow efficiency out of the chamber. In certain configurations, the
inlet channels are formed to be at least about 3% , preferably about 5%, or

preferably about 10% or more wider than the outlet channels.

In a particular variation of the device, the device further comprises a vent
comprising at least two open ends and configured to be adjacent to the reaction
chamber for evaporation of solvent from the reaction chamber. In one variation,

the vent is configured above the reaction chamber.

In another variation of the vent configuration, the vent may be fabricated
in the chip to be configured below the chamber, and the vent may comprise part
of the control layer of the chip. In particular designs, the chip may be fabricated

to form vents that are aboye and also below the chamber.

In another particular variation of the device, the vent comprises a radiator
of channels separated from the reaction chamber by a gas permeable membrane.
In another variation, the device further comprises a vent used for vacuum
evaporation of solvents across a gas-permeable membrane. In the above
variation of the device, when the device is operated with a vacuum inside the
vent allows rapid dead-end filling of liquids or solutions into the reaction

chamber.

In a particular variation of the device, the vent is configured to provide a
vacuum for carrying out solvent evaporations at pressures below the solvent
vapor pressure to eliminate valve failure from overpressure. In another aspect of
the device, the vent is configured with a vacuum inside the vent allowing highly

efficient mixing by accelerating incoming fluid resulting from an increased
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pressure differential between the reaction chamber and its exterior. It is noted
that the increased in the efficiencies resulting from the above vent configuration

and operation provides significant operational efficiencies in the process.

In yet another aspect of the above device, the device further comprises
two or more channel inlets to the reaction chamber at angles other than about 90
degrees resulting in increased efficiency of product removal or elution from the

reaction chamber.

The gas permeable membrane is made of a material that 1s permeable to
gases and at the same time, substantially impermeable to liquids. In the present
application of the membrane, the membrane is substantially impermeable to a
liquid but is permeable to the gas of the same liquid. In addition, the material 1s
substantially inert to the reagents, solvents, reactants and reaction temperatures
used in the process; that is, it does not engage 1n reactions with these agents, nor

does it react with or decompose in the presence of the radioactive materials.

In yet another variation of the above described device, the vent comprises
at least two open ends for removing vapors from the chip. In a variation of the
above, the vent is configured below the reaction chamber. In another variation,
the vent comprises a radiator having multiple channels and are separated from

the reaction chamber by a gas-permeable membrane.

In one particular aspect, the radiator comprises of 250x250 micron
channels that are separated from the chamber by a 100 pm gas-permeable

membrane.

In another variation of the device, the manifold comprises at least 6-port
inlet channels connected to the reaction chamber. In certain variation of the
device, the manifold comprises at least 2, 3, 4, 5, 6 or more port inlet channels

connected to the reaction chamber. In yet another variation, the length of the
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channels extending from the manifold to each of the port opening into the

chamber 1s substantially equal.

In certain configuration, the multi-port inlet channels allows the
simultaneous introduction of reagents or solution into the chamber that result in
faster mixing with higher efficiency, allowing reactions to proceed and provide
shorter overall reaction times. In certain configurations of the chip, there is
provided a valve or a set of valves at the source of the manifold and a second
valve or set of double valves near the inlet port to the chamber. In this particular
configuration, reagents and/or solvents may be introduced to fill the manifold

before the reagents and/or solvents are released into the reaction chamber.

In a particular variation of the above device, the device is approximately
20x20x4 mm 1n size. In another variation, the device is approximately 25x25x5
mm. In addition, the device may further comprise a flat dead end control
channel configured with the reaction chamber for mixing the contents of the
reaction chamber. In one variation of the above, the dead end channel forms a
bottom-up mixer configured with the reaction chamber. In another variation, the
device further comprises a dead-end serpentine channel to the control channel
configured under the reaction chamber for mixing the content of the reaction
chamber. In yet another variation, the device further comprises a dead-end
serpentine channel under the reaction chamber, and configured together with the

vent to form a double radiator for mixing the contents of the reaction chamber.

In another embodiment, there is provided an automated, integrated
microfluidic device for performing chemical reactions and for processing of
reaction products, the device comprising:

a chemical reaction chip comprising:

a substrate comprising a microtluidic a network of flow channels

for moving reagents, solvents and products through the chip;
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a substantially coin-shaped reaction chamber for introducing
reagents and solvents for performing the chemical reaction, the
chamber comprising at least one inlet channel configured to be in
fluid communication with at least one flow channel for introducing
reagents and solvents into the chamber, and at least one outlet
channel for transferring a solution comprising reagent and product
from the chamber;

a manifold comprising multiport inlet channels and valves,
configured for controlling reagent and/or a solvent flow, in fluid
communication with the reaction chamber:;

a pump operatively interconnected and in fluid communication
with the flow channel for pumping reagents, solvents and products
through the flow channel and chip;

a microscale chromatography column for isolating or purifying reagents
used for performing the chemical reaction, wherein the column is integrated with
the chip and configured with column inlet channels and outlet channels for flud
flow to introduce reagents and/or solvents into the column and from the column
to at least one flow channel to the reaction chamber, and wherein the liquid flow
into the column is controlled by on-chip valves; and

at least two on-chip valves for controlling reagents, solvents and products
flow among the column, the flow channels, the manifold, and the reaction

chamber in the microfluidic device.

In one variation of the above device, the chemical reaction forms
radiopharmaceutical compounds labeled with any medically useful radioactive
element, such as Chromium-51, Copper-64, lodine-131, Iridium-192,
Molybdenum-99, Phosphorus-32 , Samarium-153, Technetium-99, Y ttrium-90,
Gallium-67, Iodine-123, Thallium-201, Carbon-11, Nitrogen-13, Oxygen—lS and

Fluorine-18.
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In one variation of the above device, the chemical reaction forms 18F-
labeled radiopharmaceutical compounds. In another variation, the 18F-labeled
compounds 1s selected from the group consisting of 2-deoxy-2-[F-18]fluoro-D-
glucose ([F-18]-FDQG), 3'-deoxy-3'-[F-18]-fluorothymidine ([F-18]-FLT), 2-
deoxy-2-[F-18]fluoro-D-glucose ([F-18]-FDG), 3'-deoxy-3'-[F-18]-
fluorothymidine ([F-18]-FLT), 9-(4-[18F]fluoro-3-
(hydroxymethyl)butyl)guanine ([18F]-FHBG) and 2-(1-{6-[(2-

[ 18F]fluoroethyl)(methyl)amino]-2-naphthyl } ethylidine)malononitrile ([18F]-
FDDNP)..

In one particular aspect of the above device, the chromatography column
1S a resin column for trapping [F-18]F- from a solution of target water containing
F-18 ftluoride 10ns (to increase the concentration of F-18 fluoride ions in the
subsequent reaction mixture). In another variation, the column is configured to

trap at least 100 microCi of F-18 fluoride.

In one particular embodiment, the column 1s configured to trap at least
150 microCi; preferably at least 250 microCi, more preferably at least 100
milliCi, at least 200 milliCi, or at least 300 milliCi of F-18 fluoride ions. In one

particular experiment, such column trapped 870 mCi of F-18.

In yet another variation of the above device, the column 1s configured to
be off-chip. In a particular variation of the above, a triflate precursor compound
is contacted with a F-18 fluoride solution in the reaction chamber to form a F-18
fluoride derivative. In another aspect of the above device, the reaction chamber
1s configured to hold a sufficient volume of solvent to elute about 300 mCI of

[F-18] fluoride off the column and into the reaction chamber.

In another variation of the above device, the device is configured for
preparing at least 5 doses of the radiopharmaceutical compound from a single 5-
minute process cycle. In another variation, the column inlet and outlet channels

for supplying the eluent water into the reaction chamber are at least 5% wider
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than the other channels in the device. In yet another variation, the manifold
comprises at least 6-port inlet channels connected to the reaction chamber. In a
particular variation, the length of the channels extending from the manifold to

each of the port opening into the chamber is substantially equal.

In another variation of the above device, the device is configured for
preparing at least 3 to 20 doses of the radiopharmaceutical compound from a

single process cycle ranging from 3 to 20 minutes.

In one particular configuration, the device is approximately 20x20x4 mm

1n size.

In one aspect of the above device, the device further comprises a flat dead
end control channel configured with the reaction chamber for mixing the
contents of the reaction chamber. In a particular variation of the above device,
the device further comprises a dead-end serpentine channel under the reaction
chamber, and configured together with the vent to form a double radiator for

mixing the contents of the reaction chamber.

In one aspect of the present invention, a shielding or casing which is
impermeable to radioactivity emanating from the positron and gamma-emitters
employed in the above device encloses the device. Such a casing can be of any
material which will sufficiently block the radiation, such as lead, tungsten, or

compounds and amalgams of these and other elements.
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Although the present invention has been described in detail with reference to specific
embodiments and aspects and variations, one skilled 1n the art will recognize that

modifications and improvements are within the scope as set forth in the claims below.
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Citation of publications and patent documents is not intended as an admission
that any such document is pertinent prior art, nor does it constitute any admission as
to the contents or date of the same. The invention having now been described by way
of written description and example, one skilled in the art will recognize that the
invention can be practiced in a variety of embodiments and variations thereof, and
that the above description and examples are for purposes of illustration and not

limitation of the following claims.
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CLAIMS:

1. A microfluidic device comprising:
a chemical reaction chip comprising:
a substrate comprising a microfluidic network of flow channels;
and
a cylindrical reaction chamber having a diameter to height ratio greater than
about 3 and comprising at least one inlet channel and one outlet channel wherein the
reaction chamber 1s configured to be in fluild communication with at least one flow
channel;
characterized by:
a vent comprising at least two open ends and configured to be adjacent to the reaction
chamber for evaporation of solvent from the reaction chamber wherein the vent comprises a

radiator of channels separated from the reaction chamber by a gas permeable membrane.

2. The device of claim 1, wherein the chip further comprises;

a manifold comprising multiport inlet channels and valves configured for controlling
reagent and/or a solvent tflow in fluid communication with the reaction chamber;

a pump operatively interconnected and in fluid communication with the flow channel
for pumping fluids through the flow channel;

and the device further comprising;

a microscale column integrated with the chip and configured for liquid flow from the

column to at least one flow channel, and wherein the fluid flow into the column is controlled

by on-chip valves; and

at least two on-chip valves for controlling fluid flow in the microfluidic device.

3. The device of claim 2, wherein the chamber is designed to be 250 um in height with a

diameter of at least 5 mm.
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4, The device of claim 2, wherein the chamber has a hold volume of at least SulL.
5. The device of claim 2, wherein the column is configured to be off-chip.
6. The device of claim 2, wherein at least one of the on-chip valves comprises a set of

pairs of valves configured in series and in close proximity to each other.

7. The device of claim 1, wherein the vent is configured above the reaction chamber.

8. The device of claim 1, wherein the vent comprises at least two open ends contigured

for removing vapors from the chip.

9. The device of claim 1, wherein the vent is configured below the reaction chamber.
10.  The device of claim 1, wherein evaporation of solvent is vacuum evaporation.
11.  The device of claim 10, wherein the vent is configured to allow rapid dead-end filling

of liquids or solutions into the reaction chamber under vacuum.

12.  The device of claim 10, wherein the vent is configured to provide a vacuum for

carrying out solvent evaporations at pressures below the solvent vapor pressure to eliminate

valve failure from overpressure.
13.  The device of claim 10, wherein the vent 1s configured with a vacuum inside the vent

allowing highly efficient mixing by accelerating incoming fluid resulting from an increased

pressure differential between the reaction chamber and its exterior.

14.  The device of claim 2, wherein the manifold comprises at least 6-port inlet channels

connected to the reaction chamber.
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15.  The device of claim 2, wherein the length of the channels extending from the manifold

to each of multiple port openings into the chamber 1s substantially equal.

16. The device of claim 1, wherein at least one channel is oriented at an obtuse or acute

angle to a tangent of the reaction chamber.
17. The device of claim 1, wherein the at least one channel 1s curved.

18. The device of claim 1, wherein at least one outlet has a smaller cross sectional area

than at least one inlet channel.

19.  The device of claim 1, further comprising a flat dead end control channel configured

with the reaction chamber for mixing the contents of the reaction chamber.

20.  The device of claim 19, wherein the dead end channel forms a bottom-up mixer

configured with the reaction chamber.

21.  The device of claim 19, further comprising a dead-end serpentine channel to the
control channel configured under the reaction chamber for mixing the content of the reaction

chamber.

22.  The device of claim 9, further comprising a dead-end serpentine channel under the
reaction chamber, and configured together with the vent to form a double radiator for mixing

the contents of the reaction chamber.

23. A device according to claim 5, where the column is arranged to be operated by valves

on the chemical reaction chip.

24. A device according to claim 2, where the column 1s arranged to concentrate reagents

prior to entering the chemical reaction chip.
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25. A device according to claim 1, where the reaction chamber has a diameter to height

ratio greater than about 10.

26. A device according to claim 1, wherein the chemical reaction chip is fabricated 1n
elastomeric material and further comprising means for applying pressure pulses to inlet

channels.

27.  Use of a device according to any one of claims 1-26, to remove solvent from the

reaction chamber.

28.  Use of a device according to any one of claims 1-26, for the removal of gas from the

reaction chamber.

29.  Use of a device according to any one of claims 1-26, for the expulsion of products

from the reaction chamber by application of pressurized gas to the gas permeable membrane.

30.  Use of a device according to claim 26, for mixing of chemical reactants by application

of pressure pulses to the inlet channels.

31. A method of synthesizing a chemical compound comprising providing a chemical
reaction chip comprising:

a substrate comprising a microfluidic network of flow channels; and a cylindrical
reaction chamber having a diameter to height ratio greater than about 3 and comprising at
least one inlet channel and one outlet channel wherein the reaction chamber 1s configured to
be in fluid communication with at least one flow channel;

passing at least one reactant solution to the reaction chamber via at least one inlet

channel;

removing a product solution from the reaction chamber via at least one outlet channel

and characterized by:
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applying a vacuum to the reaction chamber via a vent separated from the

reaction chamber by a gas permeable membrane.

32. A method according to claim 31, wherein the vacuum 1s applied to increase pressure
differential between the reaction chamber and its exterior, resulting in the acceleration of

incoming fluid.

33. A method according to claim 31, where the vacuum is applied to the reaction chamber

to assist evaporation of solvent theretrom.

34. A method according to claim 31, where the vacuum is applied to the reaction chamber

to remove gas therefrom.

35. A method according to claim 31, comprising mixing of reactants in the chamber by
providing the chemical reaction chip fabricated in elastomeric material and applying pressure
pulses to the inlet channels thereby causing expansion and contraction of the reaction

chamber.

36. A method according to claim 31, further comprising mixing reactants by generating

CO, from an acid-base reaction thereby causing agitation of the reaction chamber contents.

37. A method according to any one of claims 31-36 wherein the chemical compound

synthesized is a radiopharmaceutical.

38.  Use of a device according to any one of claims 1-26 for a synthesis of a
radiopharmaceutical.
39.  The device of claim 18, wherein the outlet channels are configured to control elution

of product from the reaction chamber.
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