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PARA-HYDROGEN POLARIZER
Cross-reference to Related Applications

[0001] This patent application claims priority to U.S. Provisional Patent Application No.
61/478,193 filed April 22, 2011, the content of which is incorporated herein by reference in its

entirety.
Government License Rights

[0002] This invention was made with government support from a National Cancer Institutes
P50 ICMIC (In Vivo Cellular and Molecular Imaging) career award with center number 1-04-065-

9043. The United States federal government has certain rights in the invention.
Introduction

[0003] The production of para-hydrogen-enriched compositions is essential to a diverse
array of scientific endeavors. For example, para-hydrogen-enriched compositions have found

uses in biomedical applications of magnetic resonance.

[0004] Methods to polarize nuclear magnetic moments have been known for several years
and are now emerging as valuable diagnostic tools in biomedicine. For example, dynamic
nuclear polarization (“DNP”) has enabled detection, grading, and monitoring of response to
therapy in vivo in cancer cells (Goldman, Cancer Res. 2006, Volume 66(22), pp 10855-10860;
Albers. Cancer Res. 2008. Volume 68(20), pp 8607-8615; Day. Nature Medicine. 2007. Volume
13(11), pp 1382-1387). Catalytic addition with the singlet spin-isomer of hydrogen (Bowers.
Phys. Rev. Lett. 1986. Volume 57, pp 2645-2648), referred to as PASADENA, should be
similarly useful, but is currently less widespread in biomedical imaging. Fast chemistry (i.e.,
catalytic hydrogenation) must be coordinated with nuclear magnetic manipulations in
PASADENA. Hence, molecules which can be saturated to yield useful contrast agents are

required, but not yet widely available.

[0005] Optimal procedures for filtering spin-isotopes of hydrogen to high enrichment along
with relaxation properties on a variety of surfaces was reported before 1980, and Weitekamp
and Bowers discovered a method to utilize para-hydrogen for enhancing nuclear magnetic
resonance sensitivity (Bowers CR, Weitekamp DP. Phys Rev Lett, 1986, Volume 57, pp 2645-
48; Bowers CR, Weitekamp DP. J Am Chem Soc. 1987, Volume 109(18), pp 5541-5542). This
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application, coined PASADENA (“parahydrogen and synthesis allow dramatic enhancement of
nuclear alignment”), uses catalyzed reduction of unsaturated bonds by para-hydrogen to

prepare molecules with polarized spins.

[0006] Significant enhancements of NMR sensitivity have been demonstrated with para-
hydrogen technologies, and the overall methodology has been validated in a variety of basic
science and pilot pre-clinical studies. Previously reported experimental results from para-
hydrogen polarization experiments suffered from poor reproducibility due to the reliance on
custom polarizer configurations. For example, the sensitivity enhancement achieved in para-
hydrogen induced polarization experiments may depend strongly on the relative timings
between chemical reaction and nuclear magnetic transformations, or on the pressure and
temperature at which the hydrogenation is carried out. In a typical experiment, reactant
molecules stored under inert conditions are subsequently shuttled to reaction chambers for
hydrogenation and nuclear magnetic transformations. At an empirically-optimized delay from
the introduction of reactant molecules, polarization transfer or detection is required, respectively,
to preserve or to measure the hydrogenated substance, depending on whether the desired

application is biomedical contrast or basic science.

[0007] Integrated systems, referred to as pulse programmers, are specialized instruments
which enable radiofrequency, gradient, and acquisition events to be controlled precisely in
nuclear magnetic resonance (“MR”) experiments. Given these attributes and the favorability of
PASADENA at field strengths down to a few mT, low-field MR consoles are well-suited for
consolidating experimental variables in pulse-programmable codes that can be easily reported

and shared among end-users.

[0008] Generally, a PASADENA polarizer includes a flow-based circulatory system for
selectively and rapidly delivering gaseous and liquid reactants and/or reaction products to/from
various reservoirs and reactors, where high-pressure valves are required to direct the rapid flow
of reactants and/or products. An electronic controller, or switching network, controls the
operation of the various components of the polarizer, including the valves. Ideal circulatory
systems would have minimal dead-volume (i.e., volume between a reservoir and a reactor), so
as to reduce the likelihood of contacting a contaminated surface, and to limit the amount of
expensive reagents needed to be injected into and through the circulatory system. When
molecules encounter increased surface area in transit between an isolated reservoir and a

reactor, performance decreases while system response latency increases with inefficiency.
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Under these circumstances, expensive catalyst and reactants may be distributed across the
apparatus, and the experiment meant for the reactor is smeared across the innards of the

apparatus.

[0009] In prior implementations of PASADENA polarizers, solenoid valves were used to
direct fluid-flow through the circulatory system, because they can be operated at the high
pressures necessary for the rapid delivery and efficient reaction of fluid reactants with gaseous
para-hydrogen. Solenoid valves use electrical current to generate magnetic fields for actuating
metallic plungers. Exposing polarized chemicals to the magnetic fields generated by the
components of a solenoid valve may adversely affect the polarization of the chemicals.
Moreover, when in close proximity to the extremely strong magnetic fields generated by a
PASADENA polarizer, solenoid valves do not function properly, and in any event pose a
projectile hazard. To prevent the solenoid valves from being affected by the magnetic fields of
the polarizer, the solenoid valves, and thus the reactant reservoirs, must be located at a
significant distance from the polarizer, and specifically, outside the static and applied magnetic
fields produced by the polarizer. This causes an incidental need for substantial dead-volume
between the reactant reservoirs and the reactors that are positioned within the magnetic fields,
and as discussed above, greater dead-volume can be problematic and lead to a time-dependent
degradation of polarizer performance. Another problem associated with having reactant
reservoirs at a distance from the static fields is that equilibrium polarizations of long-lived nuclei
used for storing para-hydrogen polarization do not have time to develop when rapidly shuttled
from outside the field to within the reactor, or alternatively can induce unwanted nuclear

magnetic resonant transformations.
Summary

[0010] This disclosure provides reactor assemblies comprising a reservoir, a reaction
chamber, and a valve assembly comprising at least one valve. The reservoir, reaction chamber,
and valve assembly are non-magnetic. The valve assembly is adapted to selectively provide
fluid communication between the reservoir and the reaction chamber. In some embodiments,
the reactor assembly further may comprise a magnet adapted to produce a static magnetic field
having a magnitude of at least about 1 mT and a radiofrequency pulse generator adapted to
produce an applied magnetic field, where the reaction chamber is positioned within the
magnetic field when the radiofrequency pulse generator is producing the applied magnetic field,

and the reservoir, reaction chamber, and valve assembly are positioned within the static
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magnetic field when the magnet is producing the static magnetic field. In some embodiments,

the at least one valve may comprise a spool valve.

[0011] In some embodiments, the valve may comprise a housing and a piston assembly,
where the piston assembly translates axially within the housing having an inner wall defining an
internal space and a piston assembly positioned within the space and movable relative to the
housing between a first position and a second position. In some embodiments, the housing
may comprise a first opening at a first end and a second opening at a second end opposite the
first end. In some embodiments, the piston assembly translates to the first position in response
to a first fluid pressure applied via the first opening and the piston assembly translates to a

second position in response to a second fluid pressure applied via the second opening.

[0012] In some embodiments, the housing further may comprise a third opening in fluid
communication with the reaction chamber and a fourth opening in fluid communication with the
reservoir, wherein the third opening and fourth opening are located in the side of the housing.
In some embodiments, the piston assembly may be adapted to provide fluid communication
between the third opening and fourth opening when the piston assembly is in the first position
and may be adapted to prevent fluid communication between the third opening and fourth

opening when the piston assembily is in the second position.

[0013] In some embodiments, the housing further may comprise a fifth opening in fluid
communication with an external source or an output and a sixth opening in fluid communication
with the reaction chamber, wherein the fifth opening and sixth opening are located in the side of
the housing. In some embodiments, the piston assembly may be adapted to prevent fluid
communication between the fifth opening and sixth opening when the piston assembly is in the
first position and may be adapted to provide fluid communication between the fifth opening and

sixth opening when the piston assembily is in the second position.

[0014] In some embodiments, the piston assembly further may comprise a first end, a
second end, a channel and at least one sealing member on each side of the channel, wherein
each sealing member is adapted to prevent or inhibit fluids from flowing between the sealing
member and the inner wall of the housing when a net compressive force is applied to the first
and second ends of the piston assembly. For example, the application of a net compressive
force to the first and second ends may cause at least a portion of each sealing member to move

towards the inner wall of the housing. Each sealing member may engage the inner wall of the
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housing with a force having a magnitude that is proportional to the magnitude of the
compressive force applied to the first and second ends. Moreover, during translation of the
piston assembly between the first and second position, the at least one sealing member may
engage the inner wall of the housing with sufficient force to wipe liquids from the inner wall of

the housing, but with insufficient force to prevent translation of the piston assembly.

[0015] This disclosure also provides methods of preparing contrast agents, the methods
comprising: a) generating a static magnetic field of at least 1 mT from a magnet; b) selectively
delivering a first reactant to a reaction chamber via a valve assembly comprising at least one
valve; c) selectively delivering a second reactant to the reaction chamber from a reservoir via
the valve assembly; d) applying a resonant, radiofrequency decoupling field to the contents of
the reaction chamber; and e) evacuating the contents of the reaction chamber via the valve
assembly; where the reservoir, reaction chamber, and valve assembly are non-magnetic and

are positioned within the magnetic field.

Brief Description of the Drawings

[0016] Fig. 1 is a block diagram generally showing reactor assemblies according to this

disclosure.

[0017] Fig. 2 is a block diagram of an exemplary embodiment of a reactor assembly.
[0018] Fig. 3 is a side view of an exemplary embodiment of a reactor assembly.
[0019] Fig. 4 is a schematic side view of a valve.

[0020] Fig. 5 is a schematic side view of an on/off valve in a first “on” position.
[0021] Fig. 6 is a schematic side view of an on/off valve in a second “off” position.
[0022] Fig. 7 is a schematic side view of an either/or valve in a first position.

[0023] Fig. 8 is a schematic side view of an either/or valve in a second position.
[0024] Fig. 9 is an exploded side view of an exemplary piston assembly.

[0025] Fig. 10 is an assembled side view of the piston assembly of Fig. 9.
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[0026] Fig. 11 is cross-sectional side view of a valve including the piston assembly of Fig. 9

within an exemplary housing.

[0027] Fig. 12 is a flow diagram showing an exemplary reactor assembly having a valve
assembly configured to provide fluid communication between a reservoir and a reaction

chamber.

[0028] Fig. 13 is a flow diagram showing the reactor assembly of Fig. 12, where the valve
assembly is configured to provide fluid communication between an external source and the

reaction chamber.

[0029] Fig. 14 is a flow diagram showing the reactor assembly of Fig. 12, where the valve
assembly is configured to provide fluid communication between the reaction chamber and an

output.
Detailed Description

[0030] This disclosure provides reactor assemblies that can be used, for example, to
efficiently prepare magnetically polarized compositions including, but not limited to, para-
hydrogen-enriched compositions that may be used as contrast agents. The reactor assemblies
include nonmagnetic reservoirs, reaction chambers and/or valve assemblies that enable
reactants to be efficiently stored, mixed, and reacted in close proximity to, or within, NMR
magnetic fields. Specifically, and in contrast to conventional polarizers, the reactant reservoirs,
reaction chambers and/or valve assemblies each may be positioned within a static magnetic
field, thereby permitting the use of substantially less conduit (i.e. dead-volume) between the
reactant reservoirs and reaction chamber. The non-magnetic valve assemblies may include
one or more valves configured to withstand pressures of at least about 500 psi, which are
commonly achieved when rapidly delivering reactants to a reaction chamber in a polarizer, such

as pressures of at least about 600 psi, 700 psi, 800 psi, 900 psi, or 1000 psi, among others.

[0031] Fig. 1 generally shows a reactor assembly 10. The reactor assembly 10 may include
a magnet 12, a radiofrequency (RF) pulse generator 14, a reservoir 16, a reaction chamber 18,
and a valve assembly 20. The magnet 12 may be adapted to produce a static magnetic field
(BO) within an area 22, and may comprise any suitable material or components consistent with
this function. The magnet 12 may be any type of magnet suitable for use in nuclear magnetic

resonance experiments, or in pre-clinical or clinical imaging systems. The magnet may be
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capable of permanently or selectively producing a static magnetic field (BO) having any desired
direction and magnitude, such as a magnitude between about 1TmT and about 20 T. For
example, MRI scanners generate magnetic fields between about 0.3T and about 3T, whereas
high field NMR magnets can produce magnetic fields upwards of 20T. Exemplary magnets may
include, but are not limited to, permanent magnets, electromagnets and superconductive
solenoids, among others. As discussed below, magnets capable of selectively producing a
static magnetic field (B0O), such as electromagnets and solenoids, may be activated or

deactivated by a controller.

[0032] The RF pulse generator 14 may be adapted to provide an applied magnetic field (B1)
within an area 24, and may comprise any suitable components consistent with this function.

The RF pulse generator 14 may be any known or hereinafter devised RF pulse generator
capable of producing applied magnetic fields suitable for use in nuclear magnetic resonance
experiments, or in pre-clinical or clinical imaging systems. The RF pulse generator 14 may be
configured to produce selected pulse sequences having any desired characteristics. Although
the area 24 is only shown as being sufficient to encompass the reaction chamber 18, it should
be appreciated that the applied magnetic field (B1) also may encompass some or all of a
reactant reservoir 16 and/or a valve assembly 20. As discussed below, the RF pulse generator

14, and the pulses generated thereby, may be selectively controlled by a controller.

[0033] The reservoir 16 may be any suitable device adapted to contain fluids, such as
chemical reactants for a polarization reaction. The reservoir 16 may be made of any suitable
materials consistent with this function including, but not limited to, plastic, aluminum, copper,
zing, tin, glass, stainless steel, or combinations thereof. In some embodiments, the reservoir 16
may be made of materials that are non-reactive with the intended contents of the reservoir 16.
In some embodiments, the reservoir 16 may be made of non-magnetic materials, so that it may
be safely positioned with the static (BO) and/or applied (B1) magnetic field(s). The reservoir 16
may have a fixed or a variable-volume. The reservoir 16 may be selectively configured to be in
fluid communication with the valve assembly 20. In some embodiments, the reservoir 16 may
comprise a piston, such as a mechanically-actuated or fluid-actuated piston, which, when
actuated, may cause fluids within the reservoir 16 to be “injected” into the valve assembly 20
when the reservoir 16 is in fluid communication therewith. In some embodiments, the contents
of reservoir 16 may be evacuated by air that is injected into the reservoir, such as via a port in

the side of the reservoir 16. The reservoir 16 optionally may be a reservoir assembly 30 (See,
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e.g., Fig. 3) comprising a plurality of reservoirs 16, each independently configured to contain a
fluid, such as a chemical reactant for a polarization reaction. In some embodiments, each of
reservoirs 16 in the reservoir assembly 30 may be selectively configured to be in fluid
communication with the valve assembly 20, such that fluids may be selectively injected from
each reservoir 16 into the valve assembly 20. In some embodiments, a reservoir assembly 30
may be configured so that the contents of each reservoir 16 are sequentially injected into the
valve assembly 20, similar to the chambers of a revolver. As discussed below, the various
selective operations of the reservoir 16 and/or the reservoir assembly 30 may be controlled by a

controller.

[0034] The reaction chamber 18 may be any suitable device adapted to contain fluids, such
as a mixture of chemical reactants for a polarization reaction. The reaction chamber 18 may be
made of any suitable materials consistent with this function including, but not limited to, plastic,
glass, aluminum, or combinations thereof. Because the reaction chamber 18 is positioned with
a strong magnetic field, it may made of a nonmagnetic material. In some embodiments, the
reaction chamber 18 may be made of materials that are non-reactive with the intended contents
of the reaction chamber 18. The reaction chamber 18 may have a fixed or a variable-volume.
The reaction chamber 18 may be selectively configured to be in fluid communication with the
valve assembly 20, such that it can receive fluids from, or divert fluids to the valve assembly 20.
In some embodiments, the reaction chamber 18 may comprise a piston, such as a
mechanically-actuated or fluid-actuated piston, which, when actuated, may cause fluids within
the reaction chamber 18 to be “injected” into the valve assembly 20 when the reaction chamber
18 is in fluid communication therewith. Within the reaction chamber 18, the piston action may
efficiently refresh the walls of the reaction chamber for the subsequent reaction cycle, resulting
in increased output efficiency (i.e., fewer precursor molecules remaining on the walls). In some
embodiments, the contents of the reaction chamber 18 may be evacuated by air that is injected
into the reaction chamber 18, such as via a port. The reaction chamber 18 optionally may be a
reaction chamber assembly 32 (See, e.g., Fig. 3) comprising a plurality of reaction chambers
18, each independently configured to contain a fluid, such as a mixture of reactants for a
polarization reaction. In some embodiments, each of reaction chambers 18 in the reaction
chamber assembly 32 may be selectively configured to be in fluid communication with the valve
assembly 20, such that fluids may be selectively injected into or from each reaction chamber 18.
As discussed below, the various selective operations of the reaction chamber 18 and/or the

reaction chamber assembly 32 may be controlled by a controller.
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[0035] The valve assembly 20 may comprise one or more conduits connecting the various
components of reactor 10, and one or more valves for selectively providing fluid communication
between the various components of reactor 10. The valve assembly 20 may be made of any
suitable materials consistent with these functions, including, but not limited to, plastic,
aluminum, stainless steel, or combinations thereof. In some embodiments, the components of
the valve assembly 20 may be made entirely of non-magnetic materials, so that the valve
assembly 20 may be safely positioned within the static (BO) and/or applied (B1) magnetic
field(s). For example, as shown in Figs 2-3, some valve assemblies 20 may comprise a first
valve 120, a second valve 220, and a third valve 320, although any number of valves may be
used to selectively provide fluid communication between the various components of a reactor
10, as desired. The first valve 120 may be in fluid communication with the reservoir 16 and the
second valve 220, and may be adapted to provide fluid communication between the reservoir 16
and the second valve 220 when in a first or “on” configuration and may be adapted to prevent
fluid communication between the reservoir 16 and the second valve 220 when in a second or
“off” configuration. The second valve 220 may be in fluid communication with the first valve
120, the third valve 320, and an external source 26. The second valve 220 may be adapted to
provide fluid communication between the first valve 120 and the third valve 320 and to prevent
fluid communication between the external source 26 and the third valve 320 when in a first
configuration. The second valve may be adapted to prevent fluid communication between the
first valve 120 and the third valve 320, and to provide fluid communication between the external
source 26 and the third valve 320, when in a second configuration. The third valve 320 may be
in fluid communication with the second valve 220, the reaction chamber 18, and an output 28.
The third valve 320 may be adapted to provide fluid communication between the second valve
220 and the reaction chamber 18 and to prevent fluid communication between the reaction
chamber 18 and the output 28 when in a first configuration. The third valve 320 may be
adapted to prevent fluid communication between the second valve 220 and the reaction
chamber 18 and to provide fluid communication between the reaction chamber 18 and the
output 28 when in a second configuration. The first valve 120, second valve 220, and third
valve 320 may be adapted to work in concert to provide fluid communication between the
reservoir 16 and the reaction chamber 18, between the external source 26 and the reaction
chamber 18, and between the reaction chamber 18 and the output 28. As discussed below, the

various selective operations of the valve assembly 20 may be controlled by a controller.
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[0036] One or more controllers, or a control system, may be used to control one or more of
the various components of the reactor 10. For example, a controller may be used to selectively
actuate and/or control one or more of the magnet 12, the RF Pulse generator 14, the reservoir
16, the reaction chamber 18 and the valve assembly 20. The controller may be manually or
automatically operated, and may be operated with various programs for conducting any desired
reaction. For example, the various components of the reactor assembly may be controlled

centrally from a computer, an NMR spectrometer, or any other suitable control system.

[0037] In some reactors 10, the reaction chamber 18, valve assembly 20, and reservoir 16
may be constructed as an integral unit. Each of the reaction chamber 18, valve assembly 20,
and reservoir 16 may be non-magnetic, and may be located within the static magnetic field (BO)
when the field is being generated by the magnet 12. This permits for substantially decreased
dead-volume, and the concomitant advantages that that entails. Fig. 3 shows an exemplary

reactor assembly 10 that is constructed as an integral unit.

[0038] Polarizer valves generally must be configured to withstand high pressures, due to the
high rates at which reactants must flow through the valves when being delivered to and from the
various reactant reservoirs and reactions chambers. Specifically, polarizer valves must be able
to withstand pressures of at least about 500 psi, such as pressures of at least about 600 psi,
700 psi, 800 psi, 900 psi, or 1000 psi, among others. Existing polarizers utilize solenoid valves
due, at least in part, to their ability to withstand these high pressures. However, as discussed
above, solenoid valves present a number of problems. First, exposing polarized chemicals to
the magnetic fields generated by the components of a solenoid valve may adversely affect the
polarization of the chemicals. Second, solenoid valves cannot be positioned in close proximity
to the magnetic fields generated by a polarizer, because the magnetic fields will affect their
function, and will pose a projectile hazard. Other valves are either incapable of withstanding

these high pressures, or are made substantially of magnetic or magnetizable materials.

[0039] Valve assemblies 20 formed of nonmagnetic materials, which would permit users to
position the valve assembly within a magnetic field to reduce dead-volume, require specialized
valves made of non-magnetic materials while still being capable of withstanding the high
pressures necessary to deliver reactants to a polarization reactor. Fig. 4 shows a non-limiting
schematic representation of such a valve 34, which includes a housing 36 defining an internal
space, and a piston assembly 38 positioned within the space and movable between a plurality

of positions relative to the housing 36.
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[0040] The housing 36 may be made of any suitable materials consistent with it functions.
For example, the housing 36 may be made entirely of non-magnetic materials so that the valve
34 may be safely positioned with the static (BO) and/or applied (B1) magnetic field(s), while still
being able to function properly. Exemplary materials include, but are not limited to, plastic,
aluminum, copper, zing, tin, glass, or combinations thereof. The housing 36 may be cylindrical.
The housing 36 may include a first end 40 a second end 42 opposite the first end, a plurality of
openings and an inner wall 52. For example, the housing 36 may have a first opening 44 at the
first end 40 and a second opening 46 at the second end 42. The housing 36 also may have a
side 48 with at least one opening 50 in the side 48. For example, as shown in Figs. 5-8, the
housing may include one or more of a third opening 350, a fourth opening 450, a fifth opening

550, and a sixth opening 650

[0041] The piston assembly 38 also may be made entirely of non-magnetic materials
including, but not limited to, plastic, aluminum, copper, zinc, tin, glass, or combinations thereof.
The piston assembly 38 may comprise a first end 53, a channel 54, a second end 55 and at
least a pair of sealing members 56, one on either side of the channel. The piston assembly 38
may be configured to reciprocate back and forth within the housing 36 between extreme
positions, where either the first end 53 of the piston assembly 38 engages the first end 40 of the
housing 36, or the second end 55 of the piston assembly 38 engages the second end 42 of the
housing 36. The channel 54, which may be a hole, aperture, gap, slit, opening or other similar
structure for directing fluids, may be adapted to be aligned with, and thereby provide fluid
communication between, a pair of openings 50 in the housing 36 when the piston assembly is in
a particular extreme position relative to the housing 36. For example, as shown in Figs. 5 and
6, the channel 54 may be adapted to be aligned with openings 350 and 450 when the piston
assembly 38 is in a first position (Fig. 5), but may be unaligned with openings 350 and 450
when the piston assembly is in a second position (Fig. 6). Likewise, as shown in Figs. 7 and 8,
the channel 54 may be adapted to be aligned with openings 350 and 450 when the piston
assembly 38 is in a first position (Fig. 7), and may be aligned with openings 550 and 650 when

the piston assembly 38 is in a second position (Fig. 8).

[0042] At least a portion of each sealing member 56 may be configured to move (e.g., to
translate, expand, deform etc.) in direction 62 toward and against the inner wall 52 of the
housing 36 in response to a net compression force on opposite ends 53 and 55 of the piston

assembly 38, thereby causing the sealing members to produce a seal with the inner wall 52 of
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the housing 36. The sealing members 56 thus may be adapted to prevent or inhibit fluids from
flowing between the sealing members and the inner wall 52 of the housing 36. For example, as
shown in Fig. 4, a first force 58 may be applied to the first end 53 of the piston assembly 38, and
a second force 60 may be applied to the second end 55 of the piston assembly 38. The first
and second forces 58 and 60 may be applied with either a solid object or a fluid, such as air or a
hydraulic liquid, and may combine to produce a net compression force on the piston assembly
38 that causes the sealing members 56 to form a seal with the inner wall 52. Each sealing
member may engage the inner wall of the housing with a force having a magnitude that is
proportional to the magnitude of the compressive force applied to the first and second ends.
The sealing members 56 thus may prevent fluid communication between openings in the ends
40 and 43 of the housing 36 and openings in the side 48 of the housing 36 during operation of
the valve. The sealing members also may be configured to engage the inner wall of the
housing, during translation of the piston assembly between the first and second position, with
sufficient force to wipe liquids from the inner wall of the housing, but with insufficient force to

prevent translation of the piston assembly.

[0043] Figs. 5 and 6 show a non-limiting schematic representation of an on/off valve in a
first “on” configuration (Fig. 5) and a second “off’ configuration (Fig. 6). As discussed above,
the housing 36 may comprise a third opening 350 and a fourth opening 450 located in the side
48 of the housing 36. The piston assembly 38 may comprise a channel 54 adapted to provide
fluid communication between the third opening 350 and fourth opening 450 when the piston
assembly 38 is in the first “on” position (Fig. 5). However, the piston assembly 38 may be
configured to prevent fluid communication between the third opening 350 and fourth opening

450 when it is in the second “off” position (Fig. 6).

[0044] For example, as shown in Fig. 5, a fluid may be injected through the opening 44 in
the first end 40 of the housing 36, thereby applying a first force 58 to the first end 53 of the
piston assembly 38 that urges the piston assembly 38 to move away from the first end 40 until
the second end 55 of the piston assembly 38 engages the second end 42 of the housing 36. At
this point, the piston assembly 38 is in the first “on” position, with the channel 54 providing fluid
communication between the third and fourth openings 350 and 450. The first force 58 combines
with the force applied by the second end 42 of the housing 36 to produce a net compression
force on the piston assembly 38 that causes the sealing members 56 to move in direction 62

and create a seal with the inner wall 52 of the housing 36. This seal prevents or inhibits fluids
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(e.g., fluids being injected through opening 44 or fluids flowing through the channel 54) from

passing between the sealing members 56 and the inner wall 52 of the housing 36.

[0045] As shown in Fig. 6, a fluid also may be injected through opening 46, thereby applying
a second force 60 to the second end 55 of the piston assembly 38 that urges the piston
assembly 38 to move away from the second end 42 until the first end 53 of the piston assembly
38 engages the first end 40 of the housing 36. At this point, the piston assembly is in the
second “off” position, with the channel 54 unaligned with the third and fourth openings 350 and
450. The second force 60 combines with the force applied by the first end 40 to produce a net
compression force on the piston assembly 38 that causes the sealing members 56 to move in
direction 62 and create a seal with the inner wall 52. This seal prevents or inhibits fluids from
passing between the sealing members 56 and the inner wall 52 of the housing 36. Moreover,
the piston assembly 38 prevents fluid communication between the third opening 350 and fourth

opening 450.

[0046] Figs. 7 and 8 show a non-limiting schematic representation of an either/or valve in a
first configuration (Fig. 7) and a second configuration (Fig. 8). As discussed above, the housing
36 may comprise a third opening 350, a fourth opening 450 a fifth opening 550 and a sixth
opening 650, each located in the side 48 of the housing 36. The piston assembly 38 may
comprise a channel 54 adapted to provide fluid communication between the third and fourth
openings 350 and 450 when the piston assembly 38 is in the first position (Fig. 7), and to
provide fluid communication between the fifth and sixth openings 550 and 650 when the piston

assembly 38 is in the second position (Fig. 8).

[0047] Similar to the exemplary valve shown in Figs 5 and 6, the valve of Figs. 7 and 8 may
have a piston assembly that is reciprocally actuated by a fluid. As shown in Fig. 7, a fluid may
be injected through the opening 44 in the first end 40 of the housing 36, thereby applying a first
force 58 to the first end 53 of the piston assembly 38 that urges the piston assembly 38 to move
away from the first end 40 until the second end 55 of the piston assembly 38 engages the
second end 42 of the housing 36. At this point, the piston assembly 38 is in the first position,
with the channel 54 aligned with, and providing fluid communication between, the third and
fourth openings 350 and 450. When in the first position, the channel 54 is unaligned with, and
prevents fluid communication between the fifth and sixth openings 550 and 650. The first force
58 combines with the force applied by the second end 42 of the housing 36 to produce a net

compression force on the piston assembly 38 that causes the sealing members 56 to move in
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direction 62 and create a seal with the inner wall 52 of the housing 36. This seal prevents or
inhibits fluids (e.g., fluids being injected through opening 44, fluids flowing through the channel

54, etc.) from passing between the sealing members 56 and the inner wall 52 of the housing 36.

[0048] As shown in Fig. 8, a fluid also may be injected through opening 46, thereby applying
a second force 60 to the second end 55 of the piston assembly 38 that urges the piston
assembly 38 to move away from the second end 42 until the first end 53 of the piston assembly
38 engages the first end 40 of the housing 36. At this point, the piston assembly 38 is in the
second position, with the channel 54 aligned with, and providing fluid communication between,
the fifth and sixth openings 550 and 650. The channel 54 also is unaligned with, and prevents
fluid communication between the third and fourth openings 550 and 650. The second force 60
combines with the force applied by the first end 40 to produce a net compression force on the
piston assembly 38 that causes the sealing members 56 to move in direction 62 and create a
seal with the inner wall 52. This seal prevents or inhibits fluids from passing between the

sealing members 56 and the inner wall 52 of the housing 36.

[0049] Figs. 9-11 show an exemplary piston assembly 38, with the assembly shown in an
exploded side view (Fig. 9), an assembled side view (Fig. 10) and a cross-sectional side view
within a housing (Fig. 11). The piston assembly 38 may comprise multiple piston members 64
and sealing members 56. These piston members may or may not be securely attached to one
another (e.g., via threading). For example, the piston members may loosely engage one
another but may be held together by the various forces present within the housing. When used
with a cylindrical housing, the fully assembled piston assembly 38 may be substantially
cylindrical in shape, and may be adapted to cause the sealing members to move towards the
inner wall of the housing when a net compression force is applied to opposite ends of the piston
assembly. The sealing members may be O-rings or any other suitable structure that can be
moved towards the inner wall of the housing upon application of a net compressive force to
opposite ends of the piston assembly. For example, as best shown in Fig. 9, some piston
assembly may include a curved edge 66 adjacent to and corresponding to each sealing member
(e.g., on an adjacent piston member), where application of a net compressive force to the ends
of the piston assembly causes each sealing member to engage the corresponding curved edge.
The curved edge, in turn, forces the sealing member to move toward the inner wall of the

housing.
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[0050] Figs. 12-14 show an exemplary reactor assembly 10 in various operational states.
Similar to the exemplary reactor assembly of Figs. 2-3, the reactor assembly of Figs. 12-14 may
include a first valve 120, a second valve 220 and a third valve 320, although any suitable
arrangement of valves may be used. The first valve 120 may be an on/off valve (such as is
exemplified in Figs. 5-6), and the second and third valves 220 and 320 may be either/or valves

(such as is exemplified in Figs. 7-8).

[0051] Fig. 12 shows a flow diagram of the reactor assembly 10 configured to direct fluid
from the reservoir 16 to the reaction chamber 18. The first valve 120 (i.e., the on/off valve) may
be configured in the first “on” configuration, while the second and third valves 220 and 320 each
may be configured in first configurations. This overall arrangement of valves may establish fluid
communication between the reservoir 16 and reaction chamber 18, such that actuation of a
piston within the reservoir 16 injects fluid (e.g., a reactant for forming a contrast agent) from the

reactant reservoir 16 into and through the valve assembly, and into the reaction chamber 18.

[0052] Fig. 13 shows a flow diagram of the reactor assembly 10 configured to direct fluid
from an external source 26 to the reaction chamber 18. The first valve 120 may be in any
configuration. The second valve 220 may be configured in the second configuration and the
third valve may be configured in the first configuration, thereby establishing fluid communication
between the external source 26 and the reaction chamber 18. Introduction of a positive
pressure of a fluid species, retraction of the piston located within the reaction chamber 18, or a
combination of both, may transport some amount of a fluid species (e.g., enriched

parahydrogen gas) to the reaction chamber.

[0053] Fig. 14 shows a flow diagram of the reactor assembly 10 configured to direct fluid
from the reaction chamber 18 to an output 28. The first valve 120 and second valve 220 may
be in any orientation, while the third valve 320 may be configured in the second configuration,
thereby establishing fluid communication between the reaction chamber 18 and the output 28.
Actuation of the piston in the reaction chamber injects fluids from within the reaction chamber

into and through the valve assembly and out through the output 28.

[0054] Those skilled in the art should appreciate that, for the fluid actuated valves described
above, pressurized fluids selectively may be delivered to the openings 44 and 46 of the valves
through a remote valve network, which in turn may be controlled by a controller. The reactor

assembly may be fluidly connected to the remote valve network via any suitable conduits, such
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as flexible or rigid tubing, hoses and/or piping. For example, in some embodiments, the
conduits may include 1/8" outer diameter Teflon or PTFE tubing. The remote valve network
may be positioned at a large distance from the static (B0) and applied (B1) magnetic fields such
that they can include solenoid valves and/or other valves having magnetic and/or magnetizable

components.

[0055] The number of reservoirs 16, reaction chambers 18, and valves 34 within the reactor
assembly 10 may only be limited by machine tolerances. For example, in a 2" device with
traditional end-mills, 0.005" tolerance implies that piston diameters could be reduced to 0.100",
and laser lithography could be used to reduce tolerances further. If several reactions are
carried out in multiple parts, each reactor assembly could hold as many as 3, 4, 5,6, 7, 8, 9, 10,
or more reservoirs 16, reaction chambers 18, and/or valves 34. Complexity of pistons and
cylinder arrangements can be accommodated either in columns, rows, concentric, partially
overlapping or combinations thereof. In some embodiments, operational robustness may
increase proportionally with the pressure ratings of the piston assemblies. Custom pistons with
adjustable wipers may be designed for tuning the pressure holding capabilities of the respective
chambers against system responsiveness. In some embodiments, a piston assembly 38 may
serve as the custom piston and a sealing member 56 may serve as the adjustable wiper. Low
pressure ratings may enable faster cycles but may make the hydraulic forces dependent and
thus may require careful tuning of the chamber inputs. In some embodiments, the piston wipers
on each end of the piston assembly may be internally lubricated from the hydraulic inputs.
These wipers can be standard O-rings, with hardness between 75-90 on the Shore scale
depending on operating pressure and system response requirements. In some embodiments,
the O-rings may be 1/4” ID and 3/8” OD. In some embodiments, the dead-volume available
from the surface area which encompasses the space between wipers may be small compared

to the reactor volume.

[0056] Components of the present invention can be combined in increasingly complex

circuits depending on experimental demands.

[0057] The reactor assembly of this disclosure may find application as a component of a
bench-top cellular metabolic profiler, in bench-top analysis of cellular metabolism, in chemical
catalysis experiments performed in high resolution spectrometers, or generally in applications
which require portability, such as, for example, for use in production of contrast agents in a

clinical setting. The reactor assembly may be a self-contained, portable device. In some
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embodiments, a portable reactor assembly may be used to perform para-hydrogen reactions at
zero/Earth’s field up to infinite field strength. In some embodiments, a reactor assembly may be
used for studying homogeneous or heterogeneous catalysis and hydrogenation, for studying
magnetic properties of the molecular addition analogs to para-hydrogen singlet states or other
pure NMR applications, for preclinical imaging of metabolism with major application in tumor
metabolism, where aberrant metabolic machinery is well established (and successively imaged
by DNP already), for clinical imaging of metabolism with major application to cancer as a more
specific marker than PET, for materials science of porous media, for high-throughput assays of
cellular metabolism, for fluid-dynamics studies with potential applications to imaging
combustion, and as a noble gas polarizer with major application to Xenon polarization. Noble
gas polarization uses very low fields, and the electric fields used to trigger valves can have an
adverse affect on achievable polarization. Because the components of the reactor assembly
located within the magnetic field are purely nonmagnetic, it may provide a streamlined assembly
for fluid-flow (e.g., gas) in hyperpolarized noble gas production. The reactor assemblies are
uniquely suited for transparent operation in high field scanners because all of the active
components are non-magnetic. High field scanners are universally equipped with the hardware
to trigger the required pneumatic inputs, to execute pulse sequences, and to acquire NMR
signals. This arrangement allows end-users to harness already considerable investments in
magnets and coils to perform PASADENA. In addition, hyperpolarized contrast agents can be
produced in close proximity to their biological targets, which may result in decreased transfer

times from contrast agent production to infusion.

[0058] The methods and apparatuses disclosed herein are not limited in their applications to
the details of construction and the arrangement of components described herein. The methods
and apparatuses are capable of other embodiments and of being practiced or of being carried
out in various ways. Also it is to be understood that the phraseology and terminology used
herein is for the purpose of description only, and should not be regarded as limiting. Ordinal
indicators, such as first, second, and third, as used in the description and the claims to refer to
various structures, are not meant to be construed to indicate any specific structures, or any
particular order or configuration to such structures. All methods described herein can be
performed in any suitable order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or exemplary language (e.g., "such
as") provided herein, is intended merely to better illuminate the methods and apparatuses

disclosed herein and does not pose a limitation on the scope of the methods and apparatuses
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unless otherwise claimed. No language in the specification, and no structures shown in the
drawings, should be construed as indicating that any non-claimed element is essential to the

practice of the methods and apparatuses disclosed herein.

[0059] Recitation of ranges of values herein are merely intended to serve as a shorthand
method of referring individually to each separate value falling within the range, unless otherwise
indicated herein, and each separate value is incorporated into the specification as if it were
individually recited herein. For example, if a concentration, volume or the like range is stated as
1% to 50%, it is intended that values such as 2% to 40%, 10% to 30%, or 1% to 3%, etc., are
expressly enumerated in this specification. These are only examples of what is specifically
intended, and all possible combinations of numerical values between and including the lowest
value and the highest value enumerated are to be considered to be expressly stated in this

application.

[0060] Further, no admission is made that any reference, including any non-patent or patent
document cited in this specification, constitutes prior art. In particular, it will be understood that,
unless otherwise stated, reference to any document herein does not constitute an admission
that any of these documents forms part of the common general knowledge in the art in the
United States or in any other country. Any discussion of the references states what their
authors assert, and the applicant reserves the right to challenge the accuracy and pertinency of

any of the documents cited herein.
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CLAIMS

What is claimed is:

1. A reactor assembly comprising:
a reservoir;
a reaction chamber; and
a valve assembly comprising at least one valve;
wherein the reservoir, reaction chamber, and valve assembly are non-magnetic; and
wherein the valve assembly is adapted to selectively provide fluid communication

between the reservoir and the reaction chamber.

2. The reactor assembly of claim 1, further comprising:

a magnet adapted to produce a static magnetic field having a magnitude of at least
about 1 mT; and

a radiofrequency pulse generator adapted to produce an applied magnetic field;

wherein the reaction chamber is positioned within the applied magnetic field when the
radiofrequency pulse generator is producing the applied magnetic field; and

wherein the reservoir, reaction chamber, and valve assembly are positioned within the

static magnetic field when the magnet is producing the static magnetic field.

3. The reactor assembly of claim 1 or 2, wherein the at least one valve comprises a spool
valve.
4. The reactor assembly of claim 1 or 2, wherein the at least one valve comprises a

housing having an inner wall defining an internal space and a piston assembly positioned within

the space and movable relative to the housing between a first position and a second position.

5. The reactor assembly of claim 4, wherein the housing comprises a first opening at a first
end and a second opening at a second end opposite the first end;
wherein the piston assembly translates to the first position in response to a first fluid

pressure applied via the first opening; and
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wherein the piston assembly translates to the second position in response to a second

fluid pressure applied via the second opening.

6. The reactor assembly of claim 4 or 5, wherein the housing further comprises a third
opening in fluid communication with the reaction chamber and a fourth opening in fluid
communication with the reservoir,

wherein the third opening and fourth opening are located in the side of the housing;

wherein the piston assembly is adapted to provide fluid communication between the third
opening and fourth opening when the piston assembly is in the first position; and

wherein the piston assembly is adapted to prevent fluid communication between the

third opening and fourth opening when the piston assembily is in the second position.

7. The reactor assembly of any one of claims 4 to 6, wherein the housing further comprises
a fifth opening in fluid communication with an external source or an output and a sixth opening
in fluid communication with the reaction chamber,

wherein the fifth opening and sixth opening are located in the side of the housing;

wherein the piston assembly is adapted to provide fluid communication between the fifth
opening and sixth opening when the piston assembly is in the second position; and

wherein the piston assembly is adapted to prevent fluid communication between the fifth

opening and sixth opening when the piston assembly is in the first position.

8. The reactor assembly of any one of claims 5 to 7, wherein the piston assembly further
comprises a first end, a second end, a channel and at least one sealing member on each side of
the channel, wherein each sealing member is adapted to prevent or inhibit fluids from flowing
between the sealing member and the inner wall of the housing when a net compressive force is

applied to the first and second ends of the piston assembly.

9. The reactor assembly of claim 8, wherein the application of a net compressive force to
the first and second ends causes at least a portion of each sealing member to move towards the

inner wall of the housing.
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10. The reactor assembly of claim 8 or 9, wherein each sealing member engages the inner
wall of the housing with a force having a magnitude that is proportional to the magnitude of the

compressive force applied to the first and second ends.

11. The reactor assembly of any one of claims 8 to 10, wherein during translation of the
piston assembly between the first and second position, the at least one sealing member
engages the inner wall of the housing with sufficient force to wipe liquids from the inner wall of

the housing, but with insufficient force to prevent translation of the piston assembly.

12. The reactor assembly of any one of claims 8 to 11, wherein the piston assembly further
includes a curved edge adjacent to and corresponding to each sealing member, and wherein
application of a net compressive force to the first and second ends causes each sealing
member to engage the corresponding curved edge, which thereby forces the sealing member to

move toward the inner wall of the housing.

13. The reactor assembly of any one of claims 1 to 12, wherein the valve assembly is

adapted to withstand pressures of at least 500 psi.

14. The reactor assembly of any one of claims 1 to 13, wherein the valve assembly is

adapted to withstand pressures of at least 1000 psi.

15. The reactor assembly of any one of claims 1 to 14, wherein the reservoir comprises a
first piston, wherein the reaction chamber comprises a second piston, and wherein the first

piston and second piston are fluid actuated.

16. The reactor assembly of any one of claims 1 to 15, wherein the reservoir, reaction

chamber, and valve assembly are plastic.
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17. The reactor assembly of any one of claims 1 to 16, wherein the valve assembly is
adapted to channel fluids from the reservoir to the reaction chamber in less than about 1

second.

18. The reactor assembly of any one of claims 1 to 17, comprising a plurality of valves.

19. A method of preparing a contrast agent, the method comprising:

a) generating a static magnetic field of at least about 1 mT from a magnet;

b) selectively delivering a first reactant to a reaction chamber via a valve assembly
comprising at least one valve;

c) selectively delivering a second reactant to the reaction chamber from a reservoir via
the valve assembly;

d) applying a resonant, radiofrequency decoupling field to the contents of the reaction
chamber;

e) applying decoupling fields until the reaction of the first reactant and second reactant is
complete; and

f) evacuating the contents of the reaction chamber via the valve assembily,

wherein the reservoir, reaction chamber, and valve assembly are non-magnetic and are

positioned within the static magnetic field.

20. The method of claim 19, wherein the first reactant is para-hydrogen-enriched hydrogen

and the second reactant is a contrast agent precursor.

21. The method of claim 19 or 20, wherein the at least one valve comprises a housing and a
piston assembly, wherein the piston assembly translates axially within the housing between a

first position and a second position.

22. The method of claim 21, wherein the housing comprises a first opening at a first end and
a second opening at a second end opposite the first end;
wherein the piston assembly translates to the first position in response to a first fluid

pressure applied via the first opening;
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wherein the piston assembly translates to the second position in response to a second

fluid pressure applied via the second opening.

23. The method of claim 21 or 22, wherein the housing further comprises a third opening in
fluid communication with the reaction chamber and a fourth opening in fluid communication with
the reservaorr,

wherein the third opening and fourth opening are located in the side of the housing;

wherein the piston assembly is adapted to provide fluid communication between the third
opening and fourth opening when the piston assembly is in the first position; and

wherein the piston assembly is adapted to prevent fluid communication between the

third opening and fourth opening when the piston assembily is in the second position.

24. The method of any one of claims 21 to 23, wherein the housing further comprises a fifth
opening in fluid communication with an external source or an output and a sixth opening in fluid
communication with the reaction chamber,

wherein the fifth opening and sixth opening are located in the side of the housing;

wherein the piston assembly is adapted to provide fluid communication between the fifth
opening and sixth opening when the piston assembly is in the second position; and

wherein the piston assembly is adapted to prevent fluid communication between the fifth

opening and sixth opening when the piston assembly is in the first position.

25. The method any one of claims 19 to 24, wherein the resonant, radiofrequency

decoupling field is produced by a radiofrequency pulse generator.

26. The method of any one of claims 19 1025, wherein the reservoir comprises a first piston,
wherein the reaction chamber comprises a second piston, and wherein the first piston and

second piston are fluid actuated.

27. The method of any one of claims 19 to 26, wherein the valve assembly is adapted to

channel fluids from the reservoir to the reaction chamber in less than about 1 second.
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D No protest accompanied the payment of additional search fees.
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