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Miniaturization has proven to be a compelling strategy in many research areas and continuous progress in micro fabrica-

tion has contributed to its growing popularity. These advances offer opportunities in analytical characterization technolo-

gies. Nuclear magnetic resonance is one such characterization method that has greatly benefited from miniaturization.

Many research opportunities remain to be explored, leveraging the advantages of miniaturization in NMR. Here, the

benefits of NMR-miniaturization in the fields of micro process engineering, gas-based hyperpolarization, and small-scale

bioreactors are reviewed. These applications are discussed in the context of modern micro fabrication approaches and

materials, highlighting the most compatible with NMR applications.
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1 Introduction

Taking advantage of parallelization, cost and space reduc-
tion, and process intensification, miniaturization has
enabled and continues to facilitate advances in many tech-
nological application fields and their associated character-
ization methods. In recent years, the miniaturization trend
has also brought benefits to nuclear magnetic resonance
(NMR), with technological advances expanding the applica-
tion and accessibility of the method. As a non-invasive,
non-destructive measurement technology, NMR is compati-
ble with wide range of sample materials and, considering
measurement modes including spectroscopy, imaging, dif-
fusion, and relaxometry, this analytical technique offers
multiple windows into a sample’s structure and dynamics
[1]. Material structure revealed by NMR can span multiple
length scales, from the 3-dimensional molecular structure
(~Angstroms) to complex molecular assemblies (e.g.,
organism internal structure, ~meters). Dynamics are simi-
larly revealed over a range of time scales, including internal
molecular rearrangement (~picoseconds) to molecular
transport, and chemical reaction dynamics (~femtoseconds
to hours, depending on reaction and process parameters).
In this sense, the rich atomic-level information revealed by
NMR is unmatched by many other spectroscopic tech-
niques, including infrared, ultraviolet, and Raman. These
advantages qualify NMR as highly interesting for a multi-
tude of fields and applications. These wonderful properties
do not come for free: drawbacks of NMR include the rela-
tively low measurement sensitivity compared to methods
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listed above, and the challenge of experiment and applica-
tion integration, due to spatial restrictions within the mea-
surement system as indicated in the roughly to scale Fig. 1.
We thus seek to demonstrate the advantages of NMR
hardware miniaturization in addressing these drawbacks
and highlight the potential of applying NMR to versatile
applications in application fields which stand to profit from
this information-rich method. To develop an understanding
of important factors to consider en route to NMR miniaturi-
zation, the basic principles of NMR will be introduced,
including strategies to improve sensitivity which are often
required for miniaturized NMR. Afterwards, the materials
compatible with NMR and associated applications will be
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Figure 1. Geometrical arrangement of an NMR spectrometer.

introduced, together with microfabrication methods appli-
cable to this sub-class of materials, to show their boundaries
and requirements. Finally, a selection of applications high-
lighting the potential of miniaturized NMR are described,
including gas-liquid contactors in the context of gas-based
NMR hyperpolarization techniques, miniaturized process
engineering devices, and bioreactors with a focus on active
metabolism monitoring. In the conclusion and outlook,
prospects for future applications are discussed.

1.1 Principle of NMR

Atomic nuclei possess the intrinsic property of spin (I), the
source of magnetization, which can be utilized to reveal
detailed sample information including molecular structure,
mixture component identities and their quantities, and
changes in the molecular content over time (e.g., due to an
ensuing chemical reaction). This is possible because nuclei
with T # 0 possess a magnetic moment whose resonant
frequency is exquisitely sensitive to the local magnetic envi-
ronment. To extract these details, the sample must be im-
mersed in a (typically) strong and uniform magnetic field,
By Given the quantum mechanical nature of spin, the ener-
gy states available to the nuclear magnetic moment then
split into 2I + 1 available states (referred to as Zeeman split-
ting). In the simplest case of I = 1/2, two energy states
become available, between which transitions can be induced
through resonant excitation at a frequency given by
o = -yBy.[1] The local magnetic environment of a nucleus
is then sensed as small perturbations to the resonant fre-
qUency Wipcar = -YBiocar With Bioear = Bo(1-0), with details of
the local magnetic environment contained with the chemi-
cal shielding tensor, 0. NMR enjoys high spectral resolution,
so that local magnetic environments with ppb differences in
®iocar €an be measured (i.e., Af < 1 Hz at f=yB, MHz reso-
nance frequencies). To induce transitions, and thus measure
a signal, we require a population difference between the
spin energy states, which brings us to the sensitivity chal-
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librium polarization are discussed in

Sect. 3.1). Commercial superconducting

NMR spectroscopy magnets range from
2-28T, these powerful magnetic fields bring us to the
second challenge, which is experiment integration inside
the magnet. The materials chosen to extend the applicability
of NMR must be compliant with application immersion in
a strong magnetic field, both from a safety standpoint, and
to ensure that the spectral quality of the NMR measurement
(i.e., high resolution) is not compromised.

NMR hardware miniaturization has the potential to both
improve sensitivity and enable NMR measurement of
experiments featuring increased sophistication (selected
examples are discussed in Sect. 3). Developments in the field
of miniaturized NMR hardware began with the radiofre-
quency (RF) coils, an essential NMR hardware component
responsible for both broadcasting RF power to the sample
for excitation and receiving the signal from the excited sys-
tem. Microcoil probe head technology has become a power-
ful tool to enhance the mass-sensitivity of NMR measure-
ments, optimized by discovering the correct coil geometry
for a specific application. A rich variety of approaches and
applications have been reported and are detailed in numer-
ous reviews [2-7]. Korvink et al. [8] have discussed the
advantages that miniaturized NMR can offer to the experi-
mentalist, extending beyond RF coil miniaturization and
considering the magnet, spectroscopy control electronics,
and gradient systems.

2 Materials and Manufacturing Methods

The ever-increasing miniaturization of systems has been
possible to a great extent due to breakthroughs by the
MEMS community in suitable manufacturing methods. For
NMR-related applications, the development of devices is
challenging due to safety and compatibility aspects. In this
section, criteria for material selection will be explained, and
a selection of materials compatible with NMR will be high-
lighted. Afterwards, manufacturing methods capable of
achieving the needed resolution for miniaturized devices
using this sub-class of materials will be reviewed.
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2.1 Materials current in electrically conductive materials. This induced

The optimal material selection for the manufacturing of
micro devices that targeting an NMR environment is a chal-
lenging task, as the materials must simultaneously fulfill
several requirements in order to guarantee safe operation
and accuracy of measurements. The first aspect to be con-
sidered is the possible interaction between the strong mag-
netic field and the magnetic properties of the material,
which can result in translational forces and torques. In
order to be able to assess this, an understanding of the fun-
damental properties of materials is needed. Erhardt et al.
[9] described the influence of different materials and physi-
cal effects that arise upon insertion of an electrical device
into MRI spectrometer.

Materials can be classified according to their magnetic
properties as diamagnetic, paramagnetic, ferromagnetic,
antiferromagnetic, or ferromagnetic [10]. The most relevant
for the present article are diamagnetism, in which the mag-
netic field is weakened inside the material, paramagnetism,
in which the magnetic field is enhanced inside of the mate-
rial, and ferromagnetism, in which the magnetic field is
enhanced inside of the material and the magnetic moments
are mutually aligned. More detailed information can be
found in the literature [10,11]. For safety reasons, ferro-
magnetic materials are not used for devices within or in the
vicinity of the magnet, as they experience large translational
forces when exposed to magnetic field gradients, and tor-
ques when exposed to a magnetic field gradient, both of
which can result in hazardous situations [12]. The forces
exerted on paramagnetic and diamagnetic materials with a
magnetic susceptibility on the order of ~107 can be con-
sidered negligible, so these materials may be generally used
in NMR setups [9].

The magnetic susceptibility of a material and, more pre-
cisely, the interface between materials with different mag-
netic susceptibilities in the vicinity of where the MR signal
is detected, must be carefully considered [13]. Failure to
’susceptibility match’ material interfaces will create local
distortions in the magnetic field, modifying the local field
Biocar With an additional term dependent on the distance
from the interface. If in the sample vicinity, @, is con-
comitantly modified resulting in observed signal broaden-
ing in NMR spectroscopy and, in the case of imaging, inac-
curacies in shape and/or position of MR images or versatile
image artifacts [14]. The magnetic susceptibility is influ-
enced by the material composition, however, other physical
parameters, such as surface roughness and shape, can also
distort the magnetic field homogeneity, for which reason it
is important to consider these when designing a device. A
very thorough and detailed study of different materials’
magnetic susceptibility was performed by Wapler and
co-workers [15].

The second aspect that must be considered is the electri-
cal conductivity of a material. As described by Faraday’s law
of induction, any change in the magnetic field will induce a
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electrical current can lead to heating, forces, and distortions
in the magnetic field, which will in return deteriorate the
MR signal. In poorly designed cases, conductive materials
completely shield the sample from the excitation signal and
effectively eliminate the MR signal.

Lastly, the materials selected must robustly satisfy the
demands of the process they will be used for, such as tem-
perature, chemical inertness, gas-tightness, and mechanical
strength for withstanding applied pressure forces. Whilst
selecting the material, not only the previously mentioned
criteria must be taken into account, but also the manu-
facturing methods compatible for each material and their
spatial resolution. In the following, several materials and
their compatibility with NMR, as well as their suitability for
chemical engineering devices, will be explored. The manu-
facturing methods will be the focus of the next section.

A material family commonly used in the field of NMR
are glasses, most commercial NMR tubes are made of boro-
silicate glass 3.3, and in some cases, of quartz. Glasses have
excellent thermal and chemical resistance and keep their
mechanical strength over a higher temperature range in
comparison to other materials. Specific values depend on
the manufacturer and manufacturing method, but as an
example, Duran borosilicate glass 3.3 from Schott can with-
stand temperatures of up to 525 °C [16]. Due to their brittle
nature, special attention needs to be paid to device handling
and possible crack propagation. The use of glass for micro
process engineering devices, such as micro reactors, mixers,
heat exchangers, and bio reactors, has extensively been
reviewed in the literature [17-19].

Wapler et al. [15] observed a large variation of suscepti-
bilities for different glass types, which the authors attributed
in some cases to a relatively high iron content. However, it
is possible to fine-tune the magnetic susceptibility of glass
to match that of the solvent. This was done by Takeda et al.
[20], who used a magnetic susceptibility-matched glass and
a slot shape for the sample cavity, which allowed for a better
signal-to-noise ratio (SNR) in comparison to traditional
NMR tubes.

Ceramics, specifically technical ceramics, have excellent
mechanical properties, are temperature and corrosion resis-
tant, and chemically inert. Typical melting points are
1850 °C for silicon nitride, 2054 °C for aluminum oxide, and
2710 °C for zirconium dioxide [21]. This makes them a very
good match for chemical process engineering applications
in which any of these properties are needed. Different
ceramics have already been used for micro devices in the
area of process engineering and bio engineering, proving
their suitability for these fields [22-24]. Furthermore, the
suitability of aluminum oxide and zirconium oxide has been
proven for high-resolution NMR spectroscopy [25, 26].

Polymers are also often used in the field of NMR. The
wide selection of materials within this group has properties
that vary greatly, such as mechanical strength, corrosion
resistance and chemical compatibility. The temperature
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resistance of polymers is lower than that of ceramics and
glasses, however, some can withstand relatively high tem-
peratures, such as polyether ether ketone (PEEK) (250 °C)
[27] and polytetrafluoroethylene (PTFE) (260°C) [10].
PTFE, being halogenated, has a low 'HNMR background
(the most commonly measured nucleus), however, due to
the difference in magnetic susceptibility, it can induce arti-
facts [15]. Polymers, such as polydimethylsiloxane (PDMS)
and poly(methyl methacrylate) (PMMA), are also applied
in bio-medical applications. These two polymers are regu-
larly used for microfluidic bioreactors [28]. Most polymers
are electrical insulators, which makes them suitable for
NMR applications. Furthermore, most are relatively cheap,
and are compatible with many manufacturing methods,
such as additive manufacturing, machining, or molding.

The vast polymer library can be reduced to a smaller
selection when considering the need for magnetic suscepti-
bility matching, chemical permeability requirements, and
minimal background NMR signal contribution. As an
example PDMS is a well-known polymer in microfluidic
applications, in the context of NMR devices, one must be
aware of the large proton content and relative softness of
the polymer, translating into undesirable "H NMR back-
ground signals [15]. PDMS is also permeable to gases, and
thus a poor choice for perfectly sealed devices, but advanta-
geous when gas-solution contacting is desired (as discussed
in Sect. 3.1). Wapler et al. [15] studied a variety of polymers
and identified polyurethane (PU) and PMMA as good alter-
natives to PDMS. The magnetic susceptibility of PU and
PMMA is much closer to that of water (a common solvent
for NMR samples) than is the case for PDMS, and together
with a strongly reduced 'H signal (10~ smaller in the case
of PU) these polymers are attractive substitutes.

2.2 Manufacturing Methods

In recent years, new 3D manufacturing methods have been
established, and existing manufacturing methods have been
improved, so that also higher spatial resolutions can be
achieved. These new or improved methods have also been
extended for materials that are otherwise not easily
machined. A manufacturing category which has seen many
breakthroughs recently is additive manufacturing. Several
different techniques can be allocated to this category, their
common trait is the layer-wise manner in which the parts
are created. Additive manufacturing methods can, in many
cases, be manufactured to achieve more complex geometries
than other traditional manufacturing methods. Further-
more, they allow for relatively quick manufacturing of parts
starting from a CAD model, which shortens development
times.

One method often used within this family is stereo lithog-
raphy (SLA). In this process, a liquid photo curable resin
housed in a vat is sequentially exposed to a patterned light
source, typically a collimated UV light beam, or laser, in
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order to build sequential solid material layers. The layers
adhere to a moveable platform. When the platform is driven
downwards into the vat, close to a non-adherent transpar-
ent membrane that separates the light source and the resin,
a new layer is cured by means of the light source. The plat-
form then moves away from the membrane, and again
downwards into the vat, allowing for replenishment of and
subsequent curing of the next thin polymer layer. This pro-
cess repeats itself until an entire object is manufactured
[29]. Depending on the resin and the design of the part, dif-
ferent post processing steps are required, such as removing
of support structures, washing and curing. The achievable
resolution depends on the printer and material,[30] and can
be as small as 5 to 10 um in width and 10 pm in layer thick-
ness [31] in some systems. A challenge of this method is the
removal of uncured resin after printing, which, depending
on the geometry, can prove rather difficult [30]. In this
sense, inner cavities are not possible without an outlet
through which the uncured resin can be evacuated. Further-
more, the material choice when working with SLA is limited
to photo curable polymer resins [29].

Significant effort has been devoted to extending SLA
beyond polymer-based resins. A recent breakthrough in this
field is that of Kotz et al. [32], who have developed a photo
curable silica nanocomposite compatible with benchtop
stereo lithography printers. The resin consists of amor-
phous silica nanoparticles in a monomeric matrix. Parts
manufactured with this resin must be subsequently ther-
mally treated in order to remove the monomer and obtain
pure glass parts through nanoparticle sintering. The authors
achieved a resolution of a few tens of micrometers, and the
resulting glass parts are fully amorphous, non-porous, and
have a surface roughness of a few nanometers. A glass part
obtained with the developed resin and stereo lithography
can be seen in Fig. 2a.

Another technique within the category of additive manu-
facturing is lithography-based ceramic manufacturing
(LCM), which has been developed for ceramic microparticle
feed stocks. This technique is similar to SLA printing: the
layers are built sequentially on a moveable platform through
curing by a light engine [33, 34]. The slurries consist mostly
of photo curable monomers and ceramic particles, there-
fore, thermal post processing, namely debinding and sinter-
ing, is needed after printing in order to remove the polymer
to obtain a dense ceramic part. With the newest machines,
resolutions down to 25pum are achievable for the green
body [35], which is the state of a part before debinding and
sintering, consisting of ceramic material embedded in a
polymer matrix.

As discussed in Sect. 2.1, ceramics are very well suited for
chemical process engineering devices in NMR setups, how-
ever, they are very challenging to manufacture, especially
when complex and/or 3D geometries are needed. LCM
allows for complex geometries, as seen in Fig. 2b, which
depicts a cellular cube, and Fig. 2c, which shows a heat ex-
changer with an inner diameter of 10 mm. Several materials
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Figure 2. Parts fabricated with the additive manufacturing method stereo lithography. a) Glass castle gate
from Kotz et al. [32] (scale bar 270 um), © 2018 Springer. b) Aluminum oxide cube from Schwentenwein

et al. [34], reprinted with permission from the American Ceramic Society © 2015. ¢) Aluminum oxide micro
heat exchanger (inner diameter 10 mm) from Scheithauer et al. [38], © 2018, Springer.

have been demonstrated, including aluminum oxide, zirco-
nia, and silicon nitride [36]. A challenge of this technology
is achieving channels with high aspect ratios, as the slurry
remaining within the channels needs to be removed. The
applicability of this manufacturing method has been shown
for microreactors [37] and micro heat exchangers [38].

Direct laser writing (DLW) represents another important
advance in additive manufacturing techniques, based on the
principle of two-photon absorption. Here, a femtosecond
laser is used to structure a photosensitive resin [39,40]. The
achievable resolution depends on the device and resin used,
with some systems achieving 100 nm [41]. Until now, the
application of this technique to devices in the field of chem-
ical engineering had been limited by the available materials.
However, most recently, a resin for manufacturing of glass
microstructures compatible with this technique has been
developed by Kotz et al. [42]. The authors achieved resolu-
tions of tens of micrometers, with a surface roughness of
6 nm.

In contrast to the newer additive manufacturing methods,
some subtractive methods have long been established as the
norm in the field of micro systems technology, such as laser
cutting and rastering. In this process, a highly focused high-
power laser is used to melt and evaporate material in the
beam focus. Beam intensity can be used to regulate how
much material is subtracted, so that the laser can cut
through or only down to a specific depth [43]. The manu-
facturing resolution for laser cutting and ablation is above
25pum [44] and is highly dependent on the laser focus
which determines the cutting depth and width [45]. In gen-
eral, this fabrication method offers a high processing speed
and quality [45]. Furthermore, it is cast and mold free and
suitable for mass production [44]. Nevertheless, surface
roughness and irregular profiles commonly occur with the
method, which can be minimized by adjusting the fabrica-
tion parameters of the laser cutting device [44] or by post-
processing methods.

Subtractive etching processes are commonly used in the
micro systems field. They work on the principle of trans-
porting an etchant to a surface, which react together, and
afterwards removing the reaction product from the surface

Chem. Ing. Tech. 2024, 96, No. 00, 1-23

© 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

[46]. To achieve structures and geometries with etching pro-
cesses, masks need to be applied onto the surface to locally
restrict the etching process. The masks can be manu-
factured or applied through photolithography, laser beam
writing, or other similar methods. Depending on the etch-
ant, the process can differ between isotropic or anisotropic
etching [47]. Additionally, the etching processes can be
divided into wet and dry etching methods.

Wet etching is a versatile fabrication method which is
used to micro fabricate a variety of structures. After the
application of the mask onto the sample, the sample is
placed into the etching solution with temperature control
and stirring functions [47]. Possible etch solutions are for
example, HNA solutions, which are a mixture of hydro-
fluoric, nitric, and acetic acids or alkali-hydroxide etching
solutions [47]. Dependent on the chosen etch solution and
mask application the pattern resolution can be as small as
12 to 15 nm as Tiron et al. [48] have demonstrated.

Wet etching is a versatile fabrication method which is
used to micro fabricate a variety of structures. After the
application of the mask onto the sample, the sample is
placed into the etching solution with temperature control
and stirring functions [47]. Possible etch solutions are for
example, HNA solutions, which are a mixture of hydro-
fluoric, nitric, and acetic acids or alkali-hydroxide etching
solutions [47]. Dependent on the chosen etch solution and
mask application the pattern resolution can be as small as
12 to 15 nm as Tiron et al. [48] have demonstrated.

As stated by Madou, [46] “dry etching covers a family of
methods by which a solid state surface is etched in the gas
phase, physically by ion bombardment, chemically by a
chemical reaction with a reactive species”. Some methods of
dry etching are ion etching, ion beam etching, or reactive
ion etching, to name a few example [47]. For dry etching,
the manufactured geometries are dependent on the chosen
etch technique, etch rate, and mask application techniques.
The pattern resolution can go down to 11 nm with aspect
ratios up to 20 [49].

In addition to additive and subtractive methods, forming
methods are also commonly used. One such method is soft
lithography molding. In this casting technique, a pattern is
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created through lithography in a thin film immobilized on a
silicon wafer. Afterwards, PDMS pre-polymer, or any simi-
lar material, can be poured into the mold and cured. The
cured part can then be removed and used for the planned
application. Depending on the exact soft lithography meth-
od, the resolution can be as low as 10 nm [50]. One of the
main advantages of this fabrication method is that one
mold can be used repeatedly to produce numerous replicas,
which reduces manufacturing time and cost [50]. On the
other hand, the limitation of material choice can lead to dis-
advantages. PDMS, one of the most frequently used materi-
als with this method, can shrink by a factor of circa 1 % dur-
ing curing, which can have a high impact on microstructure
quality [50], and swelling can occur in contact with non-
polar solvents [51]. More common disadvantages are the
inaccuracies of a part due to deformation of the elastomers,
and problems in achieving accurate registration of the
transparent materials [50]. The manufacturing of a micro-
fluidic bioreactor by means of soft lithography has been
shown in previous studies [52-54].

Hot embossing is a forming method with increased popu-
larity for microfabrication. A polymer substrate is heated
above its glass temperature and then shaped by pressing a
mold insert with constant force into its surface. After cool-
ing, the mold is removed and the now formed substrate can
be directly used [55]. A schematic of the process is given in
Fig. 3. Hot embossing can be classified in two variants, con-
ventional or single-stage, and roll-to-roll [56]. The process
is well suited for high quantities. The mold can consist of
different materials, such as silicon or nickel coated metals,
and substrate material variants can be a variety of polymers
and even glass [55]. Depending on the substrate material
used, and the hot embossing technique, the resolution can
be as precise as 50 nm [57]. Hot embossing offers an easy
and inexpensive method for production, with high through-
put and high accuracy [55]. However, one of the main chal-
lenges is evaluating of the optimal process parameters, such
as the applied force, speed, and temperature, as they directly
influence the accuracy of the manufactured part [55].

Injection molding is most commonly used for forming
polymers [47], but has also been employed for some metals,
such as stainless steels [59]. For injection molding, the
material is heated and melted in the plasticization zone of

Figure 3. Hot embossing process, reprinted with permission
from Worgull et al. [58], © 2008, Springer.
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the injection unit, while being transported forward with a
screw. Subsequently, it is injected into the mold and cooled
down. After solidification, the mold can be opened, and the
finished part can be removed [47]. The dimensions of
produced structures and parts depend on the mold design,
the applied subclass of microinjection molding, the process
parameters, and the chosen materials [60]. Gibos et al. [61]
provide a good overview of the different manufacturing
processes of the molds and their tolerances and dimensions.
Dimensions of 100 um for structures are reported as the
current limiting resolution [59, 60].

3 Select Applications

NMR has a long tradition in chemical engineering, and its
usefulness has been well documented. The field is under-
going a trend towards miniaturization, which not only
enables higher heat and mass transfer rates, but also higher
control over process parameters and novel process window
[62]. This new category — micro chemical engineering — can
greatly benefit from the advantages of NMR as an analytical
method. By MR spectroscopy, chemical detail of reactions
occurring within micro reactors, or cell metabolism within
a microfluidic bioreactor, can be revealed, while MR imag-
ing can map the components, temperature, and velocity
distribution within micro mixers, among many other possi-
bilities. Conversely, micro devices can help bridge NMR
limitations when smartly implemented into a given setup,
for example by performing mixing with short time con-
stants immediately before the acquisition volume, by
enabling new techniques such as gas-assisted hyperpolariza-
tion to improve sensitivity, or by integrating additional
functionality to enable additional degrees of experimental
freedom. These examples and many others will be explained
in detail in the following sections. The applications have
been broadly divided into gas-liquid contactors (specifically
for hyperpolarization), chemical process engineering, and
metabolism monitoring and detection through microfluidic
platforms and bioreactors. The most prominent papers
reviewed in this article can be found in Tab. 1.

3.1 Gas-Liquid Contactors Used in Hyperpolarized
NMR Technology

The dominant limitation of NMR spectroscopy is its rela-
tively low sensitivity, caused by the tiny population differ-
ence between the spin energy states. Many strategies have
been utilized to overcome this inherent impediment and
achieve sensitivity enhancement in terms of hardware
(stronger magnet, cryo-cooling probe, and microcoil) and
software (optimized pulse sequence for acquisition and
signal averaging). In addition, gas-based hyperpolarization
(spin exchange by optical pumping - SEOP, and parahydro-
gen induced polarization — PHIP) have emerged as promis-
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Table 1. Summary of application papers reviewed in this article.

Author

Device

Application

Ahola et al. [113]

Tozzi et al. [110]

Lim et al. [114]

Mihailova et al. [111]

Herold et al. [112]

Wiese et al. [115]
Bornemann et al. [117]

Plata et al. [116]

Ulpts et al. [119]

Bricher et al. [121]

Tijssen et al. [118]

Sesti et al. [120]

Hurtado Rivera et al. [123]

Baumer et al. [94]
Amor et al. [100]

Cleveland et al. [101]

Amor et al. [95]
Roth et al. [96]

Lehmkuhl et al. [84]

Bordonali et al. [97]
Eills et al. [98]

Tombhon et al. [99]

Mehendale et al. [134]

Hertig et al. [136]

Alshamleh et al. [137]

Xue et al. [135]

Yilmaz et al. [139]

Patra et al. [140]

Interdigital glass micro mixer & Determination
of flow velocity distribution

Split and Recombine (SAR) mixer

Split and Recombine (SAR) mixer

MX mixer

SMX mixer

Staggered herringbone micro mixer (SHM)
NMR flow cell with integrated micro mixer

Micro fluidic chip

Reactor

Thermostatted micro reactor with integrated micro
mixer

Micro reactor with micro fluidic line

Zirconia reactor

Micro heat exchanger

Hollow fiber membrane contactor
Hollow fiber membrane contactor

Hollow polypropylene fibre membrane contactor

Hollow fibre membrane contactor
Hollow fibre membrane contactor

PEO-PBT (Poly(ethylene oxide)-poly(butylene
terephthalate)) copolymer flat membrane contactor

PDMS flat membrane contactor
PDMS Flat membrane contactor

Tube-in-tube contactor with AF2400 membrane

Capillary system NMR platform

NMR tube bioreactor with collagen-based 3D cell
culture

NMR tube bioreactor containing cell friendly matrix

Controlled bioreactor with automated NMR insert

Sealable in-situ perfusion NMR bioreactor

In-situ NMR cell growth and monitoring chip

Determination of flow velocity distribution

Experimental study of multi-lamination of a
non-Newtonian fluid

Experimental study of multi-lamination of a
non-Newtonian fluid

Study of laminar mixing of Newtonian and
non-Newtonian fluids

Determination of flow velocity distribution
of non-Newtonian fluid

Determination of flow velocity distribution
NMR quantitative study of fast chemical reactions

Operando study of serial mixing experiments
in microliter range

Operando study of ethylene hydrogenation with
different catalysts

Monitoring of reactions with short time constants at a
given temperature

In-line analysis of heterogeneous catalysis under elevated
pressure

Study of CO, sequestration in minerals at elevated
temperatures and pressure

Control of reaction temperature for operando analysis
of reactions

Dissolution of '**Xe in H,0, DMSO and bioliquid
Dissolution HP '*Xe in porcine blood

Quantitative MRI and NMR analysis of dissolution
efficiency of HP '*Xe in blood

Infusion of HP '*Xe in flowing aqueous solution
Parahydrogenation of 2-hydroxyethyl acrylate in D,O

Investigation of SABRE hyperpolarization under
different flow conditions

Chemosensing of high field SABRE hyperpolarization
Quantitative study of hydrogenation kinetics by PHIP

Continuous hyperpolarization of pyridine and pyrazine
by SABRE

Metabolic monitoring of bioprocesses

Observation of cellular metabolism and mitochondrial
respiration

Monitoring metabolism of acute myeloid leukemia cells

Monitoring metabolic pathways of Moorella
thermoacetica

Characterisation of oxygen permeation for cell cultures

Non-invasive monitoring of a single cancer spheroid
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ing approaches to boost the NMR signal intensity and
extended the scope of the NMR spectroscopy.

This section will first briefly introduce SEOP and PHIP
to put the ensuing discussion into context. Then the chal-
lenges in delivering hyperpolarized gas species in liquid-
state NMR, and how these challenges may be addressed, is
discussed. Finally, various devices implemented in the liter-
ature to deliver the hyperpolarized gas substances into bulk
or microscale solutions are described and discussed.

Hyperpolarization methods based on gaseous species
(SEOP and PHIP) exhibit enormous potential by taking
advantage of the following aspects: firstly, hyperpolarized
gas can be easily extracted and purified from the mediating
substance of the hyperpolarization process; secondly, hyper-
polarized gas dissolves in specific solutions allowing novel
applications in biosensing or MRI contrast agent develop-
ment. Several studies utilized optically hyperpolarized gas
in pure gaseous form for investigating the pulmonary func-
tions of human lungs [63-65]. Furthermore, gas dissolved
in many bio-liquids enables direct observation of the meta-
bolic processes and can help probe the structure of low con-
centration biomolecules [66-70]. Approaches exploiting
PHIP and its sub-class SABRE (signal amplification by
reversible exchange) are also promising because of the read-
ily accessible instrumentation (Earth’s magnetic field) and
short detection time of enormously polarized signals
(from ppm in thermal equilibrium to several percent after
enhancement) within minutes to seconds.

In SEOP, a circularly polarized laser beam with a particu-
lar wavelength is used to irradiate a tiny amount of alkali
metal vapor together with '*’Xe gas in the presence of an
appropriate magnetic field. This gives rise to a high electron
spin polarization of the alkali metal atom, which can then
participate in spin-exchange collision with the non-polar-
ized '*’Xe gas. As a consequence, the angular momentum of
the alkali metal atom will be transferred to a '*’Xe nucleus
and yield hyperpolarized '*’Xe gas. Compared with the
polarization at thermal equilibrium under equivalent tem-
perature and magnetic field conditions, the NMR signal
enhancement via hyperpolarization can be 3-5 orders of
magnitude [71,72].

The PHIP techniques utilize enriched parahydrogen gas
(a singlet isomer of dihydrogen) as the polarization source.
Parahydrogen is a pure spin state of hydrogen but is
NMR-silent due to its nuclear spin quantum number I = 0.
To harness this pure spin state for NMR signal enhance-
ment, the symmetry of the singlet spin state must be broken
to allow evolution to the triplet state, preferably while mag-
netically coupled to a molecule of interest. In the hydrogen-
ation class of PHIP, parahydrogen molecules are chemically
introduced pairwise into a target molecule via a hydrogena-
tion reaction, thereby joining the magnetic coupling net-
work of the target molecule [73-75]. As an alternative to
hydrogenation, SABRE works via formation of a reversible
complex involving parahydrogen, the target substrate, and a
polarization transfer catalyst which facilitates magnetic cou-

www.cit-journal.com
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pling between the parahydrogen and target substrate. This
method allows continuous hyperpolarization when replen-
ishing the sample with fresh parahydrogen [76-81].

Applying gas-based hyperpolarization methods in liquid-
state NMR requires one to dissolve the hyperpolarized gas
species into the liquids containing the target molecules,
followed by efficient detection of the enhanced molecules.
The following factors are considered as the main challenges
in the process to be faced:

Solubility of the Hyperpolarized Gases and their
Precursor in Solution

The hyperpolarized gases (‘*’Xe, parahydrogen) discussed
in this review are relatively hydrophobic, which is an ob-
stacle in dissolving such gases in polar (bio-relevant) liquids
[82]. Thus, various approaches have been applied to im-
prove the uptake of gas in solutions. The most straight-
forward method is increasing the injected gas pressure or
the temperature. Laili et al. [83] observed the signal gains of
SABRE hyperpolarization with increased parahydrogen gas
pressure from 2bar to 4 bar, and 40 % improved response
with the overall polarization level by raising the tempera-
ture from 289 K to 308 K. Lehmkuhl et al. [84] also reported
the correlation of signal enhancement with higher parahy-
drogen pressure in SABRE experiments. In addition to opti-
mizing the experimental conditions (pressure, temperature),
increasing the gas-liquid interface can enhance the dissolu-
tion process and will be discussed in detail later.

Delivery of Hyperpolarized Compounds to the Detection
Field

The detection of magnetic resonance signals of the hyper-
polarized compounds is usually carried out in an NMR
spectrometer, where the magnetic field is typically stronger
than 1 T. However, the optimal polarization transfer field in
SABRE experiments is lower than this. For instance, the
magnetic field strength of 6.5mT is sufficient for spin order
derived from parahydrogen spontaneously transferred to
the 'H sites on co-ligand substrates [85], and micro-Tesla or
even nano-Tesla to achieve efficient direct polarization of
heteronuclei (°C, N, *'P) [86-88]. In the case of '*’Xe
hyperpolarization via SEOP, the optimal magnetic field is
generally on the order of 10 mT. Therefore, the transport of
hyperpolarized compounds into the detection field is the
prerequisite for measuring the hyperpolarized signal with
high quality spectroscopic resolution. In the case of PHIP,
the delivery should be as fast as possible to eliminate polar-
ization attenuation caused by relaxation. For '*’Xe, where
the hyperpolarized gas state has much slower relaxation, the
delivery distance should be minimized to avoid spin relaxa-
tion due to the collision between '*Xe molecules and the
pipe wall.

Experimentally, gas-based hyperpolarization in the liquid
NMR state is typically achieved by bubbling the hyperpolar-
ized gas species into the sample solution to achieve intense
gas-liquid contacting at the macroscale. The most accessible
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and simple technique is bubbling parahydrogen gas via a
capillary insert into the NMR sample tube or using high-
pressure NMR tubes to pressurize the parahydrogen gas
and then manually shake the tube for efficient contacting.
For SABRE experiments, a high-pressure NMR tube is pres-
surized with parahydrogen followed by shaking the tube in
the stray field of the high-field NMR magnet (i.e., at the top
of the superconducting magnet) before rapid transfer into
the magnet for NMR acquisition [89]. This procedure has
been used extensively in many studies of new substrates or
catalytic systems of SABRE.

Cowley et al. [90] conducted SABRE experiments in an
automated gas-liquid contacting system (polarizer) for
SABRE, where the parahydrogen gas was bubbled through a
glass frit located at the bottom of a mixing chamber con-
tained the sample solution. A solenoid copper coil arranged
to surround the mixing chamber delivered the optimal
polarization transfer field. After a predetermined bubbling
time period, the parahydrogen gas dissolved in the solution
after which the hyperpolarized solution was conveyed to the
NMR flow probe for signal acquisition via a liquid transfer
line connected to the chamber. In this automated apparatus,
the flow rate and the bubbling time was computer con-
trolled and thus ensured a high level of reproducibility.

This automated polarizer (Fig.4a) has been exploited for
studying the impact of experimental variables, such as the
bubbling time at which parahydrogen gas was introduced
into the solution, the pressure of parahydrogen gas in the
mixing chamber, and the magnetic field strength on effi-
ciency of SABRE hyperpolarization [85]. Consequently,
optimization of the SABRE method and maximization of
signal enhancement was achieved.

Several years later, a modified version of the polarization
system, compatible with benchtop NMR spectrometers, was
applied to continuously re-polarize the sample solution
[91]. In this work, the highly reproducible signal enhance-
ment facilitated SABRE hyperpolarized multi-dimensional
NMR benchtop spectroscopy. In addition, Hill-Casey et al.
[92] explored a similar automated bubbling setup for in situ
SABRE experiments in the Earth magnetic field, in which

the build-up process of observable SABRE hyperpolarized
signal was a function of the total parahydrogen bubbling
time (Fig. 4b)).

Although gas bubbling utilizing batch-type hyperpolari-
zation offers its own merits for gas-liquid contacting, the
bubbling method at the macroscale still faces the following
limitation. Firstly, gas bubbles create havoc with magnetic
field homogeneity because the gas’ magnetic susceptibility
differs from that of the surrounding liquid phase. Therefore,
the spectral resolution deteriorates significantly. The stop
flow strategy has been used to maintain spectral resolution
at the cost of losing polarization, due to delay caused by
switching off the flow [93] (Fig. 4c). Secondly, it suffers from
an inherent gas-liquid mass transfer limitation due to low
interfacial areas, which is determined by the surface area of
the generated bubbles, resulting in prolonged experimental
time (hindering gas-liquid-based reaction monitoring).
Finally, handling flammable and hazardous hydrogen gas in
batch hyperpolarization can harbor a severe safety issue.

Baumer et al. [94] first proposed dissolving hyperpolar-
ized '"®Xe in different solutions (H,O, DMSO, and bioliquid
containing phospholipid biocelles) by using a hollow fiber
membrane contactor (Fig.5a). The hollow fiber membrane
acts like a micro sieve, in which the hydrophobicity pre-
vents fluids from wetting the wall of the fibers. The gas dif-
fused through the micropores distributed in the membrane
and dissolved in the liquid phase inside the hollow fiber.
Amor et al. [100] produced a contrast agent for clinical
MRI application (lung phantom) via passing the hyperpo-
larized gas through a hollow membrane contactor (Fig. 5b).
Later, the same group conducted quantitative MRI imaging
studies of blood-dissolved hyperpolarized '*’Xe in different
membrane materials by exploiting a hollow fiber membrane
module [95]. Cleveland et al. [101] achieved 3D MR imag-
ing of a living animal’s lung by enriching hyperpolarized
'Xe in rat blood. The hollow fiber-based membrane con-
tactor has also been applied in PHIP experiments at high-
field (PASADENA) [95] (Fig. 5¢). It has been demonstrated
that utilizing the hollow fiber membrane contactors for
dissolving hyperpolarized gas substances is fast, robust, and
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Figure 4. Overview of bubbling apparatus used in gas-based hyperpolarization technologies. a) Schematic of the automated polarizer
for SABRE [85], (c) 2014, John Wiley & Sons. b) Schematic of an in situ SABRE hyperpolarization system in the Earth magnetic field,
Hill-Casey et al. [92], © 2015, MDPI. ¢) Bubbling set-up with pneumatic valves for laser enhanced 129Xe polarization. The bubbling
dispenser was located in the magnet [93], © 2006, American Chemical Society.
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without the formation of foam or bubbles, thus diminishing
the deleterious effects on NMR spectral resolution.

In addition to the hollow fiber contactor, a flat membrane
configuration with has also been explored to accomplish
gas-based hyperpolarization. Lehmkuhl et al. [84] utilized a
flat membrane contactor for continuously high polarization
of target molecules via the SABRE method using benchtop
NMR systems. In addition, the influence of experimental
conditions such as flow rate and pressure of both phases on
signal enhancement was studied in detail. A membrane
contactor with meandered microchannels was fabricated by
3D printing, and a composite membrane was used to sepa-
rate the gas and liquid phase. During the experiments, the
membrane contactor was located near the NMR spectro-
meter, and the polarized solution was transported to the
detection area by a short length of tubing, to minimize loss
of polarization via relaxation.

Bordonali et al. [97] designed and fabricated a micro-
polarizer for in situ chemosensing SABRE processes at a
high-field (11.7 T) (Fig. 5d). The micro-polarizer consisted
of a micro gas-liquid contactor for introducing

parahydrogen gas into a sample solution. The gas and
liquid microchannels with dimensions 300 um x 100 pm
(= width x depth) were engraved on two 210 pm thick glass
substrates respectively by nanosecond laser cutting. A
20 pm thick PDMS membrane fabricated by spin coating
was plasma bonded between the channel faces of the two
glass layers. The parahydrogen gas diffused across the
membrane and then dissolved in the liquid phase. The
SABRE experiments were performed at high-field using a
custom Helmholtz microcoil, and the NMR hydride
signals of hydrogen bound to the catalyst, appearing in the
spectral region from -22 ppm to -23 ppm, were explored as
a probe for SABRE-based chemosensing with picomole
sensitivity.

Eills et al. [98] conducted PHIP experiments on a micro
gas-liquid contactor compatible with a custom transmission
line probe. Thin PMMA sheets with cut channel structures
were directly bonded together with a solvent plasticizer
(Fig. 5e). Unlike the sandwich layout of the flat membrane
contactor mentioned before, the silicon elastomer PDMS
membrane attached at the liquid channel side acted as both
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Figure 5. Overview of micro gas-liquid contactors in gas-based hyperpolarization technologies. a) Membrane device for dissolving the
129Xe gas in a 10 mm NMR tube [94], © 2006, Wiley-VCH. b) Schematic of a hollow fiber membrane in a xenonizer setup [95], © 2011,
Wiley-VCH. c) The hollow fiber membrane implemented in PHIP [96], © 2010, Wiley-VCH. d) The micro-SABRE platform consisted of a
membrane gas-liquid contactor, a microfluidic chip and a micro-Helmholtz coil for chemosensing [97], © 2019, The Royal Society of
Chemistry. e) Schematic of a gas-liquid contactor for PHIP. The chip device is a three layers configuration of PMMA-PMMA-PDMS [98],
© 2019, American Chemical Society. f) A flow reactor system consisted of two tube-in-tube contactors, tee unions, mass flow controller
and pumps for producing continuous hyperpolarization on substrates by SABRE [99], © 2021, Wiley-VCH.
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diffusion media and fluid sealing. Parahydrogen gas flowing
in the gas channel diffused throughout the bulk PDMS
membrane and contacted the solution in the liquid channel
above the membrane. The performance of PHIP hyperpola-
rization could achieve high resolution with picomole sensi-
tivity.

More recently, TomHon et al. [99] utilized a gas-liquid
reactor system with a tube-in-tube configuration to yield
continuous '"H, ”C and "N hyperpolarization on various
substrates by SABRE (Fig. 5f). The highly gas-permeable AF
2400 tubing inserted in an outer FEP tubing significantly
increased the mass transfer rate of parahydrogen. The two
tube-in-tube gas-liquid contactors were arranged both
upstream and downstream to efficiently deliver and subse-
quently remove the hydrogen gas. In the secondary tube-in-
tube contactor, inert gas with lower pressure with respect to
the liquid phase was delivered in the outer tubing to reduce
the concentration of the remaining parahydrogen gas in the
solution flowing in the inner AF 2400 tube. The degassing
process enabled a better saturation of the fresh para-
hydrogen gas in the primary contractor, and thus optimized
the polarization level. With the higher polarization level
provided with the tube-in-tube reactor, Yang et al. con-
ducted continuous PHIP pumped RASER (Radio-frequency
Amplification by Stimulated Emission of Radiation) to
study the non-linear effects. [102]

3.2 Chemical Process Engineering

As outlined by Kockmann [103], process engineering en-
compasses fluid dynamics, multi-phase flow, transport pro-
cesses, and chemical reactions, applied to chemical plants,
power generation, food technology, and pharmaceuticals.
The key unit operations in process engineering are mixers,
heat exchangers, separators, and reactors. In recent years,
there has been a trend towards miniaturization of these crit-
ical components. This has led to a so-called process inten-
sification [104], leading in several phenomena such as
increased heat and mass transfer rates, improvement of
yield and selectivity in reactions, and consequently, has
resulted in an improvement of production efficiency. Fur-
thermore, it has made possible more precise control of
chemical processes and has improved safety for dangerous
reactions (reactants and/or products, and in managing
harsh conditions such as high temperature and pressure.
Mixers are amongst the main operation units in process
engineering and have been studied extensively [105,106].
These devices can be classified according to their working
principle, namely active and passive (or static) mixers. Due
to ease of manufacturing, passive mixers are more widely
used, especially when integrating them in NMR setups.
Micro heat exchangers possess an increased surface-to-
volume ratio and higher heat transfer rates in comparison
to macro heat exchangers, which also leads to more precise
thermal process control [107]. A crucial aspect is the
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material selection, given the need of high temperature resis-
tant materials, which leads to most micro heat exchangers
being made out of metals, and hence are not NMR-compat-
ible. In this sense, the previously mentioned developments
in 3D printing of ceramics and glass play an important role.

In its widest definition, a reactor is a device in which a
chemical, biochemical, or biological reaction takes place.
Depending on the analyzed process, the reactor can inte-
grate additional operation units, such as mixers for the
introduction of reactants, or heat exchangers for regulating
the process temperature. Reactors can be operated in batch,
semi-batch, or continuous (plug flow) mode. The miniaturi-
zation of reactors has led to increased transfer rates for
mass and heat, and to increased surface-to-volume ratios.
Micro reactors do not only offer the benefit of process
intensification and increased parameter control, but also
safety, and thus, novel operating windows [62]. The integra-
tion of micro reactors with several spectroscopic methods,
including NMR, have been reviewed by Yue et al. [108],
covering the period until 2012, and more recently, by Rizkin
et al. [109], up to 2019.

In the area of industrial process engineering, operation
units can feature dimensions up to the order of many
meters, whereas for micro devices, typical inner dimensions
are in the micrometer range. In this section, devices with
dimensions in both the micrometer and millimeter range,
and which have been implemented within an NMR setup,
will be considered. The applications are classified in two
categories: the use of NMR to characterize the device, and
the use of NMR to analyze the chemical process taking
place within the system.

NMR for Device Characterization

Significant achievements have been made in the last 10
years to characterize passive mixers, with magnetic reso-
nance imaging (MRI) showing its capacity for characteriz-
ing the velocity field within mixers. In comparison to other
methods, MRI has the advantage of being non-destructive,
being able to characterize the flow within opaque materials,
and not needing tracers or inserts that might change the
properties of the flow. In this regard, Tozzi et al. [110] stud-
ied the multi-lamination of the non-Newtonian shear thin-
ning polymer called Carbopol, in a split and recombine
(SAR) mixer within a 1 T permanent magnetic field with a
spatial resolution of 0.5 mm. By doping one of the polymer
inflows with manganese (II)-chloride (MnCl,) and perform-
ing a calibration of the signal intensity for different known
concentrations, the authors were able to perform a quanti-
tative study of the mixing within the first stages of the
mixer. Insight was gained regarding the lamination behav-
ior, which doubled only in the first three mixing stages, fol-
lowed by an increase at a slower rate, which is in disagree-
ment with the expected behavior. The authors asserted that
such a study could be used to validate computational
models of convection and diffusion in non-Newtonian
fluids.
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Similarly, Lim et al. [114] analyzed the laminar mixing of
both Newtonian and non-Newtonian fluids in an SMX
mixer (Do = 25.4mm), using gadolinium chloride and
manganese chloride as contrast agents, respectively, ina 1 T
permanent magnet with a spatial resolution of 0.31 mm.
The authors found that, for the Newtonian fluid and in the
studied viscosity range, the viscosity had no significant
influence on the mixing of the flow. However, the range that
was explored was not extensive, and this affirmation might
not always be true. Their experimental results also showed
that the mixing of Newtonian fluids was better than that of
non-Newtonian fluids. The authors pointed out that their
experimental results seemed to be in disagreement with
previous literature. Both of these studies have limitations, as
at some point, the mixing occurs at such short length scales
that it cannot be spatially resolved and suffer from signifi-
cant volume effects. Mihailova et al. [111] complemented
the previous setup by combining MRI with positron
emission particle tracking (PEPT), analyzing the same
Newtonian fluid as Lim et al. The data obtained using both
methods was in good agreement, thus validating MRI as a
method for flow characterization. An example of the mixing
behavior in the first SMX element is shown in Fig. 6¢.

Herold et al. [112] analyzed the flow velocity distributions
within a static micro mixer using MRI velocimetry in a
200 MHz magnet with a spatial resolution of 0.19 mm. The
goal was to observe the differences between two solutions,

one Newtonian and one non-Newtonian. A mixer was
manufactured out of acrylic material using stereo litho-
graphy, and it was shown that it is possible to resolve the
velocity components of both types of fluids. Furthermore,
dead areas (low velocity) were revealed within the mixer.
This insight is important when designing mixers for flowing
polymers, as low velocities might lead to curing of the mate-
rial and consequently clogging of the mixer. In Fig.6b, a
slice of the mixer for both the non-Newtonian and the
Newtonian fluid is shown.

Motivated by the need of analyzing flow in opaque
systems, Wiese et al. [115] studied a 3D-printed staggered
herringbone micromixer (SHM) by means of 3D MRI
velocimetry. The flow analysis is particularly challenging
because of eddy flows induced by the geometry. The authors
were able to map the velocity, with magnitudes up to
22mms”" parallel, and 4mms™ perpendicular to the flow
direction. The experimental data was in good agreement
with CFD simulations.

One of the main challenges of MRI is the achievable
spatial resolution, which depends on several factors, such as
detector (coil) and gradient, magnetic field strength and
stability, and the fluid signal strength and temperature.
Ahola et al. [113] achieved an in-plane resolution of
39 pm x 29 pm by using a tailored NMR surface coil, which
enhanced the signal-to-noise ratio, and a pulsed-field-
gradient spin-echo (PGSE) sequence. The velocity distribu-
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Figure 6. Magnetic resonance study of flow behavior in mixers. a) Mixing patterns of two glycerol streams at 50:50 volume ratio in the
first SMX element [111], reprinted with permission from Elsevier. b) Magnitude of velocity and direction of flow in slice 12 of a setup for
a xanthan solution 0.4mLs™" (left) and water 2mLs™" (right) [112], reprinted with permission from Elsevier. ¢) Propagators within chan-
nels in a selected region [113], Reproduced from Ahola et al. [113], with permission from the Royal Society of Chemistry.
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tions in an interdigital glass micromixer with channel width
and height of 65 pum and 200 um were studied. The paper
showed that the experimental velocity distributions ob-
tained were in good agreement with theoretical predictions
and could thus demonstrate that a 2D method circumvents
the challenge of limited spatial resolution associated with
3D imaging methods. An example of the data obtained is
shown in Fig. 6a.

Chemical Process Analysis by Means of NMR

NMR is useful not only for characterizing a process within
an operation unit, such as when analyzing the flow through
a static mixer, but also for the in situ and/or operando mon-
itoring of chemical reactions. The combination of NMR
with miniaturized process engineering units opens up a new
realm of possibilities in chemical analysis, and also allows
for fresh insight. An example is the operando study of serial
mixing experiments with volumes of less than 10 pL, as per-
formed by Plata et al. [116]. It was achieved in a micro-
fluidic chip with pneumatic valves, creating a peristaltic
flow within the chip when triggered sequentially as shown
in Fig. 7. The mixing of sodium 3-trimethylsilyl-1-propane-
sulfonate (DSS) and fumaric acid was performed by means
of NMR spectroscopy. As noted, the setup could be
improved and used to analyze more complex chemical
reactions, however, always taking into account the NMR
concentration limit of detection.

Injection Peristaltic action
0s

Figure 7. Peristaltic mixing mechanism in microfluidic chip from
Plata et al. [116], where the arrows indicated the direction of
the flow. Reproduced from Plata, M., Hale, W., Sharma, M.,
Werner, J. M., & Utz [116], M. Lab on a Chip. © 2021 with
permission from the Royal Society of Chemistry.

An NMR flow cell with an integrated static micromixer
was developed by Bornemann et al. [117]. The goal of this
configuration was to minimize the time between the begin-
ning of the chemical reaction and NMR data acquisition.
Based on CFD simulations to optimize the micro mixer
design, fabrication was accomplished by means of alumi-
num oxide additive manufacturing. The authors also took
into consideration requirements for premagnetization of
the flow, NMR spectral line shape, and residence time dis-
tribution. They achieved a robust system with a spectral
quality comparable to standard NMR, which enabled quan-
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titative studies of fast chemical reactions thanks to the mini-
mized delay between mixing and acquisition.

Tijssen et al. [118] harnessed the benefits of miniaturiza-
tion for in-line monitoring hydrogenation reactions of
styrene, phenylacetylene, cyclohexene, and hex-5-en-2-one,
with Pd catalyst particles. Their setup consisted of a tube-
in-tube contactor for dissolving hydrogen gas in each of the
solvents, a catalyst cartridge, and a fused silica capillary
placed within a custom-made strip line detector. The hydro-
gen gas was dissolved in the liquid solvent in the tube-in-
tube contactor at pressures of up to 7bar. This circum-
vented some challenges of working with gases. The catalyst
cartridge was placed within the magnet in order to assure
complete magnetization of the sample and thus enable
quantitative analysis. Embedding was possible due to the
relatively small size of the cartridge, with outer diameter
1.59 mm and inner diameter 1.15 mm. The reaction volume
in the setup was 208 pL. The experiments were conducted
at room temperature in a 14.1 T magnetic field. The authors
gained insight in the solubility behavior of hydrogen in each
of the solvents, noting that their observations when varying
the flow rate did not align with the behavior expected from
literature. Furthermore, they observed the optimal flow rate
of each solvent for their respective hydrogenation reaction.

Ulpts et al. [119] studied the ethylene hydrogenation
process within two different monolithic catalyst supports, a
y-AL O3 sponge, and a cordierite honeycomb, which were
placed within a glass tube with inner diameter of 25 mm.
Although the dimensions of this reactor are not in the
micrometer range, it still demonstrates miniaturization in
comparison to reactors found in industrial settings. The
paper analyzed the reaction process by means of NMR
spectroscopy along the length of the tube, in which the
increase of the ethane signal was noticeably observed. It also
analyzed the spatial distribution of the gas concentration by
means of a 3D imaging pulse sequence. Furthermore, it
compared the data acquired with NMR with that acquired
with a mass spectrometer at the end of the reactor, as well
as with a 1D model of the reactor, both comparisons were
in good agreement. Not only reactions relevant to the
chemical industry can be studied, but also from other inter-
esting fields. Sesti et al. [120] implemented a cylindrical zir-
conia vessel with an inner diameter of 6.6 mm to study CO,
sequestration in minerals at elevated temperatures and pres-
sures. The experimental setup implemented allowed to
investigate the reaction with reactant flow-through at up to
150 °C and 140 bar.

Brdcher et al. [121] developed a thermostatted micro
reactor, which enabled monitoring of chemical reactions
with fast kinetics. Their system integrated a micromixer
with an NMR capillary flow cell, as shown in Fig. 8b. The
first guarantees an efficient mixing of the reactants and, due
to it being within the magnet, the time between mixing and
signal acquisition was kept to a minimum. The reactants
were kept at a constant temperature throughout their whole
path. The capillary flow cell is made of silica glass, has a
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Figure 8. a) Schematic (left) and photo (right) of setup from Sesti et al. [120], reprinted with permission from Elsevier © 2017. b) Sche-
matic (left) and photo (right) of thermostatted micro reactor from Brécher et al. [121], reprinted with permission from Elsevier © 2014.

volume of 12 pL, and is placed within a custom-made sole-
noidal micro detector. In a follow-up study [122], Bracher
et al. analyzed two esterification reactions, one for forma-
tion of methyl acetate and the other for formation of methyl
acetate, both homogeneously catalyzed with sulfuric acid.
Temperatures were varied between 303 K and 333 K and the
experiments were conducted in non-steady state stopped
flow mode, achieving residence times of ~1.7s (time
between mixing and acquisition). Measurements were per-
formed in a 400 MHz NMR spectrometer. The fastest reac-
tion studied was the esterification for methyl format forma-
tion with 6wt % of sulfuric acid at 333K, which reaches
chemical equilibrium in less than 20s, even in this case,
enough data points were acquired, so that the course of
reaction could be studied. The experimental results corre-
lated well with kinetic models reported in literature, thus
validating the usage of NMR and the developed micro reac-
tor for the kinetic characterization of fast reactions.

Similar to Bréacher et al. [121, 122], Hurtado Rivera et al.
[123] developed a micro heat exchanger for controlling the
temperature of a reaction occurring within an in situ reac-
tor. A first prototype was produced by means of LCM. Here,
a high aspect ratio cavity with inner microstructures for
heat transfer enhancement was achieved. The device was
located within the acquisition volume of the NMR magnet,
which enabled operando monitoring of the reactions.

3.3 Metabolism Monitoring by NMR Using
Microfluidic Platforms and Bioreactors

In this section, the focus turns to microfluidic platforms
and bioreactors, specifically for cell culturing and meta-
bolism monitoring combined with an application, and with
NMR, with cell culturing being “the maintenance and

www.cit-journal.com
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growth of cells in a controlled laboratory environment”
[124]. As these platforms and bioreactors offer a plethora of
possible applications (single cell analysis, organ- and body-
on-chip, disease models, etc), there are many topics of
importance but would go beyond the scope of the review.
Qin et al. [125] wrote a comprehensive review for single-cell
analysis in the context of drug screening, while a review of
bioreactors with control of the gaseous environment as an
example of environmental control and manipulation was
published by Wu et al. [126]. The growing and promising
field of organ-on-chip is thoroughly reviewed by Low et al.
[127], discussing the challenges and advantages involved
[128].

Nuclear magnetic resonance spectroscopy is a popular
analysis tool for metabolic profiling as means to phenotype
organisms and cell cultures. NMR spectroscopy enables de-
tailed, non-invasive, non-destructive analysis of organism
metabolism over extended periods. The metabolite levels
and their fluctuations can be related to their metabolic
pathways, yielding feedback on cell viability, aging process-
es, cell-cell interactions, and stress response. Additionally,
the exo-metabolome, that is, metabolites excreted by an
active biological system, also holds valuable information, as
demonstrated by Palama et al. [129] who explored this
aspect as a means to identify bacterial species.

For the observation of organism metabolism over time
and in specific, controlled states (e.g., growth or stress), a
cell culturing platform is beneficial. Bioreactors are defined
as devices or containers “[...] in which a biological reaction
or change takes place” [124]. Thus, they can contain
enzymes, microorganisms, animal cells, plant cells, and
tissues, and provide specific external environments for the
biological system they contain [124]. Microfluidic bio-
reactors meet these criteria and operate on a micrometer
scale. Hence, smaller amounts of samples are required. The
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external cell environment inside the bioreactor is easier to
control, as is similarly described for chemical reaction pro-
cesses, resulting in conditions inside the bioreactors which
are considerably more homogeneous than their large-scale
counterparts [130, 131]. Moreover, it is easier to influence
such homogeneous conditions, for example as in cases
where concentration gradients may be desirable. A further
advantage is the prospect of direct integration or coupling
of cell analysis together with microfluidic bioreactors [132].

The following will focus on applications involving meta-
bolic monitoring, profiling, and reaction monitoring in the
context of bioreactor platforms and NMR analytics. After-
wards, the emphasis will turn to various options available to
microfluidic bioreactors as an outlook to the possibilities
NMR system integration, followed by a discussion of
further possible combinations the NMR and microfluidic
bioreactor field may hold.

Metabolic Monitoring in NMR

Nuclear magnetic resonance spectroscopy is a non-invasive
and quantitative analytical method with broad detection
modalities especially interesting for examining biological
samples. Currently, the established approaches for non-
destructive tracking and monitoring cell metabolism can be
divided into two classes. One option is to monitor the flow-
through culture medium from a bioreactor. Another option
is to implement a bioreactor within the NMR system to
monitor the entire culture. This might be accomplished in
the simplest case by using an NMR sample tube as a bio-
reactor, with various considerations for maintaining the
correct culture environment and preventing cell sedimenta-
tion. In an alternative to the macroscopic approach, integra-

tion of a microfluidic platform or bioreactor into an NMR
magnet is possible.

Maisch et al. [133] and Mehandale et al [134] used the
first type, the analysis of the flow-through media from a
bioreactor. For this, they fabricated a microfluidic bio-
reactor with hot embossing to examine the metabolic path-
ways of plant cells. The platform consisted of three layers,
the top with a cell compartment and channels leading to
and from the compartment, and a membrane layer for
nutrition exchange with the bottom layer, implementing a
transfer channel for nutrition supply and waste removal.
The flow-through culture medium from the microfluidic
bioreactor was collected and measured in time intervals, an-
alyzed using NMR spectroscopy to establish and monitor
the metabolic function of the plant cells over time [133].

Mehandale et al. [134] developed an NMR compatible
platform, which offers the opportunity for real-time meta-
bolic observation of biochemical processes. This was
accomplished by placing a bioreactor outside of an 11.7 T
NMR magnet and transporting culture medium from the
bioprocess to the magnet over a tubing system using a peri-
staltic pump (Fig.9). After "HNMR detection, the collected
sample was transported back into the bioreactor, with the
entire sampling, measurement, and return process per-
formed automatically. The monitoring of the process was
demonstrated for 60 h of continuous measurement.

Xue et al. [135] coupled a bioreactor into an NMR system
to monitor the metabolic pathways of the gram-positive,
anaerobic, thermophilic, and acetogenic bacterium Moorella
thermoacetica. This bacterium is potentially interesting for
the industrial production of chemicals. The bioreactor
consisted of a magnetic insert integrated with a bioreactor

(@)

Peristaltic pump S
Relay Sample
LC Microcontroller
) ©
o ",
2
13‘%],”)
TTL signal

Motor driver

N 4
p 0
b K - y/ N
S <

(b)

«— Tubing

<+ Glass capillary
<+~ NMR tube
<+~ D20+TSP
<+ Glue

Personal
reaction station

spectrometer

H
200mm

Figure 9. a) Setup of the control unit and bioreactor. b) Implementation of the setup in the NMR spectrometer. Adapted from
Mehendale et al. [134]. © 2020 by the authors. Licensee MDPI, Basel, Switzerland.
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controller, and a nonmagnetic cart, which supported culture
media, vessels, gas, and electrical connections. The setup
allowed precise control over the culture, monitoring cell
growth with optical density measurements, and monitoring
the sample over 48h, with NMR measurements every
15 min. The setup allowed the characterization of bacterial
growth.

The option of implementing a bioreactor in an NMR
sample tube offers live monitoring of cells, and an NMR
compatible platform for direct usage with most commercial
NMR systems. Hertig et al. [136] converted a 5 mm NMR
tube into a bioreactor to observe cellular metabolism and
mitochondrial respiration. The cells were transported onto
collagen-based membrane matrices, which was inserted into
the NMR tube (Fig. 10). A flow tube unit connected to the
bioreactor enabled temperature control, and gas mixing for
a perfusion step. Alshamleh et al. [137] used NMR spectros-
copy to monitor the metabolism of acute myeloid leukemia
cells in real-time by storing the cell cultures in NMR tubes.
They decided against an approach that prepares the cells in
agarose, since this can negatively affect cell viability. Instead,
the cells were prepared in a cell culture medium, with a cell-
friendly matrix in an NMR tube to avoid sedimentation of
the cells. The sample tubes were stored in a sample changer
equipped with temperature control, and a robot that alter-
nated the samples into the NMR without temperature
change [137]. The experimental setup allowed the simulta-
neous monitoring of multiple samples over time. A similar
approach was used by Wen et al. [138]. A comparison
between the metabolism of healthy and cancerous cells was
performed, and the effects of an anti-cancer drug on metab-
olism were observed successfully [138].

Beside the macro-bioreactor approach, the integration of
microscale bioreactors directly within the NMR system has
also been demonstrated. The microfluidic cell-culturing
device from Yilmaz et al. [139] for perfusion of mammalian
cells, as can be seen in Fig.11 was designed to be directly
inserted into the NMR magnet. Laser cutting and rastering
was used to manufacture the microfluidic bioreactor. The
device consists of three layers of PMMA, and a PDMS layer,
which functions as a membrane for gas-liquid exchange.
Using inlets and an outlet in the middle PMMA layer,
nutrition was supplied, and waste could be transported out
of the device. The device allowed in situ monitoring of cell
metabolism while supplying sufficient oxygen for normoxic
conditions for the cell culture. Patra et al. [140], likewise,
employed laser cutting and rastering of PMMA sheets to
manufacture a cell chip for culturing cancer cells and cell
spheroids for time-resolved non-invasive monitoring by
NMR. The device allowed cell culturing on the surface of
the bottom channel, and single spheroid culturing by tilting
the device during the culturing process. After culturing and
spheroid formation, the cell chip was sealed and inserted
into the NMR. Successful monitoring of the single cancer
spheroid over time was demonstrated [140]. Montinaro
et al. [141] developed microfluidic chips for sub-nL NMR
spectroscopy with single-chip CMOS integrated detectors.
The purpose of these chips was the analysis of single cells,
mammalian egg cells, or living microscopic organisms
through NMR spectroscopy. For this, the samples were
trapped aligned to the micro-coil of the CMOS chip.
Column geometries were used for narrowing the channel
and impede further movement of cells. The chip was manu-
factured via two-photon polymerization 3D printing. For

Active area of the NMR coil

Figure 10. Setup of the NMR sample tube bioreactor by Hertig et al. [136] consisting of a) a gas blending system, b) a
pumping system and c) a heated water bath. Reprinted with permission from the Royal Society of Chemistry © 2021.
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Figure 11. Perfusion culture chip by Yilmaz et al. [139] for characterization of oxygen permeation. Repro-
duced from Yilmaz et al. [139], Lab Chip 16 with permission from the Royal Society of Chemistry © 2016.

the structures an optically transparent IP-S photoresist was
used. To create closed channels, a 500 nm thick water-solu-
ble sacrifice layer was applied through spin coating, and
after successful printing, were dissolved. With those two
chip designs, Montinaro et al. [141] were able to conduct
sub-nL NMR with a whole Richtersius coronifer ovum, and
a subsection of a Caenorhabditis elegans in H,O and D,O.
This approach tackled the previously mentioned drawbacks
of low sensitivity, by implementing a microcoil detector,
and experiment integration into the NMR setup by minia-
turization of the hardware.

Versatile Applications of Microfabrication for
Bioreactors
While several examples of NMR compatible bioreactors
have been demonstrated, there exists a large library of
microfluidic bioreactors whose designed applications can
benefit from insight gained by NMR spectroscopy. Kwak
et al. [53] applied soft lithography molding to manufacture
a microfluidic bioreactor which enables the high-through-
put determination of the ideal growth and culture condi-
tions of cell cultures. It was used to determine the optimal
growth conditions of the microalgae Neochloris oleoabun-
dans because of high potential as a potentially renewable
resource for biomass and biofuel production, whilst con-
suming CO2 through photosynthesis. The materials of
choice for the bioreactor, PDMS, and glass, are suitable for
these organisms as they do not restrict the entry of light
necessary for growth. The microfluidic bioreactor holds 16
chambers for parallel observation and detection of cell
growth through optical density measurements, or fluores-
cence detection after cell treatment.

Ho et al. [54] manufactured a bioreactor to reproduce
large-scale bioreactors by applying soft lithography mold-
ing. The PDMS based bioreactor consisted of supply

Chem. Ing. Tech. 2024, 96, No. 00, 1-23
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channels, channels for the control of nutrition supply, and
growth chambers attached to the supply channels. The goal
of this bioreactor was to reproduce the conditions found in
large-scale bioreactors and estimate the influence of those
conditions on cell growth. The experiment allowed detailed
analysis of the culturing processes of large-scale bioreactors,
determining issues and possible optimization potential for
stable culturing processes.

Finkbeiner et al. [142] used hot embossing to manufac-
ture a microfluidic bioreactor used to monitor plant cell-cell
interactions. The top and bottom layers consisted of cham-
bers separated through a membrane. The top part had holes
for cell insertion into the chamber and was used for cell
culturing, while the bottom layer had an inlet and an outlet
into the chamber for culture media. The membrane
between the layers allowed the interaction and nutrition ex-
change between cells in the top chamber with the medium
in the chamber of the bottom part. The resulting meta-
bolites were evaluated and analyzed [143]. The intention
was to connect multiple of these reactors, each holding dif-
ferent cell types, to each other to transport the metabolites
from one bioreactor to the next and allow specific cell-cell
interaction between different cell types. This approach can
be beneficial for finding an artificial pathway for producing
plant metabolites, which are needed in different applica-
tions, e.g., the pharmaceutical industry, but were never
produced in the laboratory before.

4 Conclusion and Outlook
NMR is an information-rich analytical method and has
unfortunately been trapped behind large expertise and cost

barriers preventing it from being fully exploited. One path
towards improving the accessibility of the method is
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through system miniaturization, where new types of experi-
ments and experimental conditions can be explored that
were, previously, difficult to achieve. In this review, the
advantages and future trends of miniaturized systems
applied to the sample handling and management of
NMR-based chemical and biological process measurement
were presented. Emphasis was placed on the basic criteria
for selecting materials that satisfy both NMR- and applica-
tion-specific constraints, together with the possibilities and
limitations for the design and fabrication of such systems.
Current standards and recent advances in microfabrication
technologies, specifying their mechanism, possible resolu-
tions, as well as advantages and disadvantages, were pro-
vided. Both the materials and manufacturing methods
discussed were highlighted in the context of selected appli-
cations.

Manufacturing methods continue to evolve, achieving
ever better feature resolutions, geometries with additional
complexity, while accessing an ever-increasing variety of
materials. As an example, the recently established two-pho-
ton polymerization technique, which enables dimensions in
the nanometer range, has recently been used by Montinaro
et al. to manufacture 3D-printed microchannels for sub-nL
NMR spectroscopy.[141] Together with advances in manu-
facturing is the ability to tightly integrate additional func-
tionalities, adding further experimental degrees of freedom.
This work highlighted only three example applications,
focusing on micro process engineering, which included the
typical operation units (mixers, reactors and heat exchang-
ers), fluidic setups for NMR-based metabolism monitoring,
and gas-liquid micro contactors for gas-based hyperpolari-
zation techniques.

There is a large number of microsystem and microfluidic
options available in the literature, and only a small fraction
has been explored in the context of NMR measurements.
Certainly, NMR sensitivity plays a strong role in deciding
whether a particular application and device will find a part-
ner with NMR, however, hyperpolarization methods are
beginning to bridge the sensitivity gap and have even
started to enter into the micro-domain. As such gaps con-
tinue to close, numerous applications will stand to benefit,
spanning process monitoring and technical reaction optimi-
zation under extreme (or industrially relevant) conditions,
energy storage and transformation, to bio-systems and
toxicity monitoring, drug screening, and metabolic moni-
toring in the context of disease models, including obser-
vation of culture growth, spheroid formation, and poten-
tially single cell analysis. All of these examples have the
potential to be supported by NMR-specific signal enhance-
ment techniques, required when working with reduced
sample volumes.

www.cit-journal.com
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Miniaturization offers numerous opportunities in expanding the applica-
tion space of NMR. These opportunities are reviewed in the context of the compatible mate-
rials and their manufacturing options, with particular focus on applications including micro
process engineering, gas-based hyperpolarization, and small-scale bioreactors.
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