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Abstract

In this work we demonstrate the direct production and detection of '*C-hyperpolarized fu-
marate by parahydrogen-induced polarization (PHIP) in a microfluidic Lab-on-a-Chip (LoC)
device and achieve 8.5% !3C polarization. This is the first demonstration of '3C-hyperpolarization
of a metabolite by PHIP in a microfluidic device. LoC technology allows the culture of
mammalian cells in a highly controlled environment, providing an important tool for the life
sciences. In-situ preparation of hyperpolarized metabolites greatly enhances the ability to
quantify metabolic processes in such systems by microfluidic NMR. PHIP of 'H nuclei has
been successfully implemented in microfluidic systems, with mass sensitivities in the range of
pmoly/s, but only with low yields. Metabolic NMR requires high-yield production of hyper-
polarized metabolites with longer spin life times than is possible with 'H. This can be achieved
by transfer of the polarization onto '3C nuclei, which exhibit much longer 7 relaxation times.

We report an improved microfluidic PHIP device that has been optimised using a finite el-

ement model that achieves a more than 20-fold improvement in the yield of the hyperpolarized
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product. It is shown that this enables detailed kinetic studies of the hydrogenation of propargyl

acetate to allyl acetate, as well as the direct production of '3C hyperpolarized fumarate.

Introduction

Microfluidic Lab-on-a-Chip (LoC) technology finds applications across many disciplines but per-
haps one of the most important is its use in the culture of biological systems. Especially in the
context of oncology research, Organ-on-a-Chip (OoC) technology that can culture cells, cell ag-
gregates, or tissues, is increasingly adopted in drug development. !~* Since the technology can use
human cells, it is potentially more accurate than animal models. Moreover, the need to reduce
animal testing in research is widely recognized. Apart from simply substituting Petri dishes and
flasks used in conventional cultures with more compact and cost-effective alternatives, microflu-
idic technology enables precise control over the environment in a repeatable manner. This is a
vital advantage in biological research, where manipulation of the local or systemic environment
is necessary to study cellular processes and functions as well as their response to external stimuli

8.9 oxygen or nutrient supply. !>!! However, sensi-

such as drugs,4 therapeutic targets,5‘7 toxins,
tive, non-invasive and real-time operando characterization is challenging in these systems due to
inherently small sizes of these devices. Here we demonstrate a LoC device capable of formation
and detection of 13C-hyperpolarized metabolites at the microscale.

Hyperpolarization is a promising tool for oncology research as it enables the enhancement of
metabolite signals in a Nuclear Magnetic Resonance (NMR) spectrum or image (MRI) by several
orders of magnitude. This allows provision of real-time and quantitative information on the kinetics
of downstream metabolites in healthy and diseased systems. The method has been used in vivo for

metabolic profiling of tumours such glioma,'>!3 hepatocellular carcinoma, lymphoma, 1413

pan-
creatic '® and breast cancers.!”-!® More generally, high-resolution NMR spectroscopy is an ideal
technique to follow chemical reactions and monitor biological systems in LoC and OoC due to

its non-invasive nature, chemical specificity and the ability to quantify metabolites. However, the
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integration of microfluidic systems with NMR spectroscopy is technically challenging.!® Signifi-
cant progress in this area over the past few years has led to the development of microfluidic culture

20-22 45 well as NMR-based microflu-

systems with integrated NMR metabolomics observation,
idic reaction monitoring systems.>> Due to the small volumes involved (uL to pL), sensitivity is
a strong limiting factor for microfluidic NMR. Hyperpolarization, by offering several orders of
magnitude in signal enhancements, can potentially address this. However, nuclear spin relaxation
limits the lifetime of hyperpolarized species. This makes it crucial to produce them in immediate
proximity of their usage. This motivates our efforts to directly integrate the production of hyper-
polarized materials into microfluidic systems.

Parahydrogen-Induced Polarization (PHIP) makes it possible to enhance NMR signals by up to
5 orders of magnitude.?*?> PHIP utilises para-hydrogen (p — H»), the singlet nuclear spin isomer
of molecular hydrogen, as a source of spin order. The nuclear spin order is transferred to a target
molecule via a chemical reaction of p—H; with an unsaturated molecule in the presence of an
organometallic catalyst. The chemical reaction is followed by spin manipulations to transfer the
parahydrogen-derived spin order to a desired nucleus, and may include purification steps to remove
unwanted compounds. 20

LoC devices can be used to implement some or all of these processes, thus offering the pos-
sibility of integrating the production, purification, and application of hyperpolarized species to a
biological system at the microscale. Mass sensitives of the order of pmol/s for 'H were reported
using such systems.?’ Nonetheless, the yield obtained in this reaction falls short of the require-
ments for biological applications, particularly since further transformations such as purification
and cleavage are required to effectively utilise the hyperpolarized material. To understand the in-
terplay of the chemical, spatial and spin dynamics occurring on the microfluidic device proposed
by Eills et al. Ostrowska et al.?® developed a finite element model of reaction and found that
insufficient uptake of hydrogen was the limiting factor of the reaction.

In the present contribution, we utilise the finite element model to build a microfluidic device

that maximises hydrogen uptake. Additionally, we introduce a variable temperature control to
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regulate the temperature at the sample detection chamber and use this to study the kinetics of
propargyl acetate hydrogenation. We tailor these results to produce fumarate and report for the
first time the formation, production and detection of '3C-hyperpolarized metabolite by PHIP in a

LoC device.

Background
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Figure 1: a) Propargyl acetate hydrogenation reaction scheme. b) Top view of the microfluidic
device (& — chip) used by Eills et al.?’ ¢) Finite element simulation domain of the & — chip reported
by Ostrowska et al.?® d) Increase in concentration of hyperpolarized AL obtained from Eills et
al.?” and three independent scenarios predicted by the model developed in Ref.?

Alkyne esters represent an important class of targets as they offer the possibly to hyperpo-

larize a range of carboxylate containing molecules such as pyruvate or lactate via the side-arm

4
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hydrogenation (PHIP-SAH) strategy.?*—3? Here we study the production of hyperpolarized allyl
acetate (AL) as shown in Fig. 1a. This chemical transformation entails the utilization of parahy-
drogen gas and a rhodium catalyst to catalyze the hydrogenation of propargyl acetate (PR). Fig. 1b

1.27 used to

shows the top view of the microfluidic device (the o — chip) reported by Eills et a
perform this reaction at the microscale. The precursor solution that included propargyl acetate
and the organometallic catalyst was delivered into the fluid channel shown in blue using a syringe
pump, and parahydrogen gas was delivered into the chip via a separate gas channel (red). A semi-
permeable polydimethylsiloxane (PDMS) membrane enabled gas diffusion into the chip thus the
chemical reaction took place directly on the chip. The products were detected at the sample detec-
tion chamber. To simulate the reaction occurring on the chip, Ostrowska ez al. > simplified the chip
geometry to a 2D representation that contained: an inlet, an outlet, the fluid channel, PDMS mem-
brane, and the sample detection chamber as depicted in Fig. 1c. Simualtion details are included in
the SI.

The black bar in Fig. 1d represents the concentration of AL obtained from Eills ef al.,?” while
the grey bars correspond to three scenarios predicted by the model developed by Ostrowska et al..
In the first scenario the temperature was increased by 10°C, in the second case the concentration
of hydrogen was doubled, and lastly the catalyst activation rate was increased 10 times. The corre-
sponding yield of AL was 0.6 mM, 1.2 mM, and 0.45 mM. Since the only significant concentration

increase was observed by increasing the concentration of hydrogen, it was concluded that in order

to increase the yield of AL, the first step must be an improvement of the hydrogen uptake.

Materials and Methods

Microfluidic Set Up

The microfluidic device, also referred to as the chip, was manufactured from polycarbonate (PC)
(Self Adhesive Supplies, UK) following the protocol outlined in Ref.>3 Briefly, devices were cut

out with a LS3040 CO, laser cutter (HPC Laser, United Kingdom) from three layers of polycar-
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bonate sheet material with 0.25, 0.5, and 0.25 mm thickness for the top, middle, and bottom layers,
respectively. The sample chamber and channels were cut through the top layer and engraved in the
middle and bottom layers. After plasma activating using Corona Treater (Electro-Technic Prod-
ucts, USA), each layer was coated with 18 uL of plasticiser (5 v/v% dibuthyl phtalate in isopropyl
alcohol). Then the layers were dried for 15 mins at 65°C, assembled and bonded together under
pressure and heat (5 tonnes, 85°C).

The microfluidic assembly consisted of the chip interposed between two 1 mm PDMS mem-
branes (Shielding Solutions, UK) held together by the fluidic interface (ProtoLabs, UK). Connec-
tors for 1/16” fluid and gas lines (Cole Parmer, UK) facilitated the delivery of substrates onto the
chip shown in Fig 2. PDMS membranes that covered the upper part of the chip served a dual
purpose. Firstly they promoted diffusion of hydrogen into the liquid channel and secondly, they
enabled sealing of the assembly.

All experiments were conducted on a Bruker AVANCE III spectrometer operating at 11.7 T
magnetic field. The microfluidic assembly was placed inside of a stripline-based micro-NMR
probe for detection3* as shown in Fig 2. The probe was equipped with hydrothermal sleeves that
housed a thermistor regulated by temperature controller, allowing efficient heating of the sample
detection chamber only. The calibration of the heater was recorded by Rogers et al. and shows the
temperature variation of + 3°C, which is sufficient for this application.?!

The precursor solution was delivered into the chip using a syringe pump (Cole-Parmer, United
Kingdom) located outside of the NMR spectrometer as illustrated in Fig. 2. Hydrogen gas (gas
purity 99.995%) was delivered from a cyliner located outside of the spectrometer at a flow rate set
to 20 mL min~! controlled using a mass-flow controller at the end of the gas line. The gas line was
equipped with a valve selecting a flow of either hydrogen in thermal equilibrium or parahydrogen.
Parahydrogen gas was obtained with 50% enrichment using a home-built parahydrogen generator
filled with iron (III) oxide and cooled to 77 K.

All chemicals were purchased from Merck KGaA (Germany) and were used as received.
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Figure 2: Experimental set up. Microfluidic chip assembly consisted of a microfluidic device
interposed between two PDMS membranes, which were held together by the fluidic interface that
enabled delivery of substrates into the chip. All experiments were performed inside of a high-
field NMR spectrometer. Hydrogen/parahydrogen gas was supplied from a gas cylinder, while
the precursor solution was introduced into the device using a syringe pump located outside of the
spectrometer. The device was placed into the micro-NMR probe for detection. The probe was
also equipped with hydrothermal sleeves regulated by temperature controller that enabled efficient
heating of the sample detection chamber.

Quantification of Hydrogen Uptake into 3 — chip

The uptake of hydrogen into the 8 — chip was quantified by flowing a solution of 20 mM sodium
acetate dissolved in methanol-d4. In the gas channel, hydrogen in thermal equilibrium was sup-
plied at 5 bar. The flow rate of hydrogen was controlled using a flow meter positioned at the end of
the gas line, set to a constant rate of 20 mL/min. The flow rate of the liquid was varied from 2 to
20 uLmin~! in steps of 2 uLmin~! and the solution was left to equilibrate for 10 minutes at each
flow rate. Then, 64 scans were acquired after the application of a % pulse with a recycle delay of

20 s.
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Finite Element Modelling

Finite element simulations were performed using COMSOL Multiphysics version 5.4. Fig. 3a
shows the simulation domain. The key functional components are: the fluid channel (56.6 mm
length, 0.1 mm width), the sample chamber (2 mm length, 1 mm width) and two PDMS membranes
(31.6 mm length, 0.4 mm width). The total volume of the 8 — chip was calculated as 7 uL. A

detailed description of simulations in found in the SI.

Charcterization of Hyperpolarized Allyl Acetate Formation Kinetics

The precursor solution contained 5 mM of [1,4-bis(diphenylphospino)butane](1,5-cycloctadiene)
rhodium (I) tetrafluoroborate and 20 mM of propargyl acetate dissolved in methanol-d4. Parahy-
drogen gas pressure was set to 5 bar. The nutation frequency for RF pulses was 125 kHz for
protons. Spectra were collected with a 16 ppm spectral width and 8 k data points. Data was ac-
quired continuously while varying the flow rate from 2 to 12 uLmin~" in steps of 1 gL min~! and
from 14 to 20 uLmin~! in steps of 2 uLmin~!. At each flow rate, 20 single scan spectra were
acquired after the application of a % pulse with a recycle delay of 30 s. At these experimental con-
ditions, it took ~ 2 minutes for the hyperpolarized signal to reach the sample chamber and stabilise
therefore the first 10 transients at each flow rate were discarded to ensure that only steady-state data
was taken into consideration as shown in Fig. 4.

Spectral integrals were derived by fitting two Lorentzian functions to the H” signal, detailed
fitting is shown in the SI. Reference spectra were obtained using hydrogen in thermal equilibrium
instead of parahydrogen. 10 mM of isopropanol (IPA) was added as the concentration standard
while other conditions remained identical. Addition a minimal amount of another solvent is not
expected to negatively impact the reaction.

To obtain reference spectra, the solution was flowed at 5, 7 and 9 uLmin~! for 25+ 3°C,
37+£3°C, and 47 £ 3°C, respectively. The pressure of hydrogen in thermal equilibrium was set
to 5 bar, all other conditions remained identical. Each reference spectrum is an average of 512

transients with a 30 s recycle delay. The yield of allyl acetate was found by comparing the integral

8
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of signal H/ peak at 5.9 ppm to the intensity of the isopropanol peak at 1.1 ppm and accounting for
the difference in the number of protons. The yield of propyl acetate was calculated as described
above, from the integral of H' peak at 4.33 ppm to the intensity of the isopropanol peak. The
enhancement factor was obtained by calculating the SNR 1n the thermal and reference spectra and

accounting for the difference in the number of scans.

Formation of !3C Hyperpolarized Fumarate

The precursor solution contained 100 mM acetylene dicarboxylic acid [1-13C] disodium salt, 6 mM
[RuCp*(CH3CN)3|PFg catalyst and 200 mM sodium sulfite dissolved in DO at 50°C. The heater
temperature was set to 58°C. Flow rates from 2 to 18 uLmin~! in steps of 2 uLmin~! were
studied. Parahydrogen pressure was set to 6 bar. The probe delivered nutation frequencies for
13C RF pulses of 12.5 kHz. Spectra were collected with a 200 ppm spectral width, and 8 k data
points were acquired. Proton singlet order in [1-!3C]fumarate was converted into the observable
carbon magnetisation using the singlet-to-heteronuclear-magnetisation (S2hM) pulse sequence. >
The maximum efficiency was achieved using the following parameters: T = 15.7 ms, ny = 7,
n1 = 7. The repetition delay was set to 60 s. To calculate the enhancement factor for carbon

polarization, the SNR of in the hyperpolarized spectrum was compared with the SNR obtained

form a spectrum of 1M D-glucose-1-!3C averaged over 32 scans.

Results and Discussion

Enhancing Hydrogen Uptake into 3 — chip

An insufficient uptake of hydrogen into the o — chip proposed by Eills ez al. >’ was identified as the
main cause of the low yield of the PHIP reaction shown in Fig. 1a.?® Simply elevating hydrogen
pressure to increase the partial pressure of hydrogen in the chip is not a viable solution due to

engineering challenges such chip delamination, which leads to leakages. Moreover, working with
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high hydrogen pressures poses an increased safety hazard. Instead, the channel network can be
modified to maximise the gas uptake. The fluidic design in the o — chip used by Ellis et al.
consisted of one gas and one fluid channel in a side-by-side arrangement, with a PDMS membrane
covering both channels and serving as a diffusion conduit for H,. The fluid channel in the 8 — chip
design was positioned between two gas pathways, as shown in Fig. 3a and b. This arrangement
effectively doubles the area of the fluid channel that comes into contact with the PDMS membrane.
Additionally, the fluid pathway was extended by 30%.
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Figure 3: a) The simulation domain used in the finite element modelling of the 8 — chip. b) The
top view of the 8 — chip where the fluid channel was interposed between two gas channels in order
to increase the uptake of hydrogen into the chip. ¢) The key area of the chip enlarged. d) The cross
section of the chip illustrating hydrogen diffusion of from the gas channel (red) to the solution
channel (blue) e) Hydrogen uptake into the chip as a function flow rate. The black circles represent
NMR data and the error bars were calculated form the SNR variation. The black solid line is the
result of an FEM simulation. The grey shadow is the 1.5 uL error in the volume of the chip.
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To measure the uptake of hydrogen gas into the 8 — chip, methanol was flowed into the fluid
channel by means of a syringe pump located outside of the NMR spectrometer as shown in Fig. 2.
The chip was pressurised to 5 bar with hydrogen gas and its flow was controlled using a mass-flow
controller set to 20 mLmin~'. Dissolved hydrogen was detected by NMR in the 2.5 uL sample
chamber on the chip.

Fig. 3e shows the concentration of hydrogen in the sample chamber as a function of flow rate;
10

https://doi.org/10.26434/chemrxiv-2024-vpw8x ORCID: https://orcid.org/0000-0001-7867-5938 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-vpw8x
https://orcid.org/0000-0001-7867-5938
https://creativecommons.org/licenses/by-nc-nd/4.0/

20 mM of sodium acetate was used as the concentration standard. The solid empty and black
circles represent the NMR data for «— and B — chips, respectively. Error bars were calculated
from the SNR variation. Data for the o — chip was obtained from Ref.?” At 2 uLmin~! flow
rate the flowing liquid in both devices is fully saturated with hydrogen. However, as the flow rate
increases to 10 uLmin~!, the concentration of hydrogen in the B — chip is 11.3 mM versus only
~6 mM in the o — chip. At a higher flow rate of 18 uLmin~! there is 3 times more hydrogen
dissolved in the B — chip compared to the o — chip. The solid and dash-dotted lines are the FEM
simulations and the gray shadows represent a +-1.5 yL error in the volume of the chips. The error
in volume likely comes from imperfection in the bonding procedure and from imprecise cutting
of the microstructures within the chip. To obtain precise volume of the chip one could obtain CT
images however, each chip would have to be imaged. This is due to the manual fabrication of our
devices, resulting in inherent variability within each unit. However, implementing such solutions
would be costly.

Simulations for both ot— and 8 — chip are in good agreement with the experimental data for

flow rates up to 10 gL min~'.

Above this flow rate, the behaviour is not predicted well. This
discrepancy is not well understood yet, it was proposed that this could be due to the deformation

of the PDMS membrane. 2’

Temperature Dependence of Hyperpolarized Allyl Acetate Formation

The PHIP reaction was performed by flowing the precursor solution containing 20 mM of propar-
gyl acetate PR and 5 mM of rhodium catalyst into the solution channel and delivering 5 bar of
para-enriched hydrogen gas into the gas channel. Fig. 4a shows a single scan proton NMR spec-
trum acquired after a 7 pulse. The spectra were acquired during a steady-state experiment, with
the solution continuously flowed at a rate of 5 puLmin~'. The hyperpolarized spectrum contains
an antiphase doublet at 5.2 ppm corresponding to protons H” and an antiphase multiplet at 5.9 ppm
corresponding to protons H/. This is compared with a 512-scans reference spectrum obtained with

hydrogen in thermal equilibrium shown in Fig. 4b. Each scan was acquired after a 7 pulse with

11
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Figure 4: a) Single-scan proton spectrum obtained with para-hydrogen. b) Reference spectrum
obtained with hydrogen in thermal equilibrium. Methanol peaks have been suppressed for clar-
ity. ¢) Build-up of hyperpolarized signal (H") after changing the flow rate from 4 to 5 uL min~'.
d) Flow-rate dependence of the hyperpolarized allyl acetate yield at three different temperatures.
Black, orange and orange dots represent the experimental data for data obtained at room tempera-
ture 25 +3°C, 37 £3°C and 47 £ 3°C respectively. Solid lines have been included as guides to the
eye.
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a recycle delay of 30 s. From the ratio of the signal intensity in the reference and hyperpolarized
spectra, the 'H polarization was estimated. In the reference spectrum, the SNR was found to be
9:1, while it was 300:1 in the hyperpolarized spectrum. Since the reference spectrum was obtained
using 512 scans, the SNR resulting from a single scan would be 9/ \/m ~ 0.40. Therefore, the
signal enhancement factor is € ~ 300/0.4 ~ 750. At the field of 11.7 T and temperature of 25+3°C
this corresponds to 3% 'H polarization.

At 5 uLmin~! flow rare, the concentration of propargyl acetate was 4.9 4 0.2 mM, which cor-
responds to 24.5 4+ 0.25% yield. This was calculated by comparing the intensity of the isopropanol
peak at 1.14 ppm in the reference spectrum to the intensity of the H/ peak and accounting for the
difference in the number of protons. By introducing an additional gas channel the yield of allyl
acetate was increased over 15-fold compared with the o — chip.?’

Fig. 4c shows the buildup of a hyperpolarized signal H" after changing the flow rate from 4 to
5 uLmin~!. NMR spectra were acquired every 30 s using a 7 excitation pulse. The signal intensity
begins to rise 30 s after the target flow rate was set to 5 L min~! and it reaches a steady-state after

2 minutes. Similar results were shown in Ref?’

where the signal intensity also took just 2 minutes
to build-up. After reaching a steady-state the system provides a remarkable stability of the signal.

Accurate temperature regulation is a crucial aspect of biological and chemical platforms. In this
study, we’ve implemented variable temperature control by inserting hydrothermal sleeves between
the stripline detector, housing the microfluidic device, effectively heating the sample detection
chamber. Overall, the sample chamber of the chip is efficiently heated to a desired temperature
with a temperature variation of & 3°C from the target temperature, which sufficient for this appli-
cation.?!

Fig. 4d shows the normalised signal intensity of proton (H") as a function of flow rate at three
temperatures. The black, orange and gray solid circles correspond to experimental data obtained
at 25 +3°C, 37 £3°C and 47 £+ 3°C respectively. Each data point on the graph is a mean of 10

integrals of peak H” obtained from consecutive acquisitions. As the temperature is increased form

25+ 3 to 37 +3°C, the maximum of the signal increases by 30%. Upon further 10°C temperature

13

https://doi.org/10.26434/chemrxiv-2024-vpw8x ORCID: https://orcid.org/0000-0001-7867-5938 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-vpw8x
https://orcid.org/0000-0001-7867-5938
https://creativecommons.org/licenses/by-nc-nd/4.0/

increase, the maximum signal decreases by 2%. Increasing the temperature by 10°C shifts the
position of the maximum by +2°C uLmin~'. At 25+ 3°C the maximum is located at 5 uLmin",
while at 47 4 3°C it is at 9 uL min~!. The position of the maximum represents a balance between
the rate of relaxation of the hyperpolarized product and the hydrogen uptake into the chip. At
low flow rates such as 2 uLmin~!, the residence time of the hyperpolarized product in the fluid
channel is very long therefore it fully relaxes before it reaches the sample chamber. As the flow
rate increases, the product is delivered faster to the sample chamber and less of it is lost due to
relaxation hence the steep spike from 2 yL min~'till the maximum. As the temperature increases
so do the reaction rates hence the position of the maximum shifts to a higher flow rate as the
product needs to be delivered faster into the sample chamber.

In order to determine the yield of allyl acetate at the optimum flow rate, the experiment was
repeated using hydrogen in thermal equilibrium. 10 mM isopropanol was used as the concentration
standard and the thermal spectra are shown in the SI. The results are listed in Table 1.

The concentration of allyl acetate at 25 +3 °C was found to be 4.9 £ 0.2 mM, which corre-
sponds to 24.5 + 1% yield. The same calculations were repeated for data obtained at 37 +3°C and
47 4+ 3°C. The concentration of allyl acetate at the optimal flow at 37 4+ 3°C was found to be 7.0
+ 0.2 mM, resulting in the yield of 35.0 £ 1.0%. This is a further increase of 10% in the yield.
Increasing the temperature further to 47 + 3°C, resulted in a drop in the concentration of AL to
5.4 + 0.2 mM. At 37 £ 3°C the reaction is most efficient and even leads to the formation of propyl
acetate, as evidence by a H' peak at 4.33 ppm in Fig. 1, which is absent at other temperatures. The
concentration of propyl acetate was calculated as 1.2 4+ 0.2 mM.

From the ratio of the signal intensity in the reference and hyperpolarized spectra, the 'H polar-

Table 1: Experimental results for the PHIP reaction in the  — chip performed at 25+3°C, 37 +3°C

and 47 +3°C.
T/°C q/puLmin~" [AL]/mM ¢ "H polarization/ % Molar polarization / u M
25 5 49+0.2 750 3.0 147+ 6
37 7 7.0+£0.2 1060 4.1 287 £ 8
47 9 52+£02 930 3.5 182 +7
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ization was estimated. Accounting for the difference in the number of scans, the signal enhance-
ment was calculated as 750. At the field of 11.7 T and temperature of 25 4 3°C, this corresponds to
3.0% 'H polarization. The enhancement factor for reactions conducted at 37 +3°C and 47 & 3°C
was found to be 1060 and 930, indicating proton polarizations of 4.1% and 3.5%, respectively.
The polarization level for the oz — chip was reported as 8%,%’ which is a much higher polarization
than obtained in the B — chip. However, for in situ studies spin polarization may not be a suffi-
cient measure as the total number of spins detected also depends on the molar concentration of the
species. Instead, molar polarization should be considered, which is defined as the product of the
polarization level and the concentration of the species.3® Molar polarization for the B — chip was
calculated as 147 + 6, 287 + 8, 182 + 7 uM, for reactions preformed at 25 +3°C, 37 £3°C, and
47 £ 3°C, respectively, while the molar polarization for the o¢ — chip was less than 40 uM. By im-
plementing an additional hydrogenation pathway in the 8 — chip the molar polarization has nearly
quadrupled compared with the o — chip. Elevating temperature of the reaction by 10°C further

approximately doubled the molar polarization. However at 47°C, molar polarization decreased.

Formation of 13C Hyperpolarized Fumarate

The short lifetime of 'H polarization, which is of the order of seconds, limits application of proton-
hyperpolarization in vivo as longer observation times are required. This can be overcome by trans-
ferring the polarization to a longer-lived nucleus such as carbon-13 or nitrogen-15. Hyperpolarized
fumarate is a promising target for in vivo detection of necrosis and therefore has been extensively
used as a hyperpolarization target.3¢3° However, the trans-hydrogenation reaction to synthesise
hyperpolarized fumarate is challenging as it is slow compared to the timeframe in which the hy-
perpolarization returns to thermal equilibrium.*° The advancements detailed in this paper improve
reaction conditions by enabling the elevation of reaction temperatures and enhancing hydrogen
concentration within the device hence make it possible to hyperpolarize fumarate more efficiently.
As shown in Fig. 5a hyperpolarized fumarate was generated via a reaction of [1—!3C]-acetylene-

dicarboxylic acid disodium salt (ADCA) with para—hydrogen in a presence of a ruthenium cata-
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Figure 5: a) Formation of '3C hyperpolarized fumarate. acetylene dicarboxylic acid [1-13C] dis-
odium salt labelled as molecule ADCA reacts with parahydrogen in the presence of sodium sulfite
and the catalyst [RuCp*(CH3CN)3]PFg in D,0O. The reaction results in a production of disodium
[1-13C]fumarate, molecule FUM, with the two protons in a singlet state. Application of the S2hM
pulse sequence converts the singlet state into a state that is magnetic and hence observable FUM*.
b) 90-S2hM pulse sequence used to transfer the polarization from the proton singlet state to car-
bon. The following parameters were found to be optimal for the sequence: 7 = 15.8us, ny =7
, np =77. ¢) b) The J—coupling network of [1-13C]fumarate. The J —coupling values were taken
from Ref.3’

lyst that resulted in a trans-hydrogenated product, a molecule of [1 —'? C]fumarate(FUM). Since
the added protons on the molecule of fumarate are chemically and magnetically equivalent, a 13C
label was introduced at one of the carboxylate groups to break their symmetry. This hydrogenation
reaction is known to be affected by the singlet-triplet (S-T) mixing phenomenon, which can lead to
a reduction of observable PHIP signal.*! It occurs when molecules of hydrogen form intermediate
hydride species with the catalyst metal center and at high field they experience a chemical shift
difference. This can lead to a significant leakage from the proton singlet state (|Sp)) to the central
triplet state (|7p)).*> There are methods for mitigating S-T mixing.*!*3** A 7/2 "purge" pulse
prior to the S2M sequence was found to improve the efficiency of the sequence in microfluidic
chips.3? The purge pulse removes the detrimental population of the |T) state by transferring it to
the two outer | T ) states where it has no effect on the polarization transfer. Here, the purge pulse

was applied on the 'H channel prior to application of the S2hM sequence on the '*C channel as
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Figure 6: a) '3C spectra of [1-!3C]fumarate at different flow rates. b) A plot of the signal intensity
of [1-'3C]fumarate as a function of flow rate.

shown in Fig. Sc.

The set-up depicted in Fig. 2 and the 8 — chip was used to produce '3C-hyperpolarized fu-
marate. Fig. 6a shows single scan carbon spectrum of '3C-hyperpolarized fumarate at different
flow rates. At 2 uLmin~!, the carbon signal is barely distinguishable from the noise but as the
flow rate increases, the signal intensity increases. The change in signal intensity as a function of
flow rate is displayed in Fig. 6b. Until 8 uL min~!, there is a near-linear increase in the prod-
uct formation then the signal intensity plateaus. This reaction profile is markedly different to the
ones reported in the previous chapters. At very low flow rates, the time it takes for the product to
be delivered into the sample chamber is greater that the relaxation time therefore, the product is
formed upstream from the sample chamber and is passively carried into the detection chamber. As
a result, increasing the flow rate results in a faster delivery of the product however since carbon
nuclei relax at a much slower rate compared to proton nuclei the initial reaction profile is much
smoother compared with the reaction profile discussed in the previous chapter. After 8 uLmin~!

flow rate, the intensity of the signal ~ plateaus. This is likely due to the fact that the reaction is

slow and uptake of hydrogen into the chip is no longer limiting the rate of the reaction.
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Detection of 'C signals arising from thermally polarized fumarate was not possible using
our home-built transmission line probe due to the limited sensitivity. To estimate the signal en-
hancement, the hyperpolarized spectrum was compared with a spectrum of 1M D-glucose-1-13C
obtained after the application of £ pulse; shown in the SI. The SNR in the glucose spectrum is
2:1, while in the hyperpolarized spectrum of fumarate the SNR is 9:1. Since glucose spectrum was

obtained from 32 number of scans, the SNR in a single scan is —= ~ 0.35. Accounting for the

V32
fact that glucose spectrum was obtained from 1 M sample and spectrum of fumarate was obtained

from 3 mM sample, this leads to the signal enhancement factor of € = % * 103ﬂ ~ 8500. Leading

to 8.5% carbon polarization.

Conclusions

In this work we have used finite element simulations and modelling to aid design of an optimized
microfluidic device for performing PHIP reactions. FEM of the chip reported by Ostrowska et
al.?® identified that inadequate uptake of hydrogen into the device is the limiting factor for the
reaction, which resulted in sub-milimolar reaction yield.

Introduction of an additional hydrogenation channel resulted in at least 2-fold increase in hy-
drogen uptake into the device and consequently led to a 15-fold increased in the yield of hyperpo-
larized allyl acetate compared with previously reported ¢ — chip.?” Heating the sample chamber
of the chip led to a further 10% increase in the yield.

Lastly, the same chip was used to transfer polarization to fumarate and obtain 8.5% carbon
polarization.

While the reactions reported in this manuscript are not yet suitable for biological applications
due to the presence of potentially toxic compounds for cell culture, they represent a crucial step
towards the integrated production of hyperpolarized materials and cell culture. Devices based on
similar designs have been successfully employed to quantify the metabolism of liver and breast

cancer monolayers?! and breast cancer spheroids,?’ underscoring the potential of this approach
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for future biologically relevant applications.
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