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INTRODUCTION

Micro-coil NMR is opening new frontiers in NMR research by boosting sensitivity on extremely volume-limited samples. However, the complexities of micro-coil fabrication and use limit the uptake
of these techniques, restricting their application in key areas such as microscopic biological samples. We introduce a next-generation micro-scale NMR platform that leverages scalable integrated
microchips, combined with additive manufacturing and other flexible production methods. The system is highly adaptable to diverse sample types, scalable for high throughput, and compatible
with standard spectrometers. A portfolio of broadband micro-coils target volumes from 500 nL down to TnL, function up to 600 MHz for use with high sensitivity spectrometers, and down to 10 MHz

for X-nuclel detection. We report on the system features and design, highlight a proof-of-concept application in embryology, and discuss the future developments of the system.

RESULTS
[ MicroMRS-LAB: High throughput platform ] [ MicroMRS-Tube: microscale probes within NMR tubes }
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sample, paving the way for integration with hyperpolarized agents. This research is conducted

In collaboration with NVision, which will provide hyperpolarized metabolites for future studies
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Figure 1: High throughput NMR. (A) Diagram of the full system enabling easy insertion into the magnet with a
loader, easy interfacing to standard NMR consoles through the breakout box, and a module sensor that can be
loaded under a microscope. (B) The flexible platform can be adapted for handling different kinds of samples with
various micro-coil designs. The photograph shows a coil with a sensitive volume of ~500nL, with 500 um ID
capillary mounted in a holder above it. (C) Photographs of the multicoil system. Four coils are integrated together
to the same microchip, enabling simultaneous loading and measurement of up to four samples. The bottom-right
rendering depicts the loading of a cell culture sample, like an embryo, into the micro-structure “cup” positioned
above one of the coils. (D) A typical spectrum from a bovine embryo showing peaks likely due to mobile lipids next
to the background water signal.
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The core of the system is a micro-coil integrated onto a microchip, along with front end

Figure 2: Compact and flexible system with integrated flow. (A) Photograph showing the full sensor ready for

electronics, achieving exceptional local sensitivity with spectral resolutions down to 0.01 ppm, insertion into e.g. an Oxford Instruments probe. (B) A zoomed photo showing the microsystem inserted in a test

depending on sample properties. For practical use, the microchip is combined with a system tube, with a further enlargement showing the microfluidic channel fixed on top of the microchip. (C) Rendering of
. , , . o . . the full probe showing the key elements: 1) the microcapillaries carrying flow to and from the microchip 2) the top
designed for easy loading under a microscope, allowing sample positioning with accuracies of closure ensuring a liquid seal and helping positioning the sensor relative to a customized loading system 3) spacers

that keep the system well centered within the test tube 4) the microchip with integrated microstructure 5) the
surrounding test tube that provides protection and support. (D) NMR signal from hydrogen using the 500nL coil, 12
averages. The linewidth is 0.07 ppm and the signal to noise ratio is 192.

+10um. Flexible manufacturing methods enable adaptation of the system for a wide range of

sample types.

[ MicroNMR in practice: Monitoring the metabolism of embryos, oocytes, microtissues, and more! }
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- i I I i Figure 4: Cross-species data demonstrating translatability of biomarkers. (A) The detected peaks are related
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mostly to mobile lipids, providing a ‘fingerprint’ of its metabolic history. (B) Maturity of cow oocytes is predictable
Dayl Day3 Day5 Day7 Dayl0 Dayi4 from biomarkers. Left: typical first and second principal components [A.U] observed after applying SMOTE (Synthetic
Minority Over-sampling Technigue) to balance the dataset (NTOT=102, NNM=63, NMAT=39). Red: immature oocytes;
big green: in vivo matured oocytes; small green: in vitro matured oocytes. Right: ROC for machine learning algorithm
demonstrating prediction of oocyte maturity with SVM classifier (C ) Saturated lipid biomarker is correlated with p <
0.05 to cryopreservation survival in pig embryos (D) Rabbit embryos cultured in different media can be distinguished
using several lipid biomarkers with high significance.
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Figure 3: Lipid Monitoring in microtissues. (A) Experimental design depicting the three culture conditions. (B)
Lipid content over time shows disease progression and recovery across the three groups: lean (blue), diabetic
(black), and diabetic switched to lean (orange).

CONCLUSIONS

Micro-NMR based on microchips has a broad ability to address relevant questions across multiple types of biological samples down to InL in volume.

A high-throughput version has been used at our lab for biological studies, using four integrated coils to increase throughput 4X

The next version integrates flow and adapts to a test tube for use with hyperpolarized compounds in many systems. Fluids loading and NMR spectra measurements have been demonstrated.

Micro-NMR successfully detect metabolic biomarkers in animal embryos and oocytes, distinguishing between distinct classes such as spontaneously early and late arrested embryos during in

vitro culture, embryos cultured in different media, or embryos that survived cryopreservation.

« Micro-NMR biomarkers enabled in-vivo monitoring of the metabolic state of liver microtissues, distinguishing between those cultured in lean and diabetic medium with high significance.
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