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Noninvasive Metabolomics at the Microscale:

Lipid Profiling in Embryos, Oocytes, and Microtissues

Introduction Micro-MRS

MICRO
ORGANISMS

Magnetic Resonance Spectroscopy (MRS) is a gold-standard, noninvasive method A
for studying living systems in vivo.

 Until now, its application at the nanoliter scale has been hindered by major
technical limitations.

 We recently addressed these technical challenges by creating Micro-MRS sensors
that integrate microchips with custom-designed transceivers, micro-coils for signal
detection, and 3D microprinting for system integration, enabling measurements at
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the nanoliter scale.
« The platform is user-friendly and suitable for microscopic biological samples,
including microorganisms, oocytes, embryos, microtissues, and organoids.
In this study we present a series of proof-of-concept experiments Figure 1: Annaida’s non-invasive solution for microscopic sample MRS based screening. (A) 3D
. ! . . . . . ope rendering of the microchip-based sensor, which includes a connector, printed circuit board, sample
Qe.monstratlng, for the first t":ner r.\onlnvaswe MRS-based rr.ietabollc proflllng of chamber, and detailed microsensor system. (B) Photograph of the microsystem shown in (A), highlighting
living embryos, oocytes and microtissue models at the nanoliter scale. the various applications enabled by the Micro-MRS sensors.
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Figure 2: Bovine embryo MRS based metabolic screening. (A) Microscopy images of developing and arrested « Machine learning analysis of the lipid fingerprint reveals clear discrimination
bovine embryos. (B) Averaged 'H-NMR spectra across bovine embryo samples, highlighting key lipid biomarkers. (C) between developed and arrested bovine embryos [-|]
Confusion matrix of an XGBoost model trained to distinguish arrested from developing bovine embryos based on '
MRS biomarkers. (D) Receiver Operating Characteristic (ROC) curve, with an Area Under the Curve (AUC) of 0.94.
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(MI/GV) and mature (MIl) oocytes.
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Figure 3: Human oocyte experiment. (A) Microscopy images of immature and mature human oocytes. (B) Averaged A markedly different lipid profile was observed compared to bovine

'H-NMR spectra of oocyte culture medium (Medium), immature oocytes (Imm), and mature oocytes (Mat). (C)

embryos, suggesting a predominance of short-chain fatty acids (SCFAs), as
Quantification of key lipid-associated resonances. Significant differences across groups are indicated (*p < 0.05; *p < YOs, 99 S P y ( )'

0.0T: **p < 0.00T: ***p < 0.0001). indicated by a terminal to-methylene ratio approaching 1.
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* Lipid metabolic fingerprints varied significantly under different nutritional
environments, successfully mimicking non-alcoholic fatty disease [2],
characterized by early lipid accumulation in hepatocytes, primarily in the
form of triglycerides.
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Figure 4: Human liver microtissue lipid profiling over time. (A) Fluorescence microscopy image of a human liver
microtissue spheroid. (B) Representative 'H-NMR spectra of liver microtissues from lean (LEAN), steatotic-on-diet
(SOD), and steatotic-on-fat (SOF) groups. (C) Experimental design showing feeding/fasting regimens and sampling
timeline from Day -3 to Day 14. (D) Proportional lipid content (PLC) quantified across groups over time.

Conclusions

« Microscale MRS enables noninvasive lipidomics profiling, capturing the metabolic state of distinct living samples at the nanoliter scale while preserving viability.

 The extracted spectral features capture real-time cellular metabolism while providing predictive insights into developmental trajectories and supporting longitudinal
monitoring.

« Ongoing studies further highlight its value, distinguishing expansion dynamics in bovine embryos and characterizing lipid profiles in rabbit embryos, confirming that the
metabolic fingerprint encodes key information on cellular health.
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