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Collaborators

Nuclear Magnetic Resonance (NMR) spectroscopy is a gold standard method enabling non-invasive studies in vivo.  So far, technical issues have prevented NMR from being applied at the 

microscopic scale, where it may be used in fundamental research, drug development, personalized medicine, and beyond.  Our team has overcome these limitations with NMR sensors based on 

microchips where transceivers, micro-coils, and 3D micro-printing are combined.  As proof-of-concept, we demonstrate the power of this approach in gametes and embryos selection - an 

application where low success rates (<40%) may be improved by adding metabolic insights - as well as in disease monitoring in microtissues [1]. In this study, we present a series of proof-of-

concept experiments demonstrating our ability to detect valuable metabolic information from microtissues, oocytes and embryos down to 2nL in volume.

• Micro-NMR has a broad ability to address relevant questions across multiple types of biological microsamples.

• By applying Micro-NMR biomarkers coupled with Machine Learning, we achieved a significant milestone as the first application of this technology at the single-cell level, with demonstrated 70% 
accuracy in assessing oocyte in vitro maturation.
 

• Micro-NMR successfully detect metabolic biomarkers in IVP bovine embryos, distinguishing between spontaneously early and late arrested embryos during in vitro culture.
•  

• Machine Learning enhanced the predictive power of Micro-NMR, achieving >80% accuracy in predicting blastocyst development based on early embryo metabolic profiles, underscoring its 
potential for embryo metabolic screening.

• Micro-NMR biomarkers are correlated with the metabolic state of liver microtissues, distinguishing between microtissues cultured in lean and diabetic medium with high significance.
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Figure 3: Correlation of NMR Spectra with developmental outcome in 8-cell embryos. (A) Experimental Workflow. 
(B) Biomarkers quantification for ARR (n=54) and DEV (n=7) groups. Normality assessed with Lilliefors test, with 
significance determined by t-test or Mann-Whitney U Test (U). Biomarkers include Intensity (-Int), Skewness (-Skew), 
and Kurtosis (-Kurt) within specific chemical shift regions of the spectrum: PLC [0.83-2.8], Saturate [1.1-1.5], S1 [0.83-1.03], 
S3 [2.23-2.36], SaturateL [1.3-1.5], SaturateR [1.1-1.3]. Saturate-Ampl and Saturate-Width are derived from Lorentzian fit 
parameters in the Saturate region. (C) Machine learning performance area under the curve, sensitivity and selectivity 
for prediction of developed versus arrested from NMR data.

NMR markers of in vitro Development in Bovine Embryos

In vitro produced (IVP) embryos were cultured up to Day 2 post-fertilization (8-cell stage) and 

cryopreserved.   The embryos were subsequently thawed, analysed by NMR, and cultured up to 

Day 8 (blastocyst stage). Embryos were imaged on Day 2 and  Day 8 to assess development. 

After verifying the presence of NMR biomarkers, machine learning models were applied to 

evaluate the effectiveness of Day 2 (8-cell stage) biomarkers in predicting subsequent embryo 

development. Despite no significant P-values being found, the biomarkers formed distinct 

clusters. The obtained performance indicators were accuracy (92%), precision (60%), and 

sensitivity (86%). This analysis revealed up to 92% accuracy in predicting the embryo 

development to the blastocyst stage (Day 8) solely based on the metabolic profile obtained at 

Day 2.

Beyond Bovine Embryos

The detected biomarkers are based on spectral regions related to mobile lipids.  Signals from 

these regions have been found in multiple species and the derived biomarkers correlated with 

multiple aspects of embryo development.  
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Figure 1: Microscale NMR. (A) Diagram showing the different applications addressed by microscale NMR 
sensors. (B) 3D rendering of the microchip-based sensor composed of a connector, a printed circuit board, a 
chamber holding the sample medium, and the microsensor system shown in detail (C) with the microchip in 
black, the micro-coil in gold, the sample in orange, and the microstructure holding the samples in grey.  
Placement of samples using a micro-pipette is depicted. (D)  Photograph of the microsystem of (C) and the pulse 
sequence used to perform NMR on four channels.
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Figure 2: Cross-species data demonstrating translatability of biomarkers.  (A) The detected peaks are related mostly 
to mobile lipids, providing a ‘fingerprint’ of its metabolic history. (B) Maturity of cow oocytes is predictable from 
biomarkers. Left: typical first and second principal components [A.U] observed after applying SMOTE (Synthetic Minority 
Over-sampling Technique) 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. 

Fatty liver disease progression and recovery were monitored in human micro-livers across three 
groups: lean, diabetic, and diabetic switched to lean medium [2]. The recovering group showed 
a return to healthy lipid levels, with accelerated improvement between Days 7 and 10. Data are 
based on 117 single-tissue measurements.
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Figure 4: 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). 
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