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Nuclear magnetic resonance (NMR) allows, among many
other applications, for non-invasive studies of intact living entities.
In particular, NMR is successfully employed for imaging and to
obtain detailed information on the chemical composition of large
living animals. NMR experiments at the volume-scale of single mi-
croorganisms and single cells are hindered by the limited sensitivity
of the detector and the difficulties in positioning such small samples
in proximity of the detector. Many interesting biological entities
(e.g. the human ovum and those of other mammalians) have typi-
cal volumes below 1 nL. Commercial NMR probes have a too low
sensitivity for the investigation of such small important entities.

Recently, we introduced an innovative generation of NMR
probes, based on the combination of single-chip CMOS integrated

electronics together with high-resolution 3D printed microfluidic
structures. The CMOS technology is used to implement miniatur-
ized probes, where a multilayer microcoil is co-integrated on the
same chip with the transceiver electronics. The microfluidic struc-
tures are fabricated using a two-photon polymerization 3D print-
ing technique having a resolution better than 1 µm3. The adopted
3D printing approach allows to fabricate complex microfluidic
structures tailored to position and feed biological samples in the
most sensitive region of the CMOS-integrated microcoil. Using
a probe having a sensing volume of 200 pL and a sensitivity of
2×1013 spins/Hz1/2, we demonstrated direct reading of endogenous
compounds in sub-nL eggs of microorganisms and in sub-sections
of worms. In the figures we report spectra of body sections and
eggs of small animals (which show differences among species and
heterogeneities among individuals) and of a test liquid solution
(which demonstrates a spectral resolution of 2 Hz). The proposed
combination of CMOS and 3D printing technologies achieves
state-of-the-art sensitivity for the NMR studies of nanoliter
and subnanoliter living biological entities.

Received: May 13, 2019

References
M. Grisi, F. Vincent, B. Volpe, R. Guidetti, N. Harris, A. Beck, G. Boero, Sci.
Rep. 2017, 7, 44670.
E. Montinaro, M. Grisi, M. C. Letizia, L. Pethö, M. A. M. Gijs, R. Guidetti, J.
Michler, J. Brugger, G. Boero, Plos One 2018, 13, e0192780.

−4−20246810
δ ppm

Rc ovum

Rc ovum trapped in
the microchannel

02468

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

δppm

(a)−(h)

01234567
δppm

Hp
Rc

50 µm
50 µm

50 µm

50 µm150 µm

150 µm

a

b

c

d

e

f

g

−1012345
δ ppm

1.31.4

0

0.02

0.04

4.254.34.35

0

5

10
x 10

−3

Lactic acid 1.3M

−4−20246810
δ ppm

C. elegans subsection

C. elegans trapped
in the microchannel

Fig. 1. (a) Single-chip CMOS transceiver with co-integrated microcoil, and (b) assembled with a 3D printed microchannel. (c) 1H NMR spectrum of a
single tardigrade ovum, belonging to Richtersius coronifer (Rc), in H2O. (d) 1H NMR spectrum of an intact Caenorhabditis elegans worm subsection
in PBS. (e) 1H NMR spectrum of 1.3 M lactic acid in H2O. (f) 1H NMR spectra of single sub-nL ova (Richtersius coronifer (Rc) and the parasitic nema-
tode Heligmosomoides polygyrus bakeri (Hp)). (g)1H NMR spectra of eight, visually identical, Rc ova in D2O.


