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Abstract 
Nuclear magnetic resonance (NMR), electron paramagnetic resonance (EPR) and ferromagnetic 
resonance (FMR) spectroscopy can open up the possibility of studying many scientifically and 
biologically relevant samples at the μm and sub-μm scale. Examples of volume-limited systems 
include numerous species of microorganisms, mammalian zygotes, the majority of cells, proteins 
limited in growth, micro and nanostructured devices for the analysis of spin dynamics at the sub-
μm scale.  

These volume-limited samples cannot be addressed by commercially available inductive 
spectrometers due to their constraint in sensitivity. This limitation can be overcome by 
miniaturizing the dimensions of the detector, thus maximizing the filling factor and increasing the 
detected signal. It was previously proposed in our group that complementary metal-oxide 
semiconductor (CMOS) technology can be used to realize miniaturized high sensitivity inductive 
probes, which use integrated planar coils for both the excitation and detection of NMR and EPR 
signals. These novel NMR and EPR detection systems have spin sensitivities respectively of 1013 

 and 108  at room temperature, i.e at least two orders of magnitude better 
than the commercially available spectrometers. 

During my PhD work, I developed methods and microfabrication techniques to perform NMR, 
EPR and FMR spectroscopy at the μm and sub-μm scale by using these high sensitivity single chip 
CMOS detectors.  

Microfluidic systems for the non-invasive handling of liquid samples and biological entities 
immersed in liquids were realized and combined with the CMOS single chip NMR and EPR 
detectors. The sample handling becomes more difficult as the size of the detector is scaled down. 
The extremely small detection volumes (approximately 0.2 nL) set constraints for the fabrication 
of microfluidic systems, with designs that enable the precise driving and trapping of the specimen 
in close proximity of the integrated coil and materials that guarantee a seal of the microfluidic 
structure. The implementation of separation layers below 10 μm between the sample and the 
microcoil, allows for delivering acceptable filling factors at a small expense in spin sensitivity. 

Microfluidic channels were fabricated via conventional microfabrication techniques and via two-
photon polymerization, a 3D printing technique with a lateral resolution of 300 nm. The former 
method is suitable for large scale production and for applications where there is no need of a 3D 
design and the resolution limit of photolithography is not a concern. The latter method is the ideal 
solution for the rapid prototyping of complex microfluidic devices for the trapping and culturing 
of biological entities of different sizes and fluidic beaviours. 

We demonstrated that the 3D printing technique is an exceptional solution for NMR applications. 
Due to the flexibility in the design of the microfluidic systems, it is possible to minimize the dead 
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volume, essential for NMR experiments on volume-limited liquid samples. It is also possible to 
reduce the magnetic field non-uniformieties with a consequent improval in spectral resolution. We 
reported spectral resolutions down to 0.007 ppm for liquids having sample volumes of 100 pL.  

Using 3D printed microfluidic systems we performed, for the first time, NMR studies on intact 
biological entities (specifically on ova of the tardigrade Richtersius coronifer and sections of adult 
Caenorhabditis elegans worms) submerged in liquid media of choice. We show a sensitivity of 
2.5·1013 spins/ , sufficient to detect highly concentrated endogenous compounds in active 
volumes down to 100 pL with measurement times down to 3 h. 

We showed the first example of EPR measurements on subnanoliter liquids and frozen solutions, 
by the combination of commercially available capillaries and EPR single chip detectors. This is a 
first but important step towards the study of biological samples, whose paramagnetic ions have 
relaxation times too short to be measured at room temperature. The same single chip detector was 
used to perform FMR experiments at the μm and sub-μm scale.  

Moreover, we reported a novel method for the sensing of magnetic microbeads, which is based on 
the detection of the change of susceptibility in FMR condition by the CMOS integrated detector. 
Due to the frequency and field dependence of the susceptibility, the detected variation is 20 times 
greater than the change in magnetization measured in static conditions by other approaches. The 
proposed detection scheme allows for single bead sensitivity over a sensing area of about 5·104 μm2. 
This is an improvement with respect to other magnetic beads detection techniques, which suffer 
either from limited sensitivity or from reduced sensing area.  

Lastly, sub-μm scale FMR detection capabilities of the single chip CMOS detector are shown by 
experiments on nanopatterned single permalloy (Ni80Fe20) and YIG (Y3Fe5O12) dots. As for the 
detection of magnetic beads, the combination of high sensitivity and large sensing area is seen as a 
considerable advantage with respect to other FMR detection methods.  

In summary, in this thesis we report the methods and fabrication techniques developed to perform 
NMR of subnanoliter liquids and biological samples submerged in liquids, as well as EPR of 
liquids and frozen solutions at the sub-nL scale. Morever we show a new method for the detection 
of magnetic microbeads based on the sensing of the change of susceptibility in FMR condition. 
Lastly, we present the nanopatterning of NiFe and YIG films and the FMR measurements of the 
realized structures by a single chip CMOS detector.  
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Riassunto 
I fenomeni di risonanza magnetica nucleare (NMR), risonanza paramagnetica elettronica (EPR) e 
risonanza ferromagnetica (FMR) possono essere utilizzati per analizzare diversi campioni di volume 
inferiore al nanolitro, di grande interesse nell’ambito scientifico e biologico. Alcuni esempi di 
sistemi a volume limitato sono la maggior parte delle cellule, numerose specie di microorganismi, 
zigoti di mammifero, proteine difficili da sintetizzare in grandi volumi, dispositivi micro e 
nanostrutturati per l'analisi delle dinamiche di spin nella scala di frazioni di μm. 

Tuttavia, questi campioni a volume ridotto non possono essere analizzati da spettrometri 
attualmemte disponibili in commercio, i quali presentano una limitata sensitività. Questa 
limitazione può essere superata miniaturizzando le dimensioni del rivelatore, massimizzando così il 
fattore di riempimento e aumentando il segnale rilevato. In precedenza nel nostro gruppo di ricerca 
è stato dimostrato che la tecnologia CMOS (complementary metal-oxide semiconductor) può 
essere utilizzata per realizzare sonde miniaturizzate ad alta sensitività. Tale sonde sono dotate di 
bobine planari integrate che permettono l'eccitazione e la rilevazione del segnale NMR ed EPR. 
Questi nuovi sistemi di rilevamento hanno sensitività, a temperature ambiente, rispettivamente di 
1013  and 108  – almeno 2 ordini di grandezza superiore a quella degli 
spettrometri esistenti in commercio. 

Durante il mio dottorato, ho sviluppato metodi e tecniche di microfabbricazione per eseguire la 
spettroscopia NMR, EPR e FMR alla scala μm e sub-μm usando questi rivelatori CMOS ad alta 
sensitività. 

Sistemi microfluidici per la manipolazione non invasiva di campioni liquidi e entità biologiche 
immersi in liquidi sono stati realizzati e integrati con i rivelatori CMOS di NMR e EPR. Con la 
riduzione della dimensione del rivelatore, la gestione del campione si compica notevolmente. I 
volumi di rilevamento estremamente ridotti (circa 0,2 nl) determinano vincoli per la fabbricazione 
di sistemi microfluidici, con strutture che consentano una precisa conduzione e il blocco del 
campione in prossimità della bobina integrata, nonché materiali che garantiscano 
un’impermeabilizzazione della struttura microfluidica. L'implementazione di strati di separazione 
inferiori a 10 μm tra il campione e la micro bobbina, consente di ottimizzare il fattore di 
riempimento e minimizzare la perdità in sensitività rispetto al caso ideale del campione in diretto 
contatto con la micro bobina. 

I canali microfluidici sono stati fabbricati sia con tecniche convenzionali di microfabbricazione che 
mediante polimerizzazione a due fotoni, una tecnica di stampa 3D con risoluzione laterale di 300 
nm. Il primo metodo è adatto per produzioni su larga scala e per applicazioni dove non è necessaria 
una struttura 3D. Il secondo metodo è la soluzione ideale per realizzare rapidamente complessi 
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dispositivi microfluidici per la cattura e la coltivazione di entità biologiche aventi diverse 
dimensioni e comportamenti fluidici. 

In questo lavoro di tesi è stato dimostrato che la tecnica di stampa 3D ad alta risoluzione è una 
soluzione eccezionale per applicazioni NMR. Sfruttando la flessibilità nella progettazione dei 
sistemi microfluidici, è possibile minimizzare il dead volume, parametron essenziale per gli 
esperimenti NMR su campioni liquidi a volume limitato. È inoltre possibile ridurre le 
disuniformità del campo magnetico con conseguente miglioramento della risoluzione spettrale. 
Abbiamo riportato risoluzioni spettrali fino a 0,007 ppm per liquidi aventi un volume di 100 pL. 

Utilizzando i sistemi microfluidici stampati con tecnologia 3D abbiamo eseguito inediti studi 
NMR su entità biologiche intatte (in particolare su ovuli di tardigrado Richtersius coronifer e sezioni 
di Caenorhabditis elegans adulti) immerse in liquidi. Mostriamo una sensitività di 2.5·1013 

, la quale è sufficiente a rilevare composti endogeni altamente concentrati in campioni con 
volumi fino a 100 pL e con tempi di misura fino a 3 ore. 

Abbiamo realizzato il primo esempio di misure EPR su liquidi con volume inferiore al nanolitro e 
soluzioni congelate, mediante la combinazione di capillari esistenti in commercio e rivelatori EPR 
integrati su singoli chip CMOS. Questo è un primo passo verso lo studio di campioni biologici, i 
cui ioni paramagnetici hanno tempi di rilassamento troppo brevi per essere misurati a temperatura 
ambiente. Lo stesso rivelatore CMOS è stato utilizzato per eseguire esperimenti FMR con scala μm 
e sub-μm. 

In questo manoscritto viene presentato un nuovo metodo per la detezione di microbiglie 
magnetiche che si basa sulla misura della variazione di suscettività in condizioni di FMR da parte 
del rilevatore integrato CMOS. Sfruttando la dipendenza della suscettività dalla frequenza e dal 
campo magnetico, la variazione rilevata è 20 volte maggiore rispetto alla variazione della 
magnetizzazione misurata in condizioni statiche da altri metodi presenti in letteratura. Questo 
nuovo sistema di rilevamento consente di raggiungere una sensitività di una singola microbiglia su 
un'area sensibile di circa 5 104 μm2. Questo è considerato un vantaggio rispetto ad altre tecniche di 
detezione di biglie magnetiche, che sono limitate o dalla sensitività o da una ridotta area sensibile. 

Infine, é stata dimostrata con esperimenti su singoli nanodot di permalloy (Ni80Fe20) e YIG 
(Y3Fe5O12), la capacità di detezione FMR del rilevatore CMOS su scala sub-μm. La combinazione 
di alta sensitività e di ampia area sensibile è da considerarsi un notelove vantaggio rispetto ad altri 
metodi di detezione FMR. 

In questa tesi sono riportati metodi e tecniche di fabbricazione sviluppate per eseguire misure 
NMR su liquidi e campioni biologici immersi in liquidi con volume inferiore al nanolitro, così 
come misure EPR su liquidi e soluzioni congelate con scala sub-nL. Viene presentato un nuovo 
metodo per la detezione di microbiglie magnetiche basate sulla misura della variazione di 
suscettività in condizioni di FMR. Infine viene presentata la nanostrutturazione di film di NiFe e 
YIG e la misura FMR di tali strutture effettuata dal rilevatore CMOS integrato su singolo chip. 
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  Introduction Chapter 1
 

1.1 Introduction 

Nuclear magnetic resonance (NMR) and electron paramagnetic resonance (EPR) spectroscopy are 
powerful techniques widely used in physics, chemistry, medicine and biology. They are often the 
method of choice for the non-invasive extraction of detailed chemical information from a variety 
of samples. NMR spectroscopy allows profiling of multiple metabolite concentrations in living 
matter and their cellular variation in response to drugs, environment, stimuli, lifestyle. It enables 
metabolic profiling to reveal latent phenotypes and the determination of a representative set of 
protein structures, even acquired exclusively from living cells3-20. EPR spectroscopy provides 
information on local structure of large molecules by measuring long-range intermolecular distances 
on the nanometer scale. It permits to understand the details of the dynamics in proteins, to study 
in vivo pathological effects related to the presence of free radicals and to map oxygenation in living 
tissues21-35.  

 

1.2 State of the art  

1.2.1 Microscale NMR 

Nuclear magnetic resonance (NMR) is a powerful technique widely used in physics, chemistry, 
medicine and biology36-38. During an NMR experiment the sample is immersed in a static 
magnetic field and excited with electromagnetic fields at frequencies and strengths which have no 
biological sideffects. Due to this property and to its resolving power, NMR is successfully applied 
to a variety of applications, e.g., to diagnostic imaging39 and in-vivo spectroscopy40-42 of large living 
animals. The extension of NMR towards the microscopic scale is hindered by sensitivity 
limitations. However, the search for methods enabling this powerful technique at small scale is an 
active domain of research43-46.  

Various techniques permitted the optimization of NMR tools for volume scales ranging from 1 μL 
down to a few nL43, 46-57. Some of these techniques were used to perform unique pioneering studies 
of small collections of cells and microorganisms12, 13, 55, 58, perfused tumor spheroids59, and large 
single cells and embryos6-8, 60-63. NMR-based studies of intact single biological entities were, until 
recently, demonstrated down to volumes of 5 nL and limit of detection (LOD), reported to a field 
strength of 600 MHz, down to 10 nmol s1/2 of 1H spins8, 55, 58. Further reducing the volume of 
detection would open up the possibility of studying many biologically relevant systems present at 
the subnanoliter scale, which include the majority of cells, numerous species of microorganisms 
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and mammalian zygotes64. The main limitation in addressing sub-nL biological samples is given by 
the required spin sensitivity, being both a volume and concentration limited problem.  

Conventional inductive NMR spectrometers are optimized for having volumes of few hundreds of 
μL and achieve sensitivities of 1015 spins/ . Due to their intrinsic poor senstitivity, the 
investigation of subnanoliter samples is impossible. Given the broad range of applications, the 
development of techniques aimed at increasing the spin sensitivity of NMR is a scientific and 
technological hot topic. A candidate approach for fulfilling this goal is high sensitivity inductive 
MR probes based on microcoils or microresonators, whose small size is necessary to maximize the 
sensitivity of the detector51, 56, 57, 65-73. While the possibility to extend MR towards manually placed 
subnanoliter solid samples was already demonstrated2, 68, 74, MR spectroscopy of subnanoliter liquid 
volumes and biological entities in a liquid environment is challenged by the need of placing and 
holding liquids at the sensitive region of the miniaturized detector. 

A promising solution for achieving this target is the combination of miniaturized inductive probes 
and a microfluidic system. To this end, several approaches towards the miniaturization of coils and 
their integration with microfluidics were reported75-80. In one approach, solenoids were constructed 
manually, by hand-winding copper wires around capillary tubes75, 77. Such a manual approach is 
poorly reproducible and difficult to scale down. Subsequently, various microfabrication techniques 
were developed to shrink the size of the solenoids. Solenoids on micro-capillaries were 
microfabricated using microcontact printing and electroplating76, laser lithography78, 80, focused ion 
beam81, SU-8 patterning and electrodeposition82. Solenoids on hollow micropillars were fabricated 
by wire bonding techniques73, 83.  

The main limitations of the solenoidal microcoils are related to their complex fabrication and 
challenging integration with chip-based microfluidics. To overcome these limitations, planar and 
Helmholtz microcoils were directly combined with microfluidic structures. Electroplated 
microcoils were integrated on glass84, 85 or silicon86 substrates with etched microfluidic channels for 
sample holding. In another approach, Helmholtz microcoils were included in SU-8 microchannels 
defined with photolithography82. To address subnanoliter samples, the detector coil has to be 
further miniaturized to match the sample size, thus increasing the filling factor and maximizing the 
sensitivity of the detectors. Scaling down the microcoil and the integrated microfluidic structures 
could be feasible with traditional microfabrication methods but it would considerably increase the 
complexity of the fabrication procedure.  

Another approach to microscale NMR is the use of striplines or microslots, a good alternative in 
terms of field homogeneity, ease of scalability and integration with microfluidics46, 51, 56, 57, 72, 87, 88. A 
limit of detection (LOD), reported to a field strength of 600 MHz, of 1.57 nmol s1/2 of 1H spins 
with active volumes of 2 μL and of 390 pmol s1/2 of 1H spins with active volumes of 10 nL was 
obtained respectively with striplines89 and microslots51.  

It was previously reported that complementary metal-oxide semiconductor (CMOS) technology 
can be used to realize a NMR miniaturized high sensitivity inductive probe74. This integrated 
system uses an integrated planar microcoil for both the excitation and the detection of the 
magnetic resonance signals and is optimized for the detection of sample volumes of 200 pL.  
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This technique has potential advantages over the conventional inductive detection technique. 
NMR microcoils with a large number of turns within a radius of less then 100 μm can be 
integrated on chip, improving considerably the detector sensitivity over subnanoliter volume. 
Moreover, the planar geometry of the detector coil facilitates the interfacing of microfluidic 
structures which permits the driving of the sample in proximity of the most sensitive area of the 
integrated coil. Furthermore, this approach is compatible with an implementation of an array of 
detectors that can be placed in the same magnet for simultaneous measurements on several 
samples.  

1.2.2 Microscale EPR 

Even in the case of electron paramagnetic resonance (EPR), whose spin sensitivity is far superior to 
NMR, a major drawback is the relatively low sensitivity compared to other methods. Commercial 
EPR spectrometers achieve spin sensitivities of about 1010 spins/  at 300 K.  

There are many applications that require investigation of micron-size samples, such as the 
detection of free redicals in single cells and measurements of volume-limited samples, e.g. proteins 
which cannot be grown in large volumes90. To address microscale volumes, the improvement of 
conventional inductive techniques68, 91, 92 is extensively investigated. For a given sample, spin 
concentration and applied static magnetic field, the sensitivity mainly depends on the quality 
factor ( ) of the microwave resonator and the filling factor ( ). Recommended devices for the 
detection of microscale volumes are microwave resonators with high  and small physical size to 
maximize the  of the sample. It is possible to further push the sensitivity of the inductive-
detection EPR by working at higher static field 90, 93.  

The use of small solenoids65, 94, 95, planar coils66, 67, 96 and ferroelectric inserts inside standard 
cavities97 enabled reaching sensitivities down to 109 spins/ . Dielectric resonators with 
miniaturized features68, 98, 99 allowed for sensitivities down to 3 x 108 spins/  for E0 centers in 
SiO2 at 300 K and down to 7000 spins/  for phosphorus doped 28Si at 10 K. 

The positioning of the sample becomes challenging when operating with miniaturized resonators, 
where the precise placing of the specimen in close proximity of the detector is crucial. Few 
attempts to integrate microfluidics with EPR resonators were reported, involving volumes down to 
1 μL100. Further reducing this volume would be beneficial for EPR analysis of single biological 
entities, enabling a non-destructive and non-invasive sample handling and providing a 
biocompatible liquid environment for the duration of the experiment. Moreover, EPR studies of 
volume-limited liquid samples would be possible. 

Previous works have demonstrated the use of complementary metal-oxide semiconductor (CMOS) 
technology to realize EPR miniaturized high sensitivity inductive detectors. These integrated 
systems, whose operation principles are explained elsewhere2, 92, 101, 102, use integrated planar 
microcoils for both the excitation and the detection of the EPR signal. Their integrated microcoils 
have a typical diameter of about 200 μm. Despite the significantly lower  factor, the spin 
sensitivity achieved with the single chip method is similar or better than the one achieved with 
approaches based on miniaturized resonators68. Moreover, as mentioned in the previous paragraph, 
the planar geometry of the detector coil facilitates the interfacing of microfluidic structures for the 
precise handling of the sample in proximity of the integrated detector. Furthermore, the small size 
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of each chip and the on-chip direct encoding of the ESR signal would open up the possibility of 
creating dense arrays of independent detectors for simultaneous measurements.   

 

1.3 Theory 

The aim of this thesis is to develop methods and microfabrication techniques to perform micro 
and nanoscale magnetic resonance experiments using NMR and EPR single chip detectors. The 
NMR and EPR integrated detector microcoils are characterized by a non-uniform sensitivity that 
decreases with the distance from the coil and does not have cilindrical symmetry with respect to 
the coil axis. For this reason, the proximity of the sample with the detector coil is essential to 
exploit the maximum sensitivity of the detector. In the following paragraphs, we report the theory 
to derive the signal contribution and quantify the dependence of the local sensitivity as a function 
of the distance from the center of the NMR and EPR integrated microcoils.  

1.3.1 NMR single chip detector: evaluation of the signal contribution 

The CMOS single chip NMR detector consists of a RF power amplifier, a RF low-noise 
preamplifier, a frequency mixer, an audio frequency amplifier and a fully integrated transmit-
receive switches. The integrated microcoil is realized using the top four copper metals of the 
integrated circuit technology; it has 22 turns and an outer diameter of 150 μm. The chip is realized 
with a 130 nm CMOS technology (STMicroelectronics) and it has a size of about 1 mm2. Details 
of the single chip NMR detector are reported in Ref. 74.  

As a convention valid throughout the thesis, the planar coil lies in the yz plane and the static 
magnetic field  along the z axis (see Fig. 1.1).  

Consider a sample, containg nuclei with non-zero magnetic moment. When a static magnetic field 
 is applied, the nuclear spins precess about  at the Larmor frequency , where  is 

the gyromagnetic ratio. The macroscopic magnetization  of a sample at temperature , placed 
in , containing a number of spins  per unit of volume, for  (valid in most of 
the experimental conditions) is given by36 

. ( 1.1 ) 

It is possible to exploit a resonant phenomenon by applying a field . The orientation 
of the magnetization changes, rotating in space with angular frequency . When the 
oscillating field is turned off, the magnetization relaxes towards its thermal equilibrium condition.  

In a simple pulsed NMR experiment, a RF excitation is applied to the sample in a series of short 
pulses ( , few μs) and  acquisitions are performed with a repetition time . After an excitation , 
the flip angle  between the magnetization and the z axis is . The detection of the 
NMR signal is carried out by detecting the electromotive force induced by the nuclear 
magnetization precession in the integrated microcoil, placed in proximity of the sample. Using the 
principle of reciprocity103 and neglecting all the slowly varying terms, the  induced in the coil 
per elementary volume  is equal to 
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 ( 1.2 ) 

where  is the magnetic field at position  produced by the detection coil.  

The total electromotive force induced in the whole sample is equal to 

 ( 1.3 ) 

Consider an ideal pulse excitation (infinitely short pulse, infinitely strong induction field and 
perfectly resonant). From the ideal pulse solution of the Bloch equation36, 104 we derive that 

 ( 1.4 ) 

 ( 1.5 ) 

 ( 1.6 ) 

where  is the spin-spin relaxation time. 

Consequently, from (1.2), (1.4), (1.5), the signal contribution (i.e local sensitivity)  per 

elementary volume  is proportional to , where  is the 
amplitude of the induction field produced by the coil carrying a unitary current around the point  
of the sample.This dependence is used to evaluate the sensitivity of the coil, starting from the 
computation of  via a Biot-Savart based code implemented in Matlab.  

Being the flip angle  dependent on the pulse lengh , the modification of  implies a variation of 
the spatial distribution of the sensitivity. It is thus possible to adjust the signal contribution in the 
volume of interest. As described in details in chapter 2, we fabricated microfluidic channels having 
different heights and widths. For all the fabricated geometries, considering the sample in direct 
contact with the 2-μm-thick oxide layer that passivates the microcoil,  = 2.4 μs maximizes the 
integrated signal in the sample volume. 

Figure 1.1 shows maps of sensitivity of the NMR integrated coil for  = 3.7 μs, which is the pulse 
length that maximizes the integrated signal for all the microfabricated microchannels, considering 
a separation distance between the microcoil and the sample of 10 μm. The black lines show the 
position in the active volume of the detector microcoil of two biological entities analyzed, i.e. 
single tardigrade Richtersius coronifer ovum (Fig. 1.1a and Fig. 1.1b) and single nematode 
Caenorhabditis elegans worm (Fig. 1.1c and Fig. 1.1d).  

Normalizing the total integrated NMR signal  for the ideal case of the channel 
volume in direct contact with the chip, the signals  and , evaluated in 
conditions of optimal , are respectively 0.7 and 0.5 for all the fabricated microchannels. Thus, for 
a sample volume placed at a distance of 20 μm from the detector surface, the loss in signal is equal 
to 50% with respect to the ideal case where the sample is placed in direct contact with the chip 
surface. 
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A loss in sensitivity of a factor two corresponds to four times longer measurement with respect to 
the ideal case where the sample is placed in direct contact with the coil. From these observations 
we can conclude that the precise positioning of the sample in the sensitive volume of the detector 
is essential to maximize the signal contribution.  

 

 

  

Figure 1.1: Map of the sensitivity for the NMR microcoil computed via a Biot-Savart based code
implemented in Matlab. For the NMR microcoil, the local sensitivity is defined as ,

where  and I is the current in the coil. The values of local sensitivity are normalized to the
maximum value of the signal contribution. The coil has 22 turns, an external radius of 75 μm, and lies in the
yz plane, the static magnetic field B0 is along the z axis. Sensitivity distribution in the xz (a and c) and xy (b
and d) planes for the integrated NMR coil with excitation parameters  = 3.7 μs and I = 9 mA. The dashed
white lines indicate the position of the coil, while the black dashed lines show the location of the two
biological entities analized, i.e Rc ovum (a and b) and C. elegans subsection (c and d). 
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1.3.2 EPR single chip detector: evaluation of the signal contribution 

The CMOS single chip EPR detector consists of two LC oscillators, a mixer and a frequency 
divider. The two LC oscillators facilitate the first downconversion of the frequency, which can be 
performed by a simple mixer instead of a more complicated microwave frequency divider. Being 
the frequency of the two oscillators 21 GHz and 17 GHz, the frequency after the mixer is equal to 
4 GHz. The frequency divider implements a total division ratio of 16, therefore dividing the 
frequency around 4 GHz to a frequency of about 250 MHz. The chip is realized with a 130 nm 
CMOS technology (IBM) and has an area of about 1 mm2. Details of the single chip EPR detector 
used in the experiments are reported in Ref. 2.  

The detection of the EPR signal  is carried out by detection of the change in the frequency of 
the integrated LC oscillator , as a function of the applied static magnetic field . The 
difference in frequency is due to an effective variation of its coil inductance caused by the 
resonating complex susceptibility of the sample, as explained in details in Ref. 101. 

Consider a planar resonating coil in a static uniform magnetic field B0 along z axis and a 
microwave magnetic field  oscillating at the microwave frequency . From the steady 
state solution of the Bloch equation105 

 ( 1.7 ) 

 ( 1.8 ) 

where  

 ( 1.9 ) 

 ( 1.10 ) 

with , ,  is the spin-lattice relaxation time,  is the spin-spin relaxation 
time.  

In condition of non-saturation (  and introducing a complex susceptibility 
we can write 

 ( 1.11 ) 

 ( 1.12 ) 

Then, (1.7) and (1.8) become 

 ( 1.13 ) 

 ( 1.14 ) 

where  and  is the static susceptibility. 
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The impedance of a coil filled with a material having susceptibility  is 

 ( 1.15 ) 

where ,  and  are respectively the inductance and the resistance 
of the coil without the sample,  is the filling factor defined as: 

 ( 1.16 ) 

where  is the sample volume and  is the sensitive volume of the detector coil. 

Consider . In typical experimental conditions, we have that: 

 ,  and . 

Under these conditions, it can be shown101 that the variation of the oscillator frequency due to the 
magnetic resonance of the sample is  

. ( 1.17 ) 

Being  

, ( 1.18 ) 

(1.16) can be written as 

. ( 1.19 ) 
 

Evaluating the signal contribution (i.e. local sensitivity)  per elementary volume  and con-
sidering  uniform over , from (1.17) and (1.19) the signal contribution is propor-
tional to . This dependence is used to evaluate the sensitivity of the coil, starting from the 
computation of via a Biot-Savart based code implemented in Matlab.  

Figure 1.2 shows the map of sensitivity of the integrated EPR coil in the xz (Fig. 1.2a) and xy (Fig. 
1.2b) planes. As described in detail in chapter 3, EPR measurements are performed using 
commercially available microcapillaries. The black lines show the position in the active volume of 
the detector microcoil of the liquid sample cointained in the microcapillary used for the EPR 
experiments.  
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Integrating  over the volume of the capillary included in the sensitive volume of the integrat-
ed EPR detector, the total sensitivity S can be determined. Considering the sensitivity S(d=0μm) = 1 
for the ideal case of the sample placed in direct contact with the chip, sensitivities S(d=10μm) and 
S(d=25μm) are respectively 0.7 and 0.5 for the capillaries employed. Thus, placing a sample at a dis-
tance of 25 μm from the surface of the detector, we experience a loss in signal equal to 50% with 
respect to the ideal case of the sample in direct contact with the detector coil. Also for the EPR 
integrated microcoil, the proximity of the sample to the detector coil is essential to exploit the 
volume of maximum sensitivity. 

 

1.4 Goal of the thesis 

NMR74 and EPR2 CMOS single chip detector opened up the possibility of performing magnetic 
resonance experiments at the microscale. The goal of this thesis is the development of methods and 
microfabrication techniques that enable MR spectroscopy of subnanoliter liquids and biological 
entities immersed in liquids, employing EPR and NMR integrated systems. Furthermore, the 
possibility of using CMOS integrated systems to detect ferromagnetic resonance (FMR) at the 
nanoscale is investigated. The limit of sensitivity is explored with FMR measurements of micro 
and nanostructured ferromagnetic materials. 

Figure 1.2: Map of the sensitivity for the EPR microcoil computed via a Biot-Savart based code 
implemented in Matlab. For the EPR microcoil the local sensitivity is proportional to . The single 
turn coil has an external radius of 90 μm and lies in the yz plane, the static magnetic field B0 is along the z
axis. Sensitivity distribution in the xz (a) and xy (b) planes for the integrated EPR coil. The black dashed 
lines indicate the position of the liquid sample cointained in the microcapillary used for the EPR
experiments.  



Chapter 1 

10 

1.5 Organization of the thesis 

The thesis is organized as follow. In chapter 2, I describe the design and microfabrication of 
microfluidic structures, used to drive subnanoliter liquids and handle biological entities in close 
proximity of the integrated detection NMR coil. In the same chapter, a collection of 1H NMR 
spectra obtained from sub-nL liquid samples is shown. The performance of the system is 
characterized in terms of sensitivity and spectral resolution. NMR measurements of subnanoliter 
biological entities are also presented. In chapter 3, EPR measurements of subnanoliter liquids and 
frozen solutions are shown. In chapter 4, FMR detection of single magnetic beads is presented. In 
chapter 5, the microfabrication processes used to micro and nanopattern ferromagnetic materials is 
described. In the same chapter FMR measurements of the fabricated structures are shown. Finally, 
in chapter 6 the conclusions and outlook of this thesis are present. 
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 NMR spectroscopy of Chapter 2
subnanoliter samples 

 

Despite the great potential of nuclear magnetic resonance (NMR), it suffers from relatively low 
sensitivity compared to other spectroscopic and analytic techniques, such as fluorescence and mass 
spectrometry. Therefore, investigations of biological entities are often restricted to collections of 
cells or microorganisms12, 18, 20, 106, 107.   

Individual microorganisms may differ from each other in terms of genetic composition, 
physiology, biochemistry or behaviour108. Observations made at the single-entity level are necessary 
to study heterogeneous phenomena which cannot be observed at the population-level4, 109.  

NMR experiments of large single cells, embryos and microorganisms were reported down to a 
volume of 5 nL6-8, 58, 61-63, 109-111. However, the typical volumes of most cells, microorganisms and 
mammalian zygotes are below the nL scale64.  

 

 
Ultra-compact CMOS single-chip probes were previously developed as a convenient tools to 
deliver state-of-art spin sensitivities at sub-nL volumes74. Using these devices, NMR experiments 
on single untouched sub-nL ova were conducted manually placing the biological entities on top of 
the high sensitive planar microcoils integrated on chip112.  

Despite this study enabled the detection of highly concentrated endogenous compounds, 
improvements concerning the manipulation of the sample are necessary for the investigation of 
delicate living subnanoliter entities over longer time and in condition that better approach bio-
compatibility. In this aspect, the study of biological samples in liquids would facilitate a non-
invasive handling and would provide a more biocompatible environment during the experiments. 

The single chip high-sensitivity sub-nL probe, constituted by a multilayer microcoil and a 
transceiver co-integrated on a CMOS microchip, offers a robust and planar working surface. On 
the other hand, the exceedingly small detection volume (about 0.2 nL) sets tough fabrication 
constraints for the microfluidic design, which must maintain the sample in close proximity of the 
coil and with negligible field distortions.  
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To overcome these challenges, we developed a solution that employs NMR-compatible 
microfluidic systems to drive and hold the samples in the sensitive region of the miniaturized 
detector. We show two different configurations: one is based on SU-8 microfabricated fluidic 
channels and another on microchannels 3D printed via a two-photon polymerization technique 
with a lateral resolution of 0.3 μm. Both of the solutions are suitable to implement separation 
layers below 10 μm between the sample and the microcoil, therefore delivering acceptable filling 
factors and small loss in terms of spin sensitivity.  

Despite traditional microfabrication techniques are more suitable for large scale production, the 
exceptional versatility of the 3D printed technique is essential for the rapid implementation of 
microfluidic systems for the handling, trapping and feeding of samples having different sizes and 
behaviours. Moreover, due to the freedom in the choice of the design, it is possible to implement 
designs that minimize magnetic field non-uniformities. 

To demonstrate the validity of the developed solutions, we report experiments on subnanoliter 
liquids using the SU-8 and 3D printed microchannels interfaced with the CMOS NMR detector 
through specific fluidic interfaces. Furthermore, we show the design and the implementation of 
3D structured microfluidic systems for the spectroscopy of radically different biological entities, i.e. 
tardigrade Richtersius coronifer ova and Caenorhabditis elegans worms. Our approach allows for a 
non-invasive sample handling and an efficient trapping of the living entities during the NMR 
investigation. 

 

2.2 SU-8 microfluidic channels 

The microfluidic system has to provide a stable sealing throughout the duration of the experiments 
(hours). Polydimethysiloxane (PDMS) cannot be used as microfluidic structural material due to its 
intrinsic porosity113, which would make sealing impossible for microchannel walls as thin as 10 μm 
(thin layers are needed to minimize the sample to detector distance). Another limitation in the use 
of PDMS is its NMR background signal. The transparency of the fluidic structure is essential for 
the alignment of the microchannel with the coil. 

SU-8 negative epoxy photoresist (Gersteltec) is used as the structural material of microfluidic 
channels, fabricated to precisely deliver subnanoliter liquid samples onto the integrated detector 
coil. This material allows for a good sealing of the microfluidic structure, it is transparent and gives 
flexibility in structuring the channel. The geometry of the channel is designed to exploit the 
volume of maximum sensitivity, therefore confining the sample in close proximity of the surface of 
the detector. A 10-μm-thick SU-8 layer separates the liquid specimens from the detector coil (Fig. 
2.1); this value is an acceptable compromise between the loss of sensitivity and the fabrication 
difficulties (see section 1.3.1 for details). 
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2.2.1 Design and fabrication 

The microchannels are fabricated using SU-8 negative epoxy photoresist, a propylene-glycol-
monoether-acetate developer (PGMEA, Gersteltec), single-side polished 4 inch <100> silicon (Si) 
wafers with 525 μm thickness, and 4 inch Borofloat 33 wafers with 500 μm thickness. 
Photolithography masks are printed on a chromium plate by a direct writer system (VPG 200, 
Heidelberg Instruments). 

The microfabrication process developed to fabricate the microfluidic structure is described in Fig. 
2.2. The proposed method is based on the bonding of a Si wafer with photolithographic patterned 
SU-8 bilayer and a Borofloat 33 wafer with a partially soft baked SU-8 layer.  

The fabrication process has increased versatility and reproducibility compared to previous 
approaches114-116. One major improvement is given by the fact that the tedious alignment step 
before the bonding is not needed, and the bonding quality is largely improved as it is less 
dependent on subsequent process parameters. 

The Si and Borofloat wafers are treated with oxygen plasma to improve the adhesion of the SU-8 
films. No further cleaning procedures are needed. For the release of the SU-8 structures, a 500-
nm-thick Dextran layer from Leuconostoc (Sigma-Aldrich, 31390-25G) is spin coated onto both 
the Si and the Borofloat wafers. This sacrificial layer is subsequently dissolved in water, enabling 
the release of the structures at the end of the fabrication process. 

Following the sacrificial layer coating, a 10-μm-thick SU-8 layer is spin coated. For an improved 
uniformity of the thickness, a relaxation time of 30 min is respected. A drying step (soft bake) is 
performed at 130 °C for 5 min. The temperature is increased linearly from room temperature at a 
rate of 4 °C min-1; the same rate is also used for the cooling down of the wafer. The photoresist is 
then exposed to UV using a Suss MJB4 manual aligner; for the 10-μm-thick SU-8 layer, a 184 mJ 
cm-2 UV exposure dose is used. The post exposure baking is performed gradually increasing the 
temperature: it is ramped linearly from 30 °C to 90 °C at a rate of 2 °C min-1 and kept for 30 min. 
Then it is slowly decreased at 1 °C min-1. 

Figure 2.1: Illustration of the approach used to place the liquid sample in close proximity of the most sensi-
tive area of the on-chip excitation/detection microcoil. The coil lies in the yz plane with the static magnetic 
field B0 along the z axis. The microfabricated SU-8 fluidic system is placed on top of the IC chip and aligned
with the integrated detector coil. A 10-μm-thick SU-8 layer defines the actual spacing between the sample
and the chip surface. 
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UV exposure dose and post bake parameters are optimized to ensure a good SU-8 crosslinking, to 
avoid delamination problems, and to minimize the stress in the SU-8. To finish the 
photolithography, the Si wafer is developed in PGMEA for 1 min to define the bottom part of the 
microfluidic structure (Fig. 2.2a).  

On the top of the patterned SU-8, a second 40-μm-thick layer of SU-8 is spin coated and 
subjected to an overnight relaxation to improve the uniformity of the thickness. The soft bake is 
performed at 90 °C and the exposure dose is 365 mJ cm-2; the post exposure bake is performed at 
90 °C for 40 min following the same slow ramp used for the 10 μm layer. The Si wafer is then 
developed in PGMEA for 3 min to define the walls of the microchannel; the patterning of the SU-

Figure 2.2: Process flow for the fabrication of the SU-8 microchannel. Test grade silicon (Si) wafer <100>
and Borofloat 33 glass wafers are used as substrates on which dextran is spin coated as a sacrificial layer for
structure release. (a) On the Si wafer a 10-μm-thick layer of SU-8 is patterned to define the bottom part of
the microfluidic structure. (b) On the top of the patterned SU-8, a 40-μm-thick layer of SU-8 is spin coated
and patterned to create the walls of the microchannel. (c) A 40-μm-thick layer of SU-8 is spin coated onto
the glass wafer and partially soft baked. (d) The two wafers are brought into contact at 68 °C, slightly above
the glass transition temperature of the non-cross-linked SU-8. (e) The soft bake is continued and the 40-
μm-thick layer of SU-8 is polymerized via a UV exposure through the glass wafer to define the structure and
the shape of the inlets. The ensemble is again placed on the hotplate to complete the SU-8 processing. (f)
The silicon wafer is removed through dextran dissolution in water, (g) the 40-μm-thick SU-8 patterned layer
is developed and (h) the final structures are released after dextran removal on the glass wafer. 
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8 bilayer structure is so created (Fig. 2.2b). To create the sealing layer, a 40-μm-thick SU-8 layer is 
spin coated onto a Borofloat glass wafer, previously coated with a 500-nm-thick dextran layer (Fig. 
2.2c). The SU-8 layer is partially soft baked at 130 °C for 5 min and progressively cooled to 68 °C, 
slightly above the glass transition temperature of the non-cross-linked SU-8. The resist is pressed 
into contact with the patterned silicon wafer (Fig. 2.2d) and the soft bake is continued, cooling 
down to room temperature at the rate of 2 °C min-1. The resist is UV exposed through the glass 
wafer with the use of a mask to define the inlets and the shape of the sealing layer of the structure 
(Fig. 2.2e). The ensemble is again placed on the hotplate to perform the post exposure bake at 85 
°C for 40 min, following the same small ramp used for the 40 μm layer, described above for the 
silicon wafer. The silicon wafer is removed through dextran dissolution in water (Fig. 2.2f); the 40-
μm-thick SU-8 layer patterned on the glass substrate is developed in PGMEA for 3 min to finish 
the photolithography (Fig. 2.2g). The final structures are then released with dextran removal from 
the glass wafer and developed for 3 min to create the inlets of the microchannel (Fig. 2.2h).  

Different variables can contribute to the final SU-8 thickness uniformity such as speed and 
acceleration in the coating process, relaxation time, crosslinking of the resist and structure 
geometries115. For this reason, these parameters have been optimized to obtain a planarity which is 
needed for a good bonding. 

Figure 2.3a shows the complete fabricated microfluidic structure. In Fig. 2.2b, a SEM picture of 
the microchannel cross section is shown. The good quality of the bonding is confirmed by the lack 
of a visible interface between the two SU-8 layers. Dummy structures (Fig. 2.2c) are introduced to 
increase the planarity of the SU-8 layer, thereby improving the quality of the bonding. 

2.2.2 Fluidic interface  

In order to interface the microfabricated SU-8 microchannel with the integrated CMOS circuit 
(IC chip), we developed a dedicated fluidic interface. The main constraints for the choice of the 
materials are dictated by the need of having a non-magnetic setup.  

Figure 2.3: Pictures of the SU-8 microfluidic channel. (a) Picture of the SU-8 microchannel. The dummy 
structures around the SU-8 microchannel are inserted to increase the planarity of the SU-8 layer, thereby 
improving the quality of the bonding. (b) SEM picture of the SU-8 microchannel cross section. (c) Optical 
microscope picture of the microchannel and dummy structures.  
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The micro-to-macro interface between the SU-8 microchannel and the IC chip is schematically 
shown in Fig. 2.4. The interface bottom part, the microfluidic channel and the interface top part 
are pressed together, using brass screws and nuts to create a well-sealed microfluidic path (top right 
inset).  

A system of tubes is connected to the microchannel inlets through plastic needles which are fitted 
in holes into the interface top part. The printed circuit board (PCB), containing the IC chip, 
provides the structural basis of the system. Four elongated holes in the PCB allow for sufficient 
free planar movement for the channel-to-coil alignment under an optical microscope.  

The top part of the interface is made of a 5 mm Acryl photopolymer layer. This part is patterned 
by photopolymer jetting (3Dlabs) and hosts placeholders for two O-rings (0.039x0.02070Buna-N, 
Apple Rubber Products) that seal the fluidic path.  

The bottom part is a 250-μm-thick alumina layer cut with a CO2 laser. The central squared 
aperture provides the necessary opening for the IC chip and the bonding wires. The alumina layer 
is robust enough to apply the necessary sealing pressure. The assembled micro-to-macro interface is 
manually brought into contact and aligned with the integrated microcoil using a second system of 
screws that locks the structure in the desired position.  

With this system we repeatedly achieve a good sealing, an easy handling of the liquid, and a 
positioning of the sample within a 10 μm precision.  

Figure 2.4: Illustration of the fluidic interfaces developed for the SU-8 microchannels. The exploded view of
the system assembly. The IC chip is wire bonded on a PCB. The sealed fluidic device is created by assem-
bling the microfabricated SU-8 channel with the interface bottom and top parts (top right inset). The sealed
structure is then aligned with the IC detector coil and locked with screws and nuts. 
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2.3 3D printed microfluidic channels 

The fabrication method developed for the fabrication of the SU-8 microchannel suffers from the 
lack of versatility and difficulty in scaling down, which are essential features to address 
subnanoliter samples having different sizes and geometries. To overcome these limitations we 
fabricated the microfluidic structure by two-photon polymerization, a 3D printing technique with 
300 nm lateral resolution. The exceptional versatility of this 3D printed technique is essential for 
the rapid implementation of microfluidic systems for the handling, trapping and feeding of 
samples having different dimensions and fluidic behaviours. 

The structural material of the microchannels is IP-S photoresist (Nanoscribe GmbH), which 
allows for a good sealing of the structure, is transparent, and gives flexibility in structuring the 
channel. The geometry of the channel is designed to maximize the field homogeneity (i.e., smooth 
long channels with walls parallel to the static magnetic field direction) and optimize the filling 
factor, thereby matching the volume of the sample with the sensitive volume of the detector coil.  

For a sample placed at a distance of 10 μm from the detector surface, the loss in signal is about 
30%, with respect to the ideal case where the sample is placed in direct contact with the chip 
surface (see section 1.3.1). This acceptable loss justifies the choice of fabricating a microfluidic 
channel with a wall of 10 μm, which is the actual separation layer between the sample and the chip 
(Fig. 2.5).  

Figure 2.5: Illustration of the approach used to place the sample in close proximity of the most sensitive area
of the on‐chip excitation/detection microcoil. The coil lies in the yz plane with the static magnetic field B0

along the z axis. The dashed lines indicate the direction of the insertion of a single ovum, which is trapped
by two 10-μm-high pillars. A 50-μm-high pillar is employed to block the sample in case of accidental over-
pressure. The microfluidic system is placed on top of the IC chip and aligned with the integrated detector
coil. A 10‐μm‐thick IP-S photoresist layer defines the actual spacing between the sample and the chip surface
(see inset).  
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2.3.1 Design and fabrication 

We present two microfluidic devices designed for driving and trapping the living entities in the 
most sensitive area of the NMR integrated detector. Two customized microchannels are developed 
respectively for NMR investigations of single tardigrade Richtersius coronifer (Rc) ova and of single 
C. elegans worms.  

The design of the microchannel for the Rc ovum consists of a cylindric inlet and outlet with a 
diameter of 240 μm. The microchannel gradually narrows in its centre to form a rectangular cross 
section with a height of 130 μm and a width of 140 μm. In correspondence of this narrowing, two 
10-μm-high pillars are placed to trap the ovum for the duration of the experiment (Fig. 2.6a). A 
second larger and taller pillar is implemented to prevent the loss of the ovum in case of accidental 
overpressure during the loading of the sample. The trapping of the ovum in the location of interest 
does not prohibit the flow in the channel, which is essential if we want to apply reverse flow to 
recover the specimen or direct flow to refresh or change the medium.  

Figure 2.6b shows the optical microscope picture of the top view of the central part of the 
microchannel. To better visualize the cross section of the microchannel and the system of pillars 
used to trap the ovum, a section of the microfluidic structure is 3D printed and inspected by SEM 
(Fig. 2.6c). The microfluidic chip designed for the C. elegans is configured with one inlet and one 
outlet, featuring a main entrance that splits into three channels and re-join at the outlet (Fig. 2.7a). 
The central microchannel is designed to match tightly the size of an adult worm, being 60 μm 
wide, 50 μm high and 1.3 mm long. 50-μm-high pillars at the end of this channel are placed in a 
V-shape and at a distance of 12 μm to block either the tail or the head of the C. elegans. The other 
two 55-μm-wide lateral channels are designed to deliver nutrients to the living trapped worm, 
being in fluidic connection with the two extremities of the central channel. To prevent the 
undesired trapping of other worms in the lateral feeding channels, one pillar is placed at their 
entrance.  

Top view optical microscope pictures of the trapping pillars and the central part of the 
microfluidic structure are shown respectively in Figures 2.7b and 2.7c. Sections of the microfluidic 
device are 3D printed and inspected with the SEM to better visualize the V-shaped pillars (Fig. 
2.7d) and the part of the microfluidic structure constituted by a central trapping microchannel and 
two lateral feeding microchannels (Fig. 2.7e).  

In both of the designs, the gradual narrowing of the channel facilitates the hydrodynamic trapping 
of the samples. The size and shape of the inlet and outlet parts match the capillaries used for the 
fluidic connection with the external pumps, limiting the presence of dead volumes (see section 
2.5). Similarly, the thickness of the separation layer gradually changes over the microchannel 
length, with a thickness of only 10 μm in proximity of the most sensitive region of the detector 
(i.e., above the excitation/detection microcoil). This strategy simultaneously implemets the 
requirements of proximity for the maximization of the NMR signal amplitude and robustness of 
the structure.  

The microchannels are fabricated by a two-photon polymerization technique, using a high 
resolution 3D printed (Photonic Professional GT, Nanoscribe GmbH). This additive 
manufacturing technique provides 300 nm lateral resolution in a more versatile manner compared 
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to traditional microfabrication methods. The 3D printing of the fluidic structures is performed by 
L. Pethö (Laboratory for Mechanics of Materials and Nanostructures, EMPA, Thun). 

The structures are patterned into IP-S photoresist, proprietary to Nanoscribe GmbH. This resist is 
a negative tone cross-linking type polymer designed for mesoscale applications. An indium tin 
oxide (ITO) coated glass slide serves as a substrate. The refractive index difference between the two 
materials facilitates interface detection. For the release of the microchannels, a 500-nm-thick 
Dextran layer from Leuconostoc (Sigma-Aldrich, 31390-25G) is spin coated onto the substrate. 
This sacrificial layer is subsequently dissolved in water, enabling the release of the structures at the 
end of the fabrication process.  

A Carl Zeiss 25x objective (LCI Plan-Neofluar 25/0.8 Imm Korr DIC M27) is used in direct 
immersion mode into the photoresist. The refractive indices of the objective and the photoresist 
are matched to ensure high resolution. The voxel diameter is determined by a preceding test 
exposure, and the results are fed into the modelling software which imports Solidworks STL files 
to generate machine specific data. Using 50 m/s writing speed, the voxel diameter has been verified 
to be in the 0.3-0.4 μm range. In this configuration, the aspect ratio of the voxel is typically (5-
6):1.  

A droplet of IP-S resist is placed onto the substrate and the objective is immersed into the resist 
droplet. The objective is fixed in space, while the positioning of the substrate is given by the 
combination of galvanometer MEMS mirrors and a piezoelectric unit. In the xy plane, the 
galvanometer mirrors travel within a 200 μm radius at each fixed position of the piezoelectric 
stage. A slicing distance of 1 μm is defined to split the structure into equal distance horizontal 
planes which are defined by the piezoelectric stage. This parameter is set to ensure proper 
overlapping and adhesion in between the horizontal planes. 

To decrease the writing time, a scaffolding technique is implemented within bulk volumes. A 
triangular support structure is used, with a 20 μm spacing between planes and scaffolding wall 
thickness of 3 μm. The writing time for single microfluidic structure is approximately 5 hours. To 
provide control over the resist-air interface, and to maintain mechanical resistance over an 
extended period of development, a 18-μm-thick outer shell is defined, which is patterned as a bulk 
area.  

The accessible area of the galvanometer mirrors is limited by the beam deflection and it is confined 
in a 200 μm radius circle. The block is a volume which can be written at a single xy piezoelectric 
stage position, only by moving the galvanometer mirrors and the piezoelectric stage in the z 
direction. The block has a hexagonal shape to optimize the volume accessible by the galvanometer 
mirrors and to facilitate stitching by having large neighbouring block surfaces. The blocks are 
written in a consecutive manner: a piezoelectric stage xy position is chosen, which gets exposed by 
the combination of the galvanometer mirrors and the piezoelectric stage in the z direction. When 
the block writing is finished, the piezoelectric stage moves to the next neighboring position and 
restarts exposure as before. A block shear angle of 13° is used in the z direction to avoid a 
shadowing effect, which occurs at overlapping block edges due to increased exposure. A block 
overlap of 2.5 μm enhances the stitching by reinforcing the adhesion between blocks. The block 
size is chosen to be x: 220 μm, y: 190 μm, z: 250 μm. Applying the shear angle and overlap, the 
total block dimension becomes x: 259.5 μm, y: 259 μm, z: 250 μm. 
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The laser power is 65 mW at the point of entering the objective. For writing the shell of the 
structure, this is reduced to 42%. For the internal scaffolding, to increase robustness at the cost of 
resolution, it is increased to 50%. 

Following exposure, the objective is removed from the photoresist, and the substrate is placed into 
PGMEA (Sigma-Aldrich) for development. The substrate is positioned in a way that the channels 
stand vertically. There is a slow but continuous stirring in the beaker, to enhance the removal of 
developed photoresist residues from inside the channel. The development duration is typically 6 
hours. When development is finished, the substrate is immersed into isopropanol in an identical 
configuration for one hour. A second rinse step, with ultra-high purity isopropanol (99.99 %+) is 
used to further clean the inside of the channels, for a duration of 30 min. Finally, the substrate is 
left to naturally dry in a vertical position. 

Figure 2.6: Pictures of the microfluidic system designed for the trapping of a single Rc ovum. (a) Rendering
of the microchannel used to trap Rc ova. A close up view of the trapping pillars is shown. (b) Top view opti-
cal microscope picture of the central part of the microchannel. (c) SEM picture of a microchannel section,
3D printed to better visualize the trapping system. Two 10- m-high pillars trap the ovum, while a second
pillar is implemented to prevent the loss of the ovum in case of accidental overpressure. 
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Figure 2.7: Pictures of the microfluidic system designed for the trapping of a single C. elegans worm. (a)
Rendering of the microchannel used to trap the C. elegans worms. Close up views of the trapping pillars and
the central part of the microfluidic structure are shown. (b) Top view optical microscope picture of the pillars
used to trap the head or tail of the C. elegans. (c) Top view optical microscope picture of the three microflui-
dic channels. The central microchannel traps the worm while the two lateral ones provide food to the
trapped C. elegans. (d) SEM picture of a 3D printed channel section showing the trapping pillars. (e) SEM
picture of a 3D printed channel section showing the central trapping microchannel and two lateral feeding
microchannels. 
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2.3.2 Fluidic interface 

In order to precisely position and tightly hold the high resolution 3D printed microfluidic chips in 
contact with the single-chip integrated CMOS detector (and to connect its microchannels to the 
external pump) an interfacing structure is fabricated.  

The 3D printed microfluidic chips are first glued on a 200 μm x 2 cm PMMA rod for support 
using a cyanoacrylate adhesive (ECS500, 3M). After, PMMA capillaries (Paradigm Optics) are 
fitted in the inlet and the outlet of the 3D printed microchannels. 

The realized assembly, shown in Fig. 2.8a, is introduced into a 3D printed plastic holder (Fig. 
2.8b) fabricated by a conventional stereolithographic 3D printer (Form+1, Formlabs). The holder 
is patterned out of a photosensitive resin (Clear FLGPCL02, Formlabs) and is constituted of two 
complementary parts to facilitate the insertion of the fluidic assembly.  

a

b

c

Microchannel

PMMA capillary

PMMA rod

Holder

Epoxy resin

Tube

Figure 2.8: Illustration of the fluidic interface developed for the 3D printed microchannels. (a) The microfluidic
channel is attached to a PMMA rod and connected to PMMA capillaries to create a fluidic assembly. (b) The
fluidic assembly is mounted in the holder. (c) Micro-to-macro interface is completed by connecting tubes to the
PMMA capillaries and performing the casting of epoxy resin to create the sealing and give robustness to the
fluidic system.  
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A system of tubes is connected to the fluidic assembly through the PMMA capillaries and a casting 
of epoxy resin (Araldite) is performed to seal the fluidic system and to give robustness to the 
structure.  

The assembled fluidic interface (Fig. 2.8c) is manually brought into contact and aligned to the 
integrated excitation/detection microcoil under an optical microscope. Wax is used to maintain the 
interface in position.  

A central squared aperture in the holder provides visibility for the alignment. The printed circuit 
board (PCB), containing the single-chip integrated NMR detector, includes two elongated holes to 
allow for sufficient free planar movement for the microchannel-to-microcoil alignment. With this 
system, we repeatedly achieved a good seal, easy handling of the liquids, and a positioning of the 
sample within 10 μm precision.  

 

2.4 NMR electronic set-up 

Figure 2.9 shows an illustration of the NMR experimental set-up. The single-chip CMOS 
integrated NMR detector is glued onto a printed circuit board (PCB) and electrically connected by 
wire bonding.  

A single RF generator is used to provide the RF signal for the transmission (Tx) and as local 
oscillator (LO) for the on-chip frequency down-conversion. The frequency down-converted and 
amplified signal and the output of the single-chip NMR detector is further amplified by an 
external amplifier and sent to a multifunctional board for acquisition.  

The PCB is inserted in the 54 mm room temperature bore of a 7.05 T superconducting magnet 
(Bruker, 300 MHz). The 3D printed microchannel lies along the direction of the static magnetic 
field B0 to reduce the effect of susceptibility mismatches by having the walls of the microchannel 
parallel to the direction of B0. In this configuration, the NMR linewidth is about a factor of two 
narrower with respect to the configuration where the channel is perpendicular to the static 
magnetic field. 
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2.5 Fluidic set-up for sample loading and trapping 

Figure 2.10 shows an illustration of the fluidic set-up. The 3D printed microfluidic chip (together 
with its fluidic interface) is placed into an inverted microscope (Axio Observer, Zeiss) equipped 
with a High-Power LED Illumination system (precisExcite, Visitron) for brightfield imaging. The 
microscope is equipped with a motorized xyz stage that has a piezo controller for z displacement 
(ASI, Visitron). The microfluidic operations are controlled using syringe pumps and its software 
(Nemesys, Cetoni GmbH). 

Figure 2.9: Schematic of the electronics setup used for the NMR measurements. (1) Integrated excita-
tion/detection coil interfaced with the microfluidic structure. (2) Single chip NMR detector (see details in
Ref. 1). (3) Printed circuit board (PCB). (4) Superconductive magnet (Bruker, 7 T). (5) RF source
(MG3633A, Anritsu). (6) AF amplifier (SRS560, Stanford Research Systems) (7) Multifunctional board
(PCIe-6259, National Instruments) for the generation of TX/RX switching pulse and the signal acquisition. 

   RF
generator
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Figure 2.10: Schematic of the fluidic set-up used for the loading and trapping of biological samples. (1) Micro-
fluidic chip and its fluidic interface. (2) Inverted microscope (Axio Observer, Zeiss), High-Power LED Illumi-
nation system (precisExcite, Visitron) for brightfield imaging. (3) Liquid waste. (4) High resolution digital
camera (ORCA-ER C4742-80, Hamamatzu). (5) Syringe pumps (Nemesys). (6) Desktop computer.  
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2.6 NMR spectroscopy of subnanoliter liquid samples 

In this section we show a collection of spectra obtained from subnanoliter liquid samples at 7 T 
(300 MHz) using the SU-8 microchannels (details in section 2.6.1) and the 3D printed 
microchannels (details in section 2.6.2). These measurements are performed to characterize the 
spectral resolution limits of the setups and to calibrate the sensitivity of the detector. All chemical 
shifts are expressed in ppm deviation from the resonance frequency of a standard reference sample, 
tetramethylsilane (TMS). Since this reference compound is not present in our samples, we assigned 
a chemical shift of 4.8 ppm to the peak of water (present in all the samples investigated), inferring 
the chemical shifts of the other peaks based on the frequency shift.  

The excitation pulse length used in the reported experiments corresponds to the experimental 
condition of maximum sensitivity, in good agreement with the value computed with simulations 
via sensitivity maps (see section 1.3.1). In all the spectra, the amplitude of the peaks is normalized 
to the one of the peak of pure water contained in the microchannels used for the measurements.  

 

2.6.1 Measurements performed with SU-8 microchannels 

Figures 2.11 shows a collection of spectra obtained from liquid samples, using the SU-8 
microfluidic channel, the fluidic interface and the electronic set-up described respectively in 
section 2.2.1, 2.2.2 and 2.4. The excitation pulse length used in the reported experiments 
corresponds to the experimental condition of maximum sensitivity (  = 4 μs).  

Figure 2.11a shows the 1H NMR spectrum of water after averaging over 10 min. A lorentzian fit to 
the data indicates a spectral full width at half-maximum (FWHM) of 15 Hz. The baseline width, 
defined as the peak width at 0.55% height of the peak of water, is instead 240 Hz. The achieved 
spectral resolution is probably caused by imperfections in the mounting of the channels and by 
their non-ideal geometry (as shown in the section 2.6.2, a spectral resolution of 2 Hz is achieved 
employing microchannels fabricated using a high resolution 3D printer). The developed 
microfabrication process does not allow complete freedom for the choice of the design of the 
microfluidic structure.  

Figure 2.11b shows the 1H NMR spectrum obtained from 300 mM betaine in D2O (BO300-1vl 
betaine solution 5M, Sigma), after averaging over 30 min. The peaks at 3.9 ppm and 3.3 ppm 
correspond, respectively, to the 1H in the CH2 and CH3 group. Integrals have a 9:2 ratio as 
expected for betaine ((CH3)3N+CH2COO-). The betaine concentration used is similar to the one 
observed in a single giant neuron from Aplysia Californica8.  

Figure 2.11c shows the 1H NMR spectrum of 500 mM sucrose in D2O (84099 D(+)-Sucrose 
Fluka Biochemika) after averaging over 3 h. We assigned a chemical shift of 4.8 ppm to the main 
peak as reported in Ref. 75. The peak at 5.3 ppm refers to the proton in the CH group linked to 
the oxygen bridge. The peak due to the 1H content in the CH2 compound in the glucose and 
fructose ring is visible at 3.7 ppm and the CH2 compound at 3.6 ppm. Unresolved peaks are due 
to the presence of 1H in multiple CH compounds around the two ring-shaped structures of the 
sucrose molecule.  
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Figure 2.11: NMR measurements on liquids, performed using the SU-8 microchannels. The spectra are 
acquired at 7 T (300 MHz) and are FFT real parts. Experimental condition notation: V is the active volume, 
Avg is the number of averaged measurements, TR is the repetition time,  is the pulse length, Tm is the match-
ing filter decay time constant. (a): 1H spectrum of water: V 170 pL; Avg = 600; TR = 1 s,  = 4 μs, Tm = 250 
ms. (b): 1H spectrum of 300 mM betaine in H2O/D2O: V 170 pL; Avg = 1800; TR = 1 s,  = 4 μs, Tm = 
120 ms. (c): 1H spectrum of 500 mM sucrose in D2O: V 170 pL; Avg = 10800; TR = 1 s,  = 4 μs, Tm = 120 
ms. 

0246

0

0.5

1

δ ppm

N
M

R 
sp

ec
tr

um
 [a

.u
.]

0246
−0.02

0

0.02

0.04

0.06

δ ppm

N
M

R 
sp

ec
tr

um
 [a

.u
.]

0246
−0.01

0

0.01

0.02

0.03

0.04

δ ppm

N
M

R 
sp

ec
tr

um
 [a

.u
.]

a

H 2O

b

Betaine 300 mM

c

Sucrose  500 mM



NMR spectroscopy of subnanoliter samples 

27 

2.6.2 Measurements performed with 3D printed microchannels 

Figures 2.12 shows a collection of spectra obtained from liquid samples (water and lactic acid in 
water) using the C. elegans-dedicated microchannels, the fluidic interface and the electronic set-up 
described respectively in section 2.3.1, 2.3.2 and 2.4. The excitation pulse length corresponds to 
the experimental condition of maximum sensitivity (  = 3.5 μs), in good agreement with the value 
of 3.7 μs computed with simulations via sensitivity maps (Fig. 1.1). 

Figure 2.12a shows the 1H NMR spectrum of water after averaging over 66 min. The lorentzian fit 
to the data indicates a spectral full width at half-maximum (FWHM) of 2 Hz. The baseline width, 
defined as the peak width at 0.55% height of the peak of water, is instead 24 Hz. These values of 
spectral resolution are systematically achieved in six separated experiments employing six different 
microchannels with the same nominal design. 

Figure 2.12b shows the 1H NMR spectrum obtained from 1.3 M of lactic acid (L1750 Lactc acid 
, Sigma-Aldrich), after averaging over 6 h. The FWHM in this spectrum is also 2 Hz. As 

shown in the inset, the achieved spectral resolution is sufficient to show the 7 Hz J-splitting within 
each of the two chemically shifted signals of the lactic acid. The two peaks at about 1.3 ppm arise 
from the 1H nuclei in the CH3 group, J-split by the 1H nucleus of the nearby CH group. The four 
peaks at about 4.08 ppm arise from the 1H nucleus of the CH group, and show the 1:3:3:1 J-split 
due to the 1H spins in the CH3 group.117 

Figure 2.12 : NMR measurements on liquids, performed using the 3D printed microchannels. The spectra are
acquired at 7 T (300 MHz) and are FFT real parts. See definition of notations in figure 2.11. The active vol-
ume is equal to 100 pL. (a): 1H spectrum of water: Avg = 1000; TR = 4 s,  = 3.5 μs, Tm = . (b): 1H spectrum
of 1.3 M lactic acid in H2O:  Avg = 10800; TR = 2 s,  = 3.5 μs, Tm = 500 ms.  
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Better spectral resolutions (down to 0.6 Hz) have been reported in literature,69, 76, 118, 119 but with 
probes having a limit of detection (LOD), reported to a field strength of 300 MHz, down to 1.2 
nmol s1/2 and active volumes down to 10 nL.  

Fig. 2.13a shows the spectrum of pure water obtained using the Rc ova-dedicated microchannel 
described in section 2.3.1. In this microchannel we inserted pillars in close proximity to the sensed 
volume, in order to trap the Rc ova (Fig. 2.6). The mismatches in susceptibility are larger than in 
the microchannel designed for the trapping of the C. elegans, resulting in an experimentally 
measured spectral resolution of 10 Hz FWHM (i.e., 5 times worse with respect to the other 
design) and a baseline width of 75 Hz.  

The approach proposed in this chapter (i.e., 3D printed microchannels combined with single-chip 
CMOS integrated detectors) allows for sub-nL NMR spectroscopy with spectral resolutions 
consistently limited by the specific design of the microfluidic structure, with an experimentally 
demonstrated spectral resolution of 0.007 ppm for one of the two implemented designs. 

These data are used to calibrate the sensitivity of the sensor, which is experimentally found to be 
2.5·1013 . Such value of sensitivity corresponds to a frequency-domain limit of 
detection , of 600 pmol of 1H nuclei with a FWHM of 2 Hz expressed per single scan (for 
details see section 2.7.6).  

 

Study of the background 

When performing spectroscopy on intact biological entities, it can be useful to suppress the strong 
(and broad) water peak that may cover peaks at neighbouring frequencies. A solution to this 
problem is to submerge the sample in D2O. However, various materials (polymers included) can 
easily exchange 1H and 2D nuclei. To characterize the background signal due to proton exchange 
between the microchannel material and D2O, we monitored a sample of D2O + 2% H2O over 60 
h.  

Figure 2.13b shows the 1H NMR spectrum of D2O + 2% H2O after averaging over 15 min. The 
spectra in blue and in red are acquired respectively after 1 h and 60 h from the filling of the 
microchannel. We detect a gradual increase of the amplitude of the peak at 4.8 ppm. We attribute 
this phenomenon to a release of hydrogens from the structural material of the microchannel and 
the consequent proton exchange with the D2O and the formation of HDO and H2O.  

Figure 2.13c shows the evolution of the amplitude of the peak of H2O and HDO over 60 h. All 
the spectra are normalized to the amplitude of the peak of pure water. The actual increase in the 
concentration of H2O and HDO in D2O is equal to a factor 3.5, from an initial concentration of 
2% up to 7% after 60 h. A saturation is observed after approximately 40 h.  

This would suggest that we can eliminate the peak at 4.8 ppm by further flushing the 
microchannel with D2O. Additional measurements are necessary to confirm this statement. The 
peak at 4.8 ppm contributes to the only background signal present in our experimental condition.  
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Figure 2.13: NMR measurements on pure water and D2O + 2% H2O performed using the 3D printed 
microchannels. The spectra are acquired at 7 T (300 MHz) and are FFT real parts. See definition of nota-
tions in figure 2.11. The active volume is equal to 250 pL. (a): 1H spectrum of water: Avg = 1800; TR = 2 s, 
= 3.5 μs, Tm = . (b) 1H spectrum of D2O + 2% H2O after averaging over 15 min; in blue the spectrum 
acquired during the first hour of measurement, in red the spectrum acquired after 60 h from the filling of 
the microchannel: Avg = 450; TR = 2 s,  = 3.5 μs, Tm = 100 ms. (c): Amplitude of the peak at 4.8 ppm vs
hours: Avg = 1800; TR = 2 s,  = 3.5 μs, Tm = 100 ms. 
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2.6.3 SU-8 microfabricated microchannels versus 3D printed microchannels. 

The microfabrication process, developed to pattern SU-8 microchannels, is compatible with large 
scale production of microfluidic devices. It allows for complex 2D shaping of the microchannels, 
having lengths up to the centimeter-scale. It is the ideal solution for the patterning of large 
structures (above 10 mm3 of bulk material), where there is no need of a 3D design and the 
resolution is not an issue. The resolution is limited by the diffraction limit and strongly dependent 
on the thickness of the SU-8 layer and the aspect ratio of the structures to be patterned.  

The two-photon polymerization technique permits a lateral resolution of 300 nm independently 
on the final thickness of the structure, which can be as thick as 1 mm. Despite the 3D printing 
technique is not suitable for large scale production, it allows for the rapid prototyping of complex 
microstructures, which could not be fabricated with traditional microfabrication methods. The 
exceptional flexibility in the choice of the design enables the realization of complex microfluidic 
systems for the handling, feeding and trapping of subnanoliter biological samples having different 
geometries, sizes and fluidic behaviours. With a printing time of about 5 hours per single 
microfluidic system, of about 0.5 mm3 of bulk material, the patterning timescale would be 
unimaginable for traditional microfabrication techniques. The close to zero operational cost is also 
seen as a considerable advantage. Moreover this technique is an excellent candidate for NMR 
applications; a reduction of susceptibility mismatching is possible thanks to the flexibility in the 
design of the microfluidic system, chosen to decrease magnetic field non-uniformities. A 
minimization of the dead volume is also possible, which is crucial for NMR experiments on mass-
limited liquid samples. 

 

2.7 NMR spectroscopy of subnanoliter biological samples 

In this section we show a collection of 1H NMR spectra obtained at 7 T (300 MHz) from intact 
static biological samples. NMR spectra obtained from a single Rc ovum are reported in section 
2.7.4, while in section 2.7.5 we show NMR spectra obtained from a subsection of a C. elegans 
worm. 

Rc ova have typical volume of 500 pL, while adult C. elegans worms have typical volume of 5 nL. 
The most sensitive region of the NMR integrated detector corresponds to a semi-ellipsoid with a 
volume of approximately 300 pL (see Fig. 1.1). In the experiments, the sensed portion of the 
microorganisms is given by the intersection of the sensitive region of the detector with the volume 
of the sample. Defining the active volume as the fraction of the sample that contributes to the 70% 
of the total signal and considering the geometries in play and their position with respect to the 
microcoil, we estimate active volumes of about 250 pL in the case of the Rc ovum and 100 pL in 
the case of the C. elegans worm.  

We assigned a chemical shift of 4.8 ppm to the peak of water contained in the samples under 
investigation, thus determining the chemical shifts of the other peaks.  
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In both Rc and C. elegans spectra, the linewidths are one order of magnitude broader than the ones 
measured with liquid samples (as shown in Fig. 2.12 for pure water and lactic acid). Previous 
studies suggest that the spectral resolution may be limited by microscopic constituents in the 
samples, which introduce susceptibility mismatches which are difficult to compensate by field 
shimming6, 7. As shown below, the linewidths observed in this study are of 35 Hz FWHM for the 
Rc ovum and 30 Hz FWHM for the C. elegans. 

Thanks to the freedom in the design of the microchannels, the stable trapping, and the robustness 
of the fluidic interface, the duration of our experiments depends only on the viability of the 
biological sample under investigation. The successful implementation of long measurements (up to 
two weeks) allows to improve the signal-to-noise ratio and to perform continuous observations on 
the same single entity on a time scale that can be comparable to the biological development of the 
sample. 

As explained in details in section 2.7.3 we could reduce, with respect to previous contributions112, 
the repetition time TR from 2 s down to 200 ms with no relevant changes in the amplitude of the 
peaks. Such improvement corresponds to a factor 3.3 in experimental time at parity of SNR. 

 

2.7.1 Preparation of Rc ova and microfluidic operation 

Preparation of Rc ova 

Eggs of Rc were extracted from a moss sample collected in Öland (Sweden) by washing the 
substrate, previously submerged in water for 30 min, on sieves under tap water and then 
individually picking up eggs with a glass pipette under a dissecting microscope. The eggs were 
shipped within 24 h in sealed Eppendorf tubes with water and subsequently stored at -20 °C 
before use. All experiments were carried out within a week after tube opening.  

Operation of the microfluidic platform 

We report to section 2.5 for the description of the fluidic set-up used for the handling and 
trapping of the sample.  

The microfluidic chip and tubes are first filled with the chosen medium (D2O or H2O according 
to the experiment). A group of ova is first transferred from the Eppendorf into a Petri dish 
prepared with 3% H2O-based agarose gel. A single Rc ovum is transferred from the agarose plate to 
the medium reservoir using a manipulation pipette (Vitrolife). At this point the ovum is sucked up 
into the tube connected to the microfluidic system directly from the pipette.  

Later, with a flow of 500 nL/s, the ovum is injected in the microfluidic chip through the inlet. In 
order to place the ovum on top of the two trapping pillars (see Fig. 2.14), a flow of 3 μL/s is 
applied. Once trapped, the flow is stopped and the tubes are clamped. The whole operation and 
the following experiments are performed at 20 °C. 
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2.7.2 Preparation of C. elegans and microfluidic operation 

Preparation of C. elegans 

The C. elegans wild type worms are cultured at 20 °C on nematode growth media (NGM) 90 mm 
Petri dishes seeded with Escherichia coli (strain OP50). Worms are provided by the 
Caenorhabditis Genetics Center (University of Minnesota).  

E. coli culture 

HT115 E. coli bacteria are grown in Luria Broth (LB) with 100 g/mL ampicillin and 12.5 μg/mL 
tetracycline overnight in a thermal shaker at 37 oC. The following day, 50 μL of the confluent 
bacterial cultures are used to inoculate freshly prepared LB medium containing only ampicillin. 
The new cultures are grown until reaching an optical density between 0.6 and 0.8, and 90 μL are 
used for seeding the experimental plates. The E.coli culture was performed by Prof. Auwerx’s group 
(Laboratory of integrative systems physiology, EPFL). 

Operation of the microfluidic platform  

We refer to section 2.5 for the description of the fluidic set-up used for the handling and trapping 
of the sample. The microfluidic chip and tubing are first filled with S medium, prepared by Prof. 
Gijs’s group (Laboratory of Microsystems 2, EPFL) following the protocol reported in Ref. 120. 

By using a worm picker, a worm of the desired size is transferred from the agarose plate to an S 
medium reservoir, from which it is sucked up into a tube connected to the device. Afterwards, the 
worm is injected in the microfluidic chip from the inlet with a flow of 500 nL/s. In order to insert 
the animal in the trapping channel, a flow of 1 μL/s is applied. 

Once trapped (see Fig. 2.15), a gentle flow of 50 nL/s of E. coli bacteria is used to replace the S 
medium in the chip and therefore provide nutrients to the worm through the lateral channels. 
After observing the pharyngeal pumping in the worm, which confirms that it is eating properly, 
the flow is stopped and the tubes are clamped. The whole operation, and the following NMR 
experiments, are performed at 20 °C. 

Figure 2.14: Optical microscope picture of a Rc ovum trapped in the 3D printed microfluidic structure.  

100 μm
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2.7.3 Optimization of the experimental parameters 

We report 1H NMR measurements of a single Rc ovum in H2O performed employing different 
values of repetition time  Table 1 shows the amplitude of the signal at 4.8 ppm and at 1.3 
ppm for different values of  and normalized to the signal amplitude obtained with a  equal to 
2 s.  

Table 1: Amplitude of the signal at 4.8 ppm and 1.3 ppm for different value of repetition time , 
normalized to the amplitude obtained for . 

TR S4.8ppm S1.3ppm 

2 s 1 1 

200 ms 0.9 0.9 

50 ms 0.1 0.2 

 

Fig. 2.16 shows the 1H NMR spectra obtained from a single Rc ovum in H2O, with a  of 2 s 
(Fig. 2.16a), 200 ms (Fig. 2.16b) and 50 ms (Fig. 2.16c) after averaging over 12 h. For all the 
spectra, the signal amplitude is normalized to the amplitude of the peak at 1.3 ppm obtained with 
a  of 2 s. The pulse length is equal to 3.5 μs for all the measurements. 

Decreasing the  from 2 s down to 200 ms the NMR signal (water peak included) does not 
change relevantly, while a  of 50 ms results in a significant loss in signal. This observation can be 
associated to: 

1. The effective spin-lattice relaxation times of the compounds inside the sample. 

2. The B1 field non-uniformities, which imply a variation of the effective flip angle all over 
the sample.  

In case of NMR measurements done on a sample of pure water, the employment of a  equal to 
0.2 s implies a decrease of an order of magnitude in the signal amplitude, which is not 
experimented in the NMR measurements of a single Rc ovum. From this observation we can 

Figure 2.15: Optical microscope picture of a C. elegans trapped in the 3D printed microfluidic structure. 

60 μm
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exclude the dominance of the second effect and assume that the compounds inside the samples 
have a reduced spin-lattice relaxation time with respect to the case of pure water. However, these 
measurements do not allow determining the actual value of the relaxation time. To precisely 
evaluate the value of the spin-lattice relaxation time and eliminate the effect of magnetic field non 
uniformities, an inversion recovery experiment would be needed. The efficient application of a 
pulse sequence is complicated by the non-uniform distribution of the B1 over the sensitive volume 
of the integrated detection microcoil. The determination of local values of flip angle could 
probably facilitate the estimation of the spin-lattice relaxation time of the sample under 
investigation. From a pragmatic point of view, the reduction of the  permits an improvement in 
the experimental time. Decreasing, with respect to previous contributions74, the  from 2 s down 
to 200 ms we have an improvement of a factor 3.3 in experimental time at parity of SNR.  

Figure 2.16: NMR measurements of a single Rc tardigrade ovum in H2O performed at 7 T (300 MHz). The
spectra are FFT real parts. Experimental condition notation: V is the active volume, Avg is the number of
averaged measurements, TR is the repetition time,  is the pulse length, Tm is the matching filter decay time
constant. (a): V 150 pL; Avg = 21600; TR = 2 s,  = 3.5 μs, Tm = 30 ms. (b): V 150 pL; Avg = 216000; TR

= 200 ms,  = 3.5 μs, Tm = 30 ms. (c): V 150 pL; Avg = 864000; TR = 50 ms,  = 3.5 μs, Tm = 30 ms. 
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2.7.4 NMR measurements of a single Rc ovum 

Fig. 2.17a and 2.17b shows NMR spectra obtained at 7.05 T (300 MHz) from a single Rc ovum 
in H2O after averaging respectively over 3 and 75 h. Measurements in water provide the best 
conditions in terms of biocompatibility. However, with a linewidth of about 35 Hz, the baseline of 
the water peak can overlap significantly with eventual small nearby signals. 

To suppress the strong water peak that originates from the carrying medium, we suspended the 
sample in a D2O-based environment. NMR spectra obtained from a single Rc ovum in D2O after 
averaging over 3 and 75 h are shown respectively in Fig. 2.17c and 2.17d. As noticeable from 
figure 2.17d we have an increase over time of the residual background signal at 4.8 ppm, with a 
consequent broadening of the peak baseline that overlaps with nearby signals. As mentioned in the 
section 2.6.2, the release of hydrogens from the microchannel material contributes to the residual 
water background signal.  

Acceptable SNR can be obtained averaging only over 3 h as shown in Fig. 2.17a and 2.17c. The 
same Rc ovum is used to perform measurements in H2O and D2O. In between the two 
experiments, the liquid is easily exchanged without repeating the trapping procedure.  

Due to the relatively low SNR (caused by the very small number of spins contained in the sample) 
and the relatively poor spectral resolution, a detailed proton peak assignment is currently 
impossible. Nevertheless, some information can be obtained from previous studies on Xenopus 

Figure 2.17: NMR measurements of a single Rc tardigrade ovum, performed at 7 T (300 MHz). The spectra
are FFT real parts. The dashed circle indicates the 150 μm outer diameter of the integrated coil. See defini-
tion of notations in figure 2.16. (a): 1H spectrum of a single Rc tardigrade ovum in H2O: V 150 pL; Avg =
28416; TR = 200 ms,  = 3.5 μs, Tm = 30 ms. (b): 1H spectrum of a single Rc tardigrade ovum in D2O: V

150 pL; Avg = 1350000; TR = 200 ms,  = 3.5 μs, Tm = 30 ms. (c): 1H spectrum of a single Rc tardigrade
ovum in D2O: V 150 pL; Avg = 28416; TR = 200 ms,  = 3.5 μs, Tm = 30 ms. (d): 1H spectrum of a single
Rc tardigrade ovum in D2O: V 150 pL; Avg = = 1350000; TR = 200 ms;  = 3.5 μs; Tm = 30 ms. 
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laevis110, 121 and hen eggs122. The spectra showed in Fig. 2.17 indicate that we can associate the 
nature of the dominant peaks in the Rc ovum (i.e. the peaks at 0.9, 1.3, 2.1, 2.8 ppm) to the yolk 
lipid content of the sample. Curiously, signals at the SNR limit are visible in the aromatic region 
(at about 8 ppm) only when the sample is submerged in H2O. However, the SNR is still too weak 
to estimate any feature of the signals present in this chemical shift region.  

 

2.7.5 NMR measurements of a single C. elegans subsection 

After trapping the worm using S medium120, a gentle flow of S medium and E.coli (1.5 x 109 

cell/mL) is applied to provide food to the C. elegans. At this point the flow is stopped and the 
fluidic connection clamped for sealing.  

The C. elegans goes through a squeezing process to be able to enter the microchannel whose size 
tightly matches the one of the worm. It follows that, in good approximation, only the worm is 
present in the active area of the detector. Nevertheless, a measurement of the E. coli solution is 
performed to characterize the background signal that may contribute to the spectrum obtained 
from the C. elegans subsection. Figure 2.18 shows the 1H NMR spectrum of E. coli in S medium at 
a concentration of 1.5 x 109 cell/mL, obtained after 11 h of average. The peaks at 1.3 and 3.7 ppm 
may be associated respectively to the glucose and lactate content, as suggested in Ref. 123.  

Fig. 2.19 shows NMR spectra obtained from a single C. elegans subsection with active volume of 
100 pL. All the spectra are acquired from the same worm. For this experiment, we decided to align 
the subsection of the worm containing ova with the integrated detection microcoil. As shown in 
Fig. 2.19a (inset), most of the sensitive region is indeed occupied by about eight eggs contained in 
the C. elegans abdomen. The resulting spectrum has features which are similar to those measured 
in the Rc eggs. 

Acceptable SNR can be obtained averaging over 12 h as shown in Fig. 2.19a. Figure 2.19b shows 
the spectrum obtained after averaging over 60 h. A zoom of the same spectrum is shown in Fig. 

Figure 2.18:1H NMR spectrum of E-coli (1.5 x 109 cell/mL) in S medium performed at 7 T (300 MHz). See 
definition of notations in figure 2.16. 100 pL; Avg = 19800; TR = 2 s ,  = 3.5 μs, Tm = 60 ms.   
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2.19c. Figure 2.19d shows 1H NMR spectra acquired after 12 h of averaging. The spectrum in 
blue is acquired soon after the trapping of the worm, the spectrum in red is acquired after 12 h of 
measurement, while the spectrum in green is obtained from the measurement performed after 24 h 
from the loading of the C. elegans.  

The three spectra are slightly different; this may be due to degradation of the sample as well as to a 
reallocation of the worm subsection with respect the sensitive area of the detector. However, the 
SNR is too weak for any claim on the spectra evolution. To clarify this point an improvement of 
the filling factor and further measurements on different worms would be needed. 

The peaks assignment is challenging due to the reduced size of the samples combined with the 
relatively poor spectral resolution. The peaks observed at about 0.9, 1.3, 2.1, 2.8 ppm may be 
mainly associated to yolk lipids. Some qualitative information can be obtained from previous 1H 
HRMAS NMR studies on a collection of C. elegans12 and on a single worm58.  

A prominent signal arises at a chemical shift of about 3.7 ppm. As shown in the Fig. 2.18, the 
same resonance appears in the spectrum of E.coli in S medium, which is used as a base to feed the 
worm during the experiment. Therefore, we suspect that such resonance may result from the 
ingestion of nutrients operated by the microorganism. 

 

 
 

Figure 2.19: NMR measurements of a single C. elegans subsection performed at 7 T (300 MHz). The dashed
circle indicates the 150 μm outer diameter of the integrated coil. The spectra are FFT real parts. See definition
of notations in figure 2.16. (a): V  100 pL; Avg = 216000; TR = 200 ms;  = 3.5 μs; Tm = 30 ms. (b): V 
100 pL; Avg = 1080000; TR = 200 ms;  = 3.5 μs; Tm = 30 ms. (c): V  100 pL; Avg = 1080000; TR = 200 ms;
 = 3.5 μs; Tm = 30 ms. (d): V  100 pL; Avg = 216000; TR = 200 ms;  = 3.5 μs; Tm = 30 ms.  
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2.7.6 Sensitivity of the single-chip probe and limit of detection 

The time-domain free-induction decay signal after an excitation pulse can be written as124: 

 ( 2.1 ) 

where is the Larmor frequency and  is the signal amplitude at ,  is the effective 
transversal relaxation time resulting from dipolar interactions and field non-uniformities.  

 ( 2.2 ) 

where  is the transversal relaxation time and  is the inhomogeneity of the static magnetic 
field over the sample volume.  

The linewidth FWHM  corresponds to 

. ( 2.3 ) 

The Fourier transform of the time domain signal resulting from the acquisition over a time  is 
equal to 

 ( 2.4 ) 

The maximum line amplitude is obtained at resonance ( ) and is equal to 

 ( 2.5 ) 

The time domain root mean squared noise (  is124  

 ( 2.6 ) 

where  represents the noise spectral density and  the detection bandwidth. 

The frequency domain root mean squared noise (  is124  

 ( 2.7 ) 

The signal-to-noise ratio in the time-domain ( ) and in the frequency-domain ( ) can be 
defines as124: 

 ( 2.8 ) 

 ( 2.9 ) 

The time-domain spin sensitivity is 
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 ( 2.10 ) 

where N is the number of nuclear spins contained in the sample under investigation. From (2.8), 
(2.10) becomes 

 ( 2.11 ) 

where  is the spin density and  is the sample volume.  can be defined as the number of 
nuclear spins, contained in a volume , that gives an SNR of 1 considering an equivalent 
detection bandwidth  of 1 Hz. It is expressed in  or  

The limit of detection ( ) or frequency-domain spin sensitivity defines the number of spins 
that are detectable with a  of 3, is expressed in  or and is equal to: 

 ( 2.12 ) 

Where  represents the number of spins in the sample which contributes to the frequency-domain 
signal of the chosen peak i. From (2.9), (2.12) becomes 

. ( 2.13 ) 

The sensitivity can be optimized by applying an exponential time-domain filter with time constant 
=  (i.e., a multiplication by ). Under this condition, (2.9) becomes124 

 ( 2.14 ) 

where the approximation holds for . 

From (2.12) and (2.14), the limit of detection for a single acquisition such that  and 
using a match filter is equal to  

 ( 2.15 ) 

In these conditions, the difference between the two definitions of sensitivity is only the factor 3 
introduced, quite arbitrarily, in the definition of limit of detection in the frequency-domain.  

For a number of acquisitions equal to  spaced by a time , such that the 
magnetization recovers before a new excitation,  becomes 

 ( 2.16 ) 

We determined the time-domain spin sensitivity  experimentally from the time-domain  
of the spectrum of pure water acquired using the microchannels designed for the trapping of the 
C.elegans. The  of the peak of water, shown in Fig. 2.12a, considering an equivalent detection 



Chapter 2 

 

40 

bandwidth of 1 Hz, is equal to 250 for a single scan. In the case of pure water, the spin density  
is equal to 6.68·1025 . Considering an active volume  of 100 pL at a distance of 10 μm 
from the detector coil, the spin sensitivity  (calculated following (2.11)) is 2.5·1013 

. For a cubic volume of 30 pL in direct contact with the surface of the chip, and included in 
the region of maximum sensitivity of the detector, the spin sensitivity is about 1.5·1013 

.  

The time-domain spin sensitivity for a sample with an active volume of 100 pL and placed 10 μm 
away from the surface of the coil is 1.7 times smaller than the spin sensitivity calculated for a 
sample with active volume of 30 pL and placed in direct contact with the chip. This is in a good 
agreement with the expected reduction of sensitivity computed via the sensitivity maps shown in 
Fig. 1.1, for a sample-to-detector distance of 10 μm.  

In the case of the NMR measurements of pure water ( ), performed using the 
microchannel designed for the trapping of the C. elegans worm, we have a linewidth FWHM of 2 
Hz. From (2.3) the effective spin-spin relaxation time  is 0.16 s. The repetition time  is set to 
4s. Under these conditions the frequency-domain limit of detection , calculated from (2.16), 
is approximately 600 pmol  of 1H nuclei. 

For the measurements of pure water, performed employing the microchannels designed for the 
trapping of Rc ova, the  is approximately 1.3 nmol  of 1H nuclei with a  of 0.03 s (i.e., a 
10 Hz FWHM line) and repetition time  

For NMR measurements performed on biological entities (i.e. Rc ova and C. elegans), having 
linewitdhs of 30 Hz FWHM (i.e., ) and measured with a repetition time  , 
the  is approximately 500 pmol  of 1H nuclei, which correspond to 5 pmol  of 1H nuclei in 
an averaging time of 3 h. 

 

2.7.7 Beyond the limit of sensitivity: single C. elegans egg 

In this section we report the NMR spectrum on a single C. elegans egg in H2O, obtained using the 
SU-8 microfluidic channel, the fluidic interface and the electronic set-up described respectively in 
section 2.2.1, 2.2.2 and 2.4. This measurement is performed to show the limit of sensitivity of the 
system. Possible solutions to address such a tiny sample (20 pL) are discussed in the paragraph.  

C. elegans embryos were extracted from gravid worms using the following protocol (re-adapted 
from Ref. 120): 

1. Wash the worm plate full of gravid worms with 750 μL of H2O to collect all the worms 
and transfer them in an Eppendorf tube. Repeat this step twice on the same plate. 

2. Add to this volume 150 μL of bleach and 280 μL of NaOH. This solution will kill and 
dissolve all the worms not protected by the egg shell. 

3. Manually shake for about 4 min. Pour a droplet on a glass slide and check that no adult 
worms are left. Otherwise, repeat step 3. 
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4. Centrifuge at 5000 rpm, 3 min, 21 °C. The sedimented eggs are now at the bottom of 
the tube. Remove with a pipette 1400 μL of supernatant from the very top of the 
Eppendorf tube, to remove bleach and NaOH. Replace the same amount with S medium 
or H2O. Repeat step 4 three times. 

The SU-8 microchannel and tubing are filled with H2O and C.elegans eggs are sucked up from the 
reservoir into a tube connected to the microfluidic device. In order to insert the eggs in the 
channel, a flow of 100 nL/s is applied. Being the height of the microchannel comparable with the 
egg dimensions, once the flow is stopped some of the eggs remain locked in the channel (inset Fig. 
2.20).  

Figure 2.20 shows a NMR measurement on a single C. elegans egg in H2O, after averaging over 1 
h. The excitation pulse length used in the reported experiments corresponds to the experimental 
condition of maximum sensitivity (  = 4 μs). This sample, whose typical volume is about 20 pL, is 
clearly beyond the current limit of sensitivity of our detector. Although it is impossible to perform 
a peak assignment due the reduced signal-to-noise ratio (S/N), it is worth to mention that the 
weak peak at 1.3 ppm could be associated with lipids and lactate as suggested in Refs 8, 121, 125.  

The extraction of the eggs from the adult C. elegans and the loading of the sample in the 
microchannel is time comsuming (approximately 3 h). Moreover, the C. elegans eggs in H2O 
hatched after a few hours. These aspects preclude the use of longer measurement times to obtain a 
better SNR.  

For a systematic study of this specimen, the development of a specific microfluidic structure is 
required. The device should contain a filtering system for the removal of beaching residues and a 
trapping system for blocking the egg in correspondence of the detector coil for the duration of the 
experiment. Moreover, a miniaturisation of the detector coil would be needed to maximize the 
filling factor, thus the sensitivity. With the implementation of this system we would expect an 
improvement of the SNR ratio of a factor 2 from the miniaturisation of the detector coil and a 
shortening of the sample preparation procedure that would enable longer measurement times 
(about 3 h). Furthermore, as explained in section 2.7.3, the repetition time can be decreased by a 
factor of 10; which implies 3 times shorter measurement time. The application of the 
modifications explained above would contribute to a total improvement of a factor of 10 in the 
SNR, which could be sufficient to detect highly concentrated endogenous compounds in a single 
C. elegans egg.  
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2.8 Conclusion and outlook 

In this chapter, we presented nuclear magnetic resonance (NMR) experiments on subnanoliter 
liquids and biological samples immersed in liquid enviroments. These measurements constitute a 
preliminary significant step towards the study of a multitude of biological entities present at the 
subnanoliter scale such as single cells, embryos and small living microorganisms64. The experiments 
were enabled by the fabrication of microfluidic structures, specifically conceived to guide and 
confine sub-nL samples in the sub-nL most sensitive volume of a single-chip integrated NMR 
probe.  

We suggested two methods for the fabrication of microchannels, the former based on traditional 
microfabrication techniques, and the latter based on two-photon polymerization, a 3D printing 
technique with lateral resolution of 300 nm. Both of the methods allow for the realization of 
microfluidic structures that confine samples at distances smaller than 10 μm from the detector. 
The proximity between the microcoil and the sample confined in the microfluidic channel is 
crucial to preserve high effective spin sensitivity. 

3D-printing-based microfabrication process is not suitable for large scale production, it allows to 
rapidly fabricating complex microfluidic structures tailored to position, hold, and feed 
microorganisms, with a design that maximizes the NMR signals amplitude and minimizes the 
static magnetic field inhomogeneities. 

We reported NMR measurements on sub-nL samples (and sub-nL portion of larger samples) 
having significantly different size, geometry, and nature. We showed experiments on liquids, where 
we showed spectral resolutions down to 0.007 ppm FWHM (i.e., about 2 Hz at 300 MHz) in 
liquid samples of 100 pL. Additionally, we reported experiments on two radically different 
biological entities, i.e. tardigrade Richtersius coronifer ova and C. elegans worms. Despite the tiny 
size (about 100 pL) and the broad intrinsic linewidth (about 30 Hz at 300 MHz) of these samples, 

Figure 2.20: 1H spectrum of a single C. elegans egg cell in H2O: V 20 pL; Avg = 3600; TR = 2 s;  = 4 μs;
Tm = 20 ms. The inset shows an optical microscope picture of C. elegans eggs trapped in the microfluidic
channel. The circle indicates the coil external diameter (150 μm); a single egg is in the active sensitive area of
the integrated coil. 
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the achieved sensitivity (2.5·1013 spins/Hz1/2) is sufficient to detect highly concentrated 
endogenous compounds with measurements times down to 3 hours.  

The microfluidic channels are connected to a robust fluidic interface that tolerates the application 
of flows as strong as 7 μL/s and guarantees an efficient sealing for several days (tested up to two 
weeks). The results of the reported experiments indicate that the approach proposed here allows 
for the non-invasive and efficient handling and trapping of living entities for NMR investigations 
at the sub-nL volume scale, in conditions of high sensitivity and sample limited spectral resolution. 

In our experimental conditions, using a 7 T field, a microcoil with active volume of 0.25 nL, a 
spectral resolution of about 30 Hz FWHM and repetition time equal to 200 ms, the frequency-
domain limit of detection is approximately 18 pmol in 60 min. Working at 23.5 T (the highest 
field commercially available) would improve the sensitivity by a factor 6112, with a  of about 3 
pmol in 60 min. 

Previous studies of extracellular culture media report that the uptake or production rate of 
metabolites in human oocytes (e.g. glucose, pyruvate and lactate) change during the developmental 
stages and can reach 50 pmol/h per single oocyte126. These results suggest that, with the 
employment of a higher field, the sensitivity of our detector may be high enough to address NMR 
analysis on a single oocyte. These investigations could contribute to the in-vivo study of metabolic 
processes and the development of a single embryo, essential for the amelioration of in vitro 
fertilization.  

The combination of CMOS integrated NMR detectors with high spatial resolution 3D printed 
microfluidic structures is compatible with the implementation of arrays of miniaturized probes, 
which would enable simultaneous studies on a large number of single biological entities in the 
same magnet. This would, in turn, allow for systematic investigation of the heterogeneity among 
individuals or among different subsections of a single organism (such as a C. elegans worm), as well 
as of their response to different environmental conditions or drugs. 
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 EPR spectroscopy of sub-Chapter 3
nanoliter liquid samples and frozen solu-
tions 
Electron paramagnetic resonance (EPR) spectroscopy studies molecular systems with unpaired 
electrons (paramagnets). Although there are more molecules without unpaired electrons 
(diamagnets) than with unpaired electrons, paramagnets of particular interest exist. EPR 
spectroscopy is an important and extensively used tool in chemistry, biology, medicine, physics, 
and materials science. This technique is, for example, the method of choice to determine distances 
between paramagnetic centers in enzymes, to measure the oxygen concentration in living tissue, to 
study the dynamics of proteins or to analyse in vivo pathological conditions caused by the presence 
of free radicals25, 27-35. 

Though EPR spectra of biologically relevant samples should be ideally acquired from an acqueous 
solution at physiological temperatures, bio EPR spectroscopy is often performed on frozen 
samples. In fact, paramagnetic relaxation of many transition ions is usually fast at ambient 
temperature, leading to spectra broadened beyond detectability. Lowering of the temperature 
reduces the relaxation rate, and this leads to a sharpening of the spectra.  

 

3.1 Introduction 

EPR investigation of subnanoliter volumes would open up the possibility of studying volume-
limited liquid samples available only in small quantities (e.g. proteins which cannot be grown in 
bigger sizes) and single biological entities. Addressing samples at the microscale involves two main 
challenges: (i) the sensitivity of the EPR detector and (ii) the handling of the sample.  

• The sensitivity of the detector: a miniaturization of the detector is needed to match the 
size of the sample, thus maximizing the filling factor and increasing the sensitivity. 
Previous work demonstrated the use of complementary metal-oxide semiconductor 
(CMOS) to realize electron paramagnetic resonance (EPR) miniaturized high sensitive 
inductive probes2, 101. These integrated systems use integrated planar coils with a diameter 
of 180 μm and are optimized for the detection of sample volumes of approximately 300 
pL.  

• The handling of the samples: with the miniatiurization of the detector, the positioning of 
the specimen becomes more difficult. A precise placement of the sample in close vicinity 
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of the detector is necessary to fully exploit the high sensitivity of the integrated detector 
coil. Interfacing a microfluidic structure with the CMOS single chip EPR detector would 
permit EPR experiments on subnanoliter liquid samples and biological entities immersed 
in a liquid environment.  

In this chapter we report an approach to place and hold liquids in proximity of a miniaturized 
EPR detector, allowing experiments on subnanoliter active volumes. EPR experiments on frozen 
solutions are implemented, to demonstate the capability of the system to perform measurements at 
cryogenic temperatures. All the EPR measurements are performed at 21 GHz. 

 

3.2 Experimental set-up 

Microfabricated and 3D printed microfluidic structures can be interfaced with the CMOS single 
chip EPR detector following the same procedure reported in the previous chapter. Differently, in 
this section we present a third approach that is based on the use of a capillary combined with the 
EPR integrated detector. Microcapillary of several shapes, dimensions and materials are 
commercially available and can be evaluated as an alternative approach to microfabricated 
microfluidic systems. This solution does not require microfabrication processes, but the fixed 
geometry of the microcapillary prevents the optimization of the filling factor, as well as further 
customization of the detection system.  

Details of the single chip EPR detector used in the experiments are reported in Ref. 2. The chip is 
realized with a 130 nm CMOS technology (IBM) and it has an area of about 1 mm2. The single 
turn excitation/detection coil integrated on the chip has an outer diameter of 180 μm.  

Figure 3.1a shows the rendering of the EPR single chip detector with a capillary positioned on top 
of the detector coils.  

Fig 3.1b shows an illustration of the approach used to drive the liquid sample to the sensitive area 
of the detector. A commercially available borosilicate glass capillary (CM scientific Ltd) is used; it 
has a squared 50 x 50 μm2 cross-section and 25-μm-thick walls, which correspond to the distance 
between the sample and the surface of the detector. The coil lies in the yz plane and the static 
magnetic field  is applied along the z axis.  

 
 
 
 
 
 
 
 
 
 
 
 
 



EPR spectroscopy of subnanoliter liquid samples and frozen solutions 

47 

 

3.2.1 Fluidic interface 

The micro-to-macro interface between the commercially available glass capillary and the IC chip is 
shown in Fig. 3.2. To complete the fluidic system, the capillary is connected to tubes through 
plastic needles (560105-1/2, Sicher & Praziser) and silicone glue (RTV118, Momentive 
Performance Materials Inc.).  

The fluidic system is mounted onto an inverted microscope (Axio Observer, Zeiss) equipped with 
a precisExcite High-Power LED Illumination system (Visitron, Puchheim) for brightfield imaging. 
The microfluidic operations are controlled using Nemesys syringe pumps and relative control 
software (Cetoni, Korbussen). Once the sample is loaded in the capillary, the flow is stopped, the 
tubes are clamped and the fluidic system is aligned under a microscope and then blocked above the 
excitation-detection coil using silicone glue, as shown in Fig. 3.1a.  

 

 

 

Figure 3.1: Illustration of the approach used to place the liquid sample in close proximity of the most sensi-
tive area of the on-chip excitation/detection microcoil. The coil lies in the yz plane with the static magnetic
field B0 along the z axis. (a) Rendered image of the CMOS integrated circuit combined with a microcapillary.
(b) A glass capillary is placed on top of the EPR IC chip. The separation between the sample and the detector
planar coil is 25 μm, corresponding to the wall thickness of the capillary. 
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Figure 3.2: Illustration of the fluidic interface between the commercially available capillary and tubes
through silicone glue and plastic needles. The fluidic connected capillary is placed and fixed with silicone
glue above the integrated microcoil. 
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3.2.2 Electronic set-up 

Figure 3.3 shows an illustration of the EPR experimental set-up. The chip is wire bonded on a 
PCB and the glass capillary is aligned with the integrated microcoil. The PCB is inserted into an 
electromagnet (Bruker, 0-2 T). The signal at the output of the chip is buffered using a commercial 
amplifier (THS4304) and mixed with a RF signal at about 200 MHz. The downconverted signal 
has a frequency of about 10 MHz. A phase-locked loop (PPL) is used for frequency-to-voltage 
conversion. The PLL frequency-to-voltage conversion factor is 1 μV/Hz and the integrated 
frequency division is 16. To improve the signal-to-noise ratio, a magnetic field modulation at kHz 
frequencies is added to the static magnetic field. The signal at the output of the PLL is 
demodulated by a lock-in amplifier. The lock-in internal reference signal is amplified and applied 
to the field modulation coil. The measurements at 77 K are performed by immersing the single-
chip EPR probe, interfaced with the glass capillary, into a liquid nitrogen dewar.  

 

3.3 EPR measurements of subnanoliter liquid samples and frozen 
solutions 

EPR experiments are performed using the glass capillary interfaced with the single chip EPR 
detector via the fluidic interface described in Fig. 3.2. Details of the principle of operation and the 
electronic circuitry of the single-chip detector used to perform EPR experiments are reported in 
Ref. 2. The presence of a resonating sample placed over the integrated microcoil causes a change in 
the inductance of the microcoil. The magnetic resonance is detected by measuring the variation of 
the frequency of the integrated LC oscillator as a function of the applied static magnetic field. 
More details on the electronic set-up are given in section 3.2.2.  

Figure 3.3: Schematic of the experimental set-up used for EPR measurements. (1) Integrated excita-
tion/detection coil interfaced with the glass capillary. (2) Single chip EPR detector (see details in Ref. 2). (3)
Printed circuit board (PCB), buffer (THS4304D, Texas Instrument) mounted on the PCB. (4) Liquid
nitrogen dewar. (5) Electromagnet (0-2 T, Bruker). (6) Electromagnet power supply (0-150A, Bruker). (7)
Magnetic field modulation coil. (8) RF source (SMR-20, Rohde-Schwarz). (9) PLL circuitry. (10) Lock-in
(7260, EG&G Instruments). (11) Power amplifier (PA508, Rohrer). (12) Multifunctional board (PCIe-
6259, National Instruments). 
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For a microwave magnetic field , sufficiently low to avoid saturation, the signal contribution per 

elementary volume is proportional to , where . This 
dependence is used to evaluate the sensitivity of the EPR coil with the magnetic field  
calculated using a Biot-Savart based code implemented in Matlab, as explained in details in section 
1.3.2.  

If we define the active volume as the fraction of the sample that contributes to the 70% of the total 
signal and we consider the geometry of the capillary and its position with respect to the microcoil, 
we estimate an active volume of about 200 pL. 

The total integrated EPR signal S can be determined by integrating  over the whole active 
volume. Considering  1 for the ideal case of the sample placed in direct contact with 
the chip, the EPR signal  is equal to 0.5. Thus, for a sample volume placed at a distance 
of 25 μm from the detector surface, the loss in signal is equal to 50%, with respect to the ideal case 
where the sample is placed in direct contact with the chip surface. This shows again the 
importance of having the sample close to the detector coil.  

 

3.3.1 EPR measurements of subnanoliter liquid samples 

Fig. 3.4 shows a collection of spectra obtained from aqueous solutions of the free radical TEMPO 
(4-Hydroxy-TEMPO, Sigma-Aldrich). The experimental EPR signal, in kHz, is the amplitude at 
the field modulation frequency of the LC-oscillator frequency (21 GHz) computed from the 
experimental signal at the output of a lock-in amplifier. The experimental conditions are specified 
in the figure caption.  

The experimental data at TEMPO concentration of 1 mM (Fig. 3.4a) and 10 mM (Fig. 3.4b) are 
reported. The measured EPR spectra are in agreement with those reported in literature127. 
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3.3.2 EPR measurements of frozen solutions 

Many paramagnetic ions in biological samples have such high relaxation rates that their spectra are 
too broad to be measured at room temperature128. Hence, EPR of frozen solutions can enable the 
investigation of a larger panel of samples. To demonstrate the capability of the system to perform 
EPR investigation at cryogenic temperature, we report the frozen solution spectrum of 15 mM 
Gd3Cl in H2O (G7532 Gadolinium (III) chloride hexa-hydratate, Aldrich) at 77 K (Fig 3.5). Gd3+ 
is a promising alternative to the commonly used nitroxide spin labels for the measurement of 
interspin distances. The gadolinium magnetic moment is seven times bigger than the one of the 
nitroxide thus leading to longer-range dipolar interactions129. 

 

 

 

Figure 3.4: EPR measurements on room temperature solutions, performed at 21 GHz. All the EPR spectra
are single scan measurements and relative to an active volume of about 200 pL. Experimental condition
notation: T is the sample temperature, vm is the frequency of the magnetic field modulation, Bm is the ampli-
tude of the modulation magnetic field, B1 is the microwave magnetic field. (a) 1 mM TEMPO in H2O: T = 
297 K, vm = 101.3 kHz, Bm = 0.49 mT, B1 = 0.06 mT. (b) 10 mM TEMPO in H2O: T = 297 K, vm = 101.3 
kHz, Bm = 0.49 mT, B1 = 0.06 mT. 
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3.3.3 Sensitivity of the single-chip probe 

The spin sensitivity , defined as the number of electron spins that gives an SNR equal to 1, is 
equal to101  

 ( 3.1 )  

where  is the spin density,  is the sample volume and  is the detection bandwidth.  

We determined the spin sensitivity  experimentally from the SNR of the EPR spectrum of 1 
mM aqueous solution of the free radical TEMPO. The SNR, shown in Fig. 3.4a, is equal to 93. 
Considering a detection bandwidth  of 2.5 Hz and an active volume  of 200 pL, the spin 
sensitivity is about 8·108 . The EPR spectra are not infinitely sharp, they are 
broadened by relaxation, unresolved hyperfine splitting or distributions in g factor value over the 
sample volume. For a precise determination of the spin sensitivity, the effective linewidth of the 
EPR signal needs to be considered. The spin sensitivity in function of the linewidth , 
measured at half height of the resonance, can be expressed by: 

 ( 3.2 ) 

 determined from the EPR spectrum of 1 mM aqueous solution of the free radical TEMPO 

is equal to 2.9·108 . 

The SNR of the EPR spectrum of 10 mM aqueous solution of TEMPO is equal to 587. For this 
value the calculated spin sensitivity is about 1.2·109 . The spin sensitivity expressed in 

function of the linewidth  equals to 3·108 .  

Figure 3.5: EPR spectrum of 15 mM Gd3Cl in H2O, performed at 21 GHz and at 77 K. The spectrum is a
single scan measurement and relative to an active volume of about 200 pL. Experimental condition notation:
vm is the frequency of the magnetic field modulation, Bm is the amplitude of the modulation magnetic field, B1

is the microwave magnetic field. vm = 101.3 kHz, Bm = 0.16 mT, B1 = 0.12 mT. 
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3.4 Conclusion and outlook 

In this chapter we showed EPR measurements on subnanoliter room temperature and frozen 
solutions by a combination of glass microcapillaries and single chip CMOS EPR detectors. 
Commercially available capillaries are a good solution for EPR analysis on sub-nL liquid samples, 
when the customization of the microfluidic structure is not required.  

We demonstrated the capability of the system (i.e. CMOS EPR detector, microcapillary, fluidic 
interface) to withstand cryogenic temperature, by performing experiments on subnanoliter frozen 
solutions. This is essential for the investigation of biological samples with short spin-spin relaxation 
times, where the EPR spectra would be too broad to be detected at room temperature128.  

The development of a specific microfluidic structure could potentially open up new ways of 
detecting free radicals in single living cells grown in a microfluid channel under cell-culture 
conditions. This is an ambitious goal if we consider that the typical concentrations of free radicals 
generated by cells during their regular metabolism are from nM to pM130, which correspond 
respectively to about 105 and 102 spins in a sample volume of 100 pL (to about 104 and 10 spins in 
a sample volume of 10 pL). However, this target could be envisioned by increasing the operation 
frequency, decreasing the resonator diameter to maximize the filling factor for single cell 
experiments and performing the measurements at cryogenic temperatures (down to 4 K) to detect 
short-lived radical species.  
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 FMR of single magnetic Chapter 4
beads 
Magnetic nanoparticles and microparticles (beads) have enabled the development of a variety of 
applications in medical diagnostic and biological research131. Functionalized magnetic beads are 
commercially available and widely used to selectively label biological targets. Magnetic labels have 
several advantages over other labels. Among these they are stable over time and can be easily 
manipulated by an external magnetic field. Thus, they can be conveniently used to position or 
selectively filter biological material attached to them132. 

 

4.1 Introduction 

Several magnetic sensors were used to measure the concentration of the magnetic beads, which 
corresponds to the concentration of the labeled biological targets133-138. Measurements of single 
beads were demonstrated using giant magnetoresistance (GMR)135 over a sensing area of 104 μm2, 
miniaturized Hall sensors with a sensing area of 8 μm2 136, on-chip 1 GHz LC oscillators with a 
sensing area of about 104 μm2. LC oscillators provide a sensitive detection of the beads by 
measuring changes in the magnetic susceptibility133, 134 at zero static magnetic field. 

We report an alternative method for the detection of magnetic beads that is based on the detection 
of their ferromagnetic resonance (FMR) by a CMOS integrated circuit detector. The main 
advantage of this sensing technique is that the change of susceptibility is measured in 
ferromagnetic resonance condition. Due to the frequency and field dependence of the 
susceptibility139, the detected variation is about 20 times greater than the respective change in static 
magnetization detected by other approaches133, 140. The developed solution allows for single bead 
sensitivity over an active area of about 5 x 104 μm2, and is compatible with integration of 
microfluidics and array of CMOS detectors.  

 

4.2 Experimental 

In this section we present the FMR detection of magnetic beads. Dynabeads M-270, 
superparamagnetic polymer beads with a diameter of 2.8 μm, are used for the measurements. They 
consist of Fe2O3 and Fe3O4 nanoparticles, with a diameter of 8 nm, dispersed in a polystyrene 
matrix. The ferromagnetic resonance is detected by measuring the variation of the frequency of the 
21 GHz LC oscillator, induced by the presence of the bead, as a function of the applied static 
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magnetic field. Details of the experimental set-up are reported in section 3.2.2. Fig. 4.1 shows the 
rendering of the CMOS single chip detector with an off-scale illustration of the bead placed in the 
center of the excitation/detection microcoil.  

For a microwave magnetic field , sufficiently low to avoid saturation, the signal contribution per 
elementary volume  is proportional to  as explained in section 1.3.2. This dependence is 
used to evaluate the sensitivity map of the detector coil using a Biot-Savart based code 
implemented in Matlab.  

Figure 4.1: Illustration of a magnetic bead (not in-scale) placed on the active area of the on-chip detection
coil. The coil lies in the yz plane with the static magnetic field B0 along the z axis. 

Dynabeads
2.8 mMicrocoil

IC chip
200 m

Figure 4.2: (a) Map of the sensitivity for the FMR integrated microcoil in the xz (top) and xy (bottom)
planes computed via a Biot‐Savart based code implemented in Matlab. The FMR signal contribution is

proportional to  , where  is the unitary field produced by the coil. The white rec-
tangles indicate the position of the coil. (b) Illustration (not in scale) of a magnetic bead placed on the metal
of the on-chip excitation/detection microcoil. The coil lies in the yz plane with the static magnetic field B0

along the z axis. 
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Figure 4.2a shows the maps of sensitivity respectively in the xz (top) and xy (bottom) plane and in 
close proximity of the chip surface. For clarity of illustration, the two axes of the graphs are not in 
scale; the white rectangules indicate the position of the coil. The actual distance between the bead 
and the coil is approximately 2 μm, corresponding to the thickness of the oxide passivation layer 
on top of the coil. In this configuration, the signal contribution in the volume occupied by the 
bead is about 1.5 times greater than the value we would have if the bead was placed in the center of 
the coil. Fig. 4.2b shows the illustration (not in scale) of a magnetic bead placed on the metal of 
the on-chip excitation/detection microcoil. 

4.2.1 Sample preparation and single bead isolation 

Dynabeads M-270 are supplied in phosphate buffered saline (PBS) at a concentration of 10 
mg/mL. With the aim of isolating and placing the magnetic beads on top of the integrated 
excitation/detection microcoil, we follow the procedure described below. 

The solution of magnetic beads is diluted in H2O to obtain a concentration of 1 μg/mL. With the 
use of a pipette, 0.1 μL of diluted solution is transferred onto a 5 μm-thick Mylar foil. After the 
evaporation of the solvent, the Mylar foil is flipped upside down and the surface containing the 
beads is approached to the CMOS single chip detector.  

The beads are aligned with the detector under an optical microscope and transferred onto the chip 
by gently pressing the Mylar foil with a swab into contact with the chip surface. Finally, an eyelash 
is stuck with adhesive tape on a tungsten tip of a micromanipulator which is used to position the 
beads on top of the integrated detection coil and to move the beads in excess away from the 
sensitive area of the detector.  

 

4.2.2 FMR measurements of magnetic beads 

In this section, we present FMR experiments of magnetic beads (Dynabeads M-270) in the con-
figuration illustrated in figure 4.2b. The experimental FMR signal, in Hz, is the amplitude at the 
field modulation frequency of the LC-oscillator frequency (21 GHz) computed from the experi-
mental signal at the output of a lock-in amplifier. The experimental conditions are specified in the 
figure caption.  

The experimental data related to the measurement of 13 beads (Fig. 4.3a), 2 beads (Fig. 4.3b) and 
single bead (Fig. 4.3c) are reported. To improve the SNR a magnetic field modulation is applied at 
the site of the sample. The SNR increases with higher magnetic field modulation amplitudes; 
however, if the modulation amplitude is too large the detected FMR signal broadens and becomes 
distorded. A good compromise between SNR and signal distortion occurs when the amplitude of 
the magnetic field modulation is equal to the width of the FMR signal. 

The high sensitivity of the detector combined with the large active area allows for the detection of 
up to 4000 beads with a resolution down to one single bead, as shown in Fig. 4.3c. 

Due to the broad resonance line of the magnetic beads (80 mT), the main limitation in the SNR is 
given by the maximum magnetic field modulation achievable with our current setup (1.1 mT).  
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Fig. 4.3: FMR measurements of magnetic beads, performed at 21 GHz. Magnetic beads (Dynabeads, 2.8 
μm) are placed on the metal coil with the help of a micromanipulator. The number of sweeps is equal to 
25. Experimental condition notation:  is the frequency of the magnetic field modulation,  is the 
amplitude of the modulation magnetic field,  is the microwave magnetic field.  = 101.3 kHz,  = 
1.1 mT,  = 0.06 mT. The effective time constant of the lock-in is 3 s. (a) 13 beads. (b) two beads. (c) 
single bead. 
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4.3 Conclusion and outlook 

In this chapter we showed a novel method for the sensing of magnetic beads, based on the 
detection of the change in susceptibility in ferromagnetic resonance (FMR) conditions. The main 
advantage of this method is that, due to the frequency and field dependence of the susceptibility139, 
the detected variation is about 20 times greater than the change in magnetization in static 
conditions sensed by other approaches133, 140.  

Using a single chip CMOS detector, we reported the detection of a single bead, as well as n beads 
with an active area of about 5 x 104 μm2. This is an improvement compared to previously reported 
magnetic bead detection schemes133-138, which suffer either from a limited sensitivity, or from 
limited sensing area.  

To maximize the SNR a magnetic field modulation, with amplitude equal to the width of the 
FMR signal, should be applied. The maximum amplitude of the magnetic field modulation 
achievable with our current set-up is equal to 1.1 mT, while the width of the magnetic beads FMR 
signal is equal to 80 mT. Shrinking the size of the modulation coils would enable a higher 
modulation field, with an increase in the SNR up to a factor of 30, if a 30 G modulation field is 
produced (as in the newly installed magnet in our laboratory). This would allow detecting smaller 
beads and/or increase the speed of detection.  

The realization of a portable device is envisioned by miniaturizing the entire set-up, including the 
source of the external magnetic field174. Furthermore, our approach is compatible with the 
integration of microfluidic devices for the handling of the beads and easily extendible to arrays of 
identical CMOS detectors. 
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 Sub-micrometer FMR Chapter 5
 

5.1 Introduction 

Several non-inductive methods have been proposed in literature to perform experiments with 
better spin sensitivity. Among these, magnetic resonance force microscopy (MRFM)141-143, 
scanning tunnel microscopy (ESR-STM)144, 145, diamond-vacancy center144, 146-148 detection 
methods achieved single spin sensitivity. Despite their excellent sensitivity, these methods might 
not represent a valid and versatile alternative to more conventional, although less sensitive, 
inductive approaches, in particular for experiments on samples having volumes from few μL to few 
pL. 

Given the broad range of potential applications, the improvement of conventional inductive 
techniques is nowadays an active research domain65-68, 91, 92, 94-97, 149, 150.  

Nanoscale magnetic structures are of interest both in terms of fundamental physics and device 
applications. The enlarged surface-to-volume ratio, confined geometries, roughness and 
morphology of nanostructures have influence on magnetic properties that were investigated using 
Brillouin light scattering151, 152, microstrip153, 154 or coplanar waveguide ferromagnetic resonance155, 

156 on arrays of stripes and dots.  

Measurements on array of samples are not ideal to study individual nanoscale structures, given the 
averaged signal read-out. Different methods were used to investigate single micro and 
nanostructures, such as MRFM157, 158 and spSTM-FMR159. These techniques can also detect arrays 
of nanostructures but not simultaneously, being characterized by a single point read-out.  

In this chapter we elucidate the possibility of using a CMOS single chip detector to perform FMR 
experiments on submicrometer volumes. The high sensitivity of the integrated inductive detector 
combined with the relatively large active volume would enable to inductively study single 
ferromagnetic nanostructures as well as their coupling. 
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5.2 Preliminary experiments 

In this section of the chapter we describe ferromagnetic resonance (FMR) experiments at the μm 
scale on YIG microparticles (Iron Yttrium oxide 99.9% REO, Alfa Aesar) and permalloy 
nanotubes. These measurements confirm the detection capability of the CMOS single chip 
integrated detector at the micrometer scale.  

 

5.2.1 FMR measurements of YIG microparticles 

YIG particles are purchased in a powder form with unknown size distribution. 1 g of YIG particles 
powder is suspended in 5 mL of pure water. After mixing, the solution is left idle for 30 min to 
promote the sedimentation of bigger particles at the bottom of the beaker.  

1 μL of YIG particle solution is transferred from the surface of the beaker to a 5-μm-thick Mylar 
foil. Once the water is evaporated, a microparticle of the desired dimension is manually moved to 
an empty area of the Mylar foil using a toothpick. The same procedure used to transfer the 
magnetic beads and described in the previous chapter, is applied here for the positioning of the 
YIG particles. The Mylar foil is flipped to have the surface containing the YIG particles in 
proximity of the surface of the chip. The isolated particle is aligned with the detector under an 
optical microscope and transferred onto the chip by pressing the Mylar foil with a swab. A 
micromanipulator is used to position the sample on top of the integrated detector and eventually 
move excess particles from the sensitive area.  

Figure 5.1 shows FMR spectra of an agglomerate of YIG microparticles measured on the metal 
(Fig. 5.1a) and in the center of the detector coil (Fig. 5.1b). Due to the procedure used to isolate 
the sample under investigation, we cannot exclude the undesidered FMR spectral contribution 
from nanoparticles present in the sensitive area of the detector but not visible under the optical 
microscope. 

In the first configuration, where the YIG agglomerate is placed on the metal, B0 lies along the z axis 
and B1 along the y axis. While in the second configuration, where the YIG agglomerate is placed in 
the center of the coil, B0 lies along the z axis and B1 along the x axis. As shown in the insets in 
figure 5.1a and 5.1b, during the reallocation of the sample from the metal to the center of the 
detector, we induce a rotation to the YIG agglomerate. Consequently, in the two configurations 
the sample has a different orientation with respect to the direction of B0. The ferromagnetic 
resonant field strongly depends on the shape and the orientation of the specimen with respect to 
the direction of the applied static magnetic field B0. This explains the diversity of the spectra in 
figure 5.1a and 5.1b. Moreover, as shown in figure 4.2, the sensitivity of the detector increases in 
proximity of the metal with the consequent increase of the FMR signal amplitude. 

In this case, the estimation of the spin sensitivity is not possible due to the unknown precise value 
of the sample volume and the complexity of the FMR spectrum. 
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5.2.2 FMR measurements of permalloy nanotubes 

In this section we report FMR experiments on a 15-μm-long single permalloy (Ni80Fe20) nanotube. 
The non-magnetic core (GaAs) of the nanotube has a diameter of 125 nm and was grown by the 
group of Prof. A. Fontcuberta i Morral’s group (EPFL). A 28-nm-thick permalloy (Py) layer was 
deposited by F. Heimbach (TUM), to form the ferromagnetic nanotube. The positioning of the 
nanotube, in the center of the integrated coil, was done by Prof. M. Poggio’s group (UNIBAS). 
Figure 5.2a shows the SEM picture of the cross section of the Py nanotube, taken by Prof. D. 
Grundler’s group (EPFL). Figure 5.2b shows an optical picture of the nanotube positioned on the 
detector coil.  

  

Figure 5.1: FMR measurements of YIG microparticles, performed at 21 GHz. YIG microparticle agglomerate
is placed in the desired location with the help of a micromanipulator. (a) YIG agglomerate placed on the metal
of the coil. (b) YIG agglomerate placed in the center of the coil. The number of sweeps is equal to 25. Expe-
rimental condition notation:  is the frequency of the modulation of the magnetic field,  is the amplitude
of the modulation of the magnetic field,  is the microwave magnetic field.  = 98.53 kHz,  = 0.3 mT,

 = 0.06 mT. 
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FMR measurements of the Py nanotube are performed, at different angles , defined as the angle 
between the directions of the static magnetic field (z axis) and of the axis along the nanotube. 
The volume of the ferromagnetic sample is equal to 0.07 μm3 (0.07 fL). Figure 5.3 shows the FMR 
measurements of the Py nanotube for (Fig. 5.3a), ° (Fig. 5.3b) and ° (Fig. 
5.3c). As predicted by the theory160, due to the shape anisotropy, the resonance field  of the 
major resonance signal increases with the increase of the angle . Beside this main resonance peak, 
additional resonances with much smaller intensities are present. Due to the sensitivity limit, it is 
not possible to study the angular dependence of these resonance signals.  

  

Figure 5.2: Pictures of the permalloy nanotube. (a) SEM picture of the cross section of a permalloy (Py)
nanotube. 28 nm of Py are deposited onto a non-magnetic GaAs nanotube of diameter of 125 nm. The SEM
picture is taken by Prof. D. Grundler’s group (EPFL). (b) Optical picture of a nanotube placed at the center 
of the integrated detector coil. The positioning of the nanotube was done by Prof. M. Poggio’s group (UNI-
BAS). 
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Figure 5.3: FMR measurements of a single permalloid nanotube, performed at 21 GHz. The Py nanotube is
placed in the center of the detection coil. The angular dependence of the main resonance signal is studied. 
is the angle between the direction of B0 and the long length of the nanotube. The number of sweeps is equal
to 200. Experimental condition notation:  is the frequency of the magnetic field modulation,  is the
amplitude of the modulation magnetic field,  is the microwave magnetic field.  = 98 kHz,  = 0.6 mT,

 = 0.06 mT. (a)  = 0°. (b)  = 20°. (c)  = 45°.  
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5.3 FMR spectroscopy of single permalloy micro/nanodots 

Permalloy has been widely used for the investigation of magnetization dynamics on the nanoscale 
for understanding the basic physics of magnetic phenomena, as well as for the potential 
applications of the magnetic nanostructures for information transport, processing and storage161-164.  

In this section, we describe the fabrication of permalloy micro and nanodots and the FMR 
measurements of these nanopatterned structures. The NiFe dots have a height of 30 nm and 
diameters from 3 μm down to 30 nm, which correspond to a volume of 0.2 μm3 down to 2·10-5 
μm3.  

 

5.3.1 Fabrication of permalloy micro/nanodots  

The permalloy nanodots are fabricated using a single-side polished 4 inch <100> silicon (Si) wafer 
with 525 μm thickness as a substrate. Photolithography masks are printed on a chromium plate by a 
direct writer system (VPG 200, Heidelberg Instruments). 

The fabrication process, developed to nanopattern the 30-nm-thick NiFe film, is described in figure 5.4. 
The proposed method is based on e-beam lithography and lift-off for the patterning of the micro and 
nanodots, photolithography and etching for the patterning of 200 μm x 200 μm Si dies and labels to 
identify the dimensions of the dots placed in the center of each Si die.  

The Si wafer is treated with oxygen plasma and dehydrated for 5 minutes at 180 °C to improve the 
adhesion of the resist. A double layer of resist is spin coated and patterned to improve the quality 
of the subsequent lift-off step. A 120-nm-thick MMA EL6 (MicroChem) is spin coated and baked 
for 5 min at 180 °C. A 60-nm-thick PMMA 495K A2 (MicroChem) is spin coated and baked for 
5 min at 180 °C.  

E-beam exposure (EBPG5000, Vistec) of the PMMA/MMA double layer, to pattern micro and 
nanodots and alignment marks for the following photolithography step, is performed with a beam energy 
of 100 keV and an exposure dose of 1400 μC/cm2. The resist development is done in MiBK 
(MicroChem):IPA 1:3 for 1 min (Fig. 5.4a).  

A Ta/NiFe/Ta multilayer with thickness respectively of 5 nm/30 nm/5 nm is e-beam evaporated (LAB 
600H, Leybold). The tantalum is used as an adhesive and protective layer for the permalloy film 
(Ni80Fe20). The substrate is then immersed in a heated bath (65 °C) of Remover 1165 (MicroChem) for 
2 h for lift-off (Fig. 5.4b).  
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A 2-μm-thick AZ 9260 layer is spin coated and exposed on a Suss MJB4 manual aligner to define 
identification labels and a trench in a way that the dot is centered on the die. 60-μm-deep trenches 
are etched (Alcatel AMS, Bosch process for 12 min) into the silicon (Fig. 5.4c) and a grinding step 
from the backside of the substrate (Fig. 5.4d) is performed to release individual 200 μm x 200 μm 
Si dies with a remaining thickness of 55 μm (Fig. 5.4e). Due to the reduced thickness of the Si die, 
the FMR measurement could be performed placing the backside of the die in contact with the chip 
surface. This would ease the alignment procedure but worsen the FMR signal, being the 
ferromagnetic sample placed in a less sensitive region of the integrated detector.  

 

Figure 5.5 shows SEM pictures of the patterned NiFe micro and nanodots having a thickness of 30 
nm and a diameter of 3 μm (Fig. 5.5a), 1 μm (Fig. 5.5b), 300 nm (Fig. 5.5c), 100 nm (Fig. 5.5d) 
30 nm (Fig. 5.5e). 

Figure 5.6 shows an optical picture of released 200 μm x 200 μm Si dies with a thickness of 55 μm, 
a single NiFe dot in the center of each die and etched identifying labels. 

  

Figure 5.4: Process flow for the fabrication of the NiFe micro and nanodots. A single-side polished 4 inch 
<100> silicon (Si) wafer with 525 μm thickness is used as substrate. (a) A 120-nm/60-nm-thick 
MMA/PMMA double layer is e-beam exposed to pattern the dots and marks for the alignment during the
following photolithography step. (b) A 5-nm/30-nm/5-nm-thick Ta/NiFe/Ta is e-beam evaporated and the 
structures defined by lift-off. (c) Trenches and identification labels are patterned by lithography and etching.
(d) A grinding from the backside of the substrate is performed. (f) Released individual 200 μm x 200 μm Si 
die with a remaining thickness of 55 μm and a single dot in its center. 
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Figure 5.5: SEM pictures of nanopatterned permalloid dots, having different values of diameter (D). (a) D = 3 μm. 
(b) D = 1 μm. (c) D = 300 nm. (d) D = 100 nm. (e) D = 30 nm.  
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d e

1 m 300 nm 100 nm

30 nm 10 nm

Figure 5.6: Optical microscope picture of the 200 μm x 200 μm Si dies with single permalloid nanodots in the
center, attached on a UV tape. Idendifying labels are etched in the Si die.  
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The Si die, with the permalloy dot of the selected size in its center, is detached from the UV tape. 
The face of the die, containing the dot, is brought into contact with the surface of the chip and 
aligned with the integrated detection coil under a microscope, as shown in figure 5.7. A small drop 
of diluted paper glue (Pritt) is poured onto the chip to keep the die in the desired position.  

 

Figure 5.8 shows the FMR measurements of single 30-nm-thick permalloy dots, performed at 21 
GHz. Figure 5.8a and 5.8b show the FMR spectra of a 30-nm-thick permalloy dot with diameter 
of 1 μm placed in the center of the coil (Fig. 5.8a) and onto the metal of the coil (Fig. 5.8b). The 
volume of the sample is equal to 0.0235 μm3 (0.0235 fL).  

Figure 5.8c and 5.8d show the FMR spectra of a 30-nm-thick permalloy dot with diameter of 3 
μm, with a volume of 0.212 μm3 (0.212 fL), placed in the center of the coil (Fig. 5.8c) and onto 
the metal of the coil (Fig. 5.8d). 

Given the dimensions of the dots, we can approximate their geometry to a thin film. For this 
geometry the ferromagnetic resonant field  depends on the orientation of the specimen with 
respect to the direction of the applied static field . For the two configurations used for the 
measurements (i.e. sample placed in the center of the detector coil and sample placed onto the 
metal of the coil) is applied parallel to the plane of the dot.  

From the Kittel equation165, it is possible to derive the value of  for  applied parallel to the 
plane of the dot.  

 ( 5.1 ) 

where Bs is the saturation field,  the working frequency of the LC oscillator (21 GHz) and the 
electron gyromagnetic ratio (28 GHz/T). 

Figure 5.7: Optical microscope picture of a Si die, containing a single permalloid nanodot in its center, placed 
on top of integrated detector coil. 
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The experimental value of the ferromagnetic resonance field  is equal to 0.37 T. Knowing , it 
is possible to derive the actual value of saturation field Bs of the permalloy thin film, which is equal 
to 1.1 T. 

The signal contribution is proportional to the volume of the sample. Consequently, for the 
permalloy dot with a diameter of 3 μm we expect an amplitude of the resonance signal 9 times 
larger than the amplitude obtained in the case of a dot with a diameter of 1 μm. This expectation 
is confirmed by the experiments reported in Fig. 5.8a and 5.8c.  

In the first configuration, where the dot is placed in the center of the coil, the induction field B1 

lies perperdicular to the plane of the dot and to the direction of B0. In the second configuration, 
where the dot is placed onto the metal of the coil, B1 lies in the direction of the plane of the dot 
and perperdicular to the direction of B0. Considering the anisotropic shape of the dots, the two 
configurations correspond to different excitation conditions. Micromagnetic simulations would be 
needed to study the magnetization dynamics and analize the different FMR spectra expected in the 
two configurations.  

As shown in figure 4.2, we have an increase of signal contribution on the metal of the coil, with 
consequent increase of the amplitude of the resonance signal, which strongly depends on the 
positioning of the sample.  

Figure 5.8: FMR measurements of single permalloid nanodots, performed at 21 GHz. The number of sweeps
is equal to 20. Experimental condition notation: is the diameter of the dot,  is the position of the dot,

 is the frequency of the magnetic field modulation,  is the amplitude of the modulation magnetic field,
 is the microwave magnetic field. (a)  = 1 μm,  = center,  = 98.52 kHz,  = 1.2 mT,  = 0.06 mT.

(b)  = 1 μm,  = metal,  = 98.52 kHz,  = 1.6 mT,  = 0.06 mT. (c)  = 3 μm,  = center,  =
98.52 kHz,  = 1.6 mT,  = 0.06 mT. (d)  = 3 μm,  = metal,  = 98.52 kHz,  = 1.2 mT,  = 0.06
mT. 
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The spin sensitivity  (see definition in section 3.3.3) is determined experimentally from the 
SNR of the FMR spectrum acquired from a single 30-nm-thick NiFe dot having a diameter of 1 
μm and placed onto the metal of the coil. The SNR, shown in Fig. 5.8b, is equal to 38 per single 
scan. Considering a detection bandwidth  of 2.5 Hz, an active volume  of 0.0235 μm3 
(0.0235 fL) and a spin density of 1.82·1011 , the resulting spin sensitivity is about 
7·107 . 

The spin sensitivity as a function of the linewidth  (see definition in section 3.3.3), 
determined from the FMR spectrum of the 30-nm-thick NiFe dot with a diameter of 1 μm, placed 

onto the metal of the coil, is equal to 7.3·105 . 

For a 30-nm-thick NiFe dot with a diameter of 500 nm, the active volume  is equal to 0.0058 
μm3 (0.0058 fL). Under the same experimental conditions used to measure the 1 μm diameter dot, 
the expected SNR per single scan would be 9. Despite the theoretical estimations, we could not 
detect an FMR spectrum for dots having a diameter smaller than 1 μm. Further experiments 
would be needed to clarify this unexpected result.  

 

 
 

Yttrium iron garnet (Y3Fe5O12), commonly referred as YIG, is the material of choice for 
magnonics166. This discipline aims at using spin waves to carry and process information. Moreover 
YIG gained considerable interest for its sharp ferromagnetic resonance (FMR) and its application 
in microwave devices. In fact, it is widely used in microwave and optical-communication devices 
such as filters, tunable oscillators, or non-reciprocal devices.  

In this section we report the fabrication of YIG micro and nanodots, as well as the FMR 
measurements of the resulting nanopatterned structures. The YIG dots have a thickness of 30 nm 
and diameters ranging from 3 μm down to 300 nm, which respectively correspond to a volume of 
0.2 μm3 (0.2 fL) down to 0.0021 μm3 (2.1 aL).  

 

 
A 30-nm-thick YIG film was deposited by Dr. Hoffmann’s (Argonne National Laboratory) group 
on a 500-μm-thick (111)-oriented gadolinium gallium garnet (Gd3Ga5O12, GGG) single crystal 
substrate at room temperature from a commercial YIG sputter target. Details of the deposition process 
can be found in Ref. 167. High-quality YIG thin films can be only grown on lattice-matched GGG 
substrates. The growth of YIG films on other substrates results in an alteration of the magnetic 
properties168-171.  
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The fabrication process developed to nanostructure the YIG film is described in figure 5.9. The proposed 
method is based on e-beam lithography for the patterning of the micro and nanodots and a combination 
of photolithography steps for the fabrication of marks used to identify the position and the size of the 
YIG dots.  

Given the limited availability and the high value of the YIG/GGG substrates, the entire process is 
performed on a small die (5 mm x 2.5 mm). The major challenge of this fabrication process is related to 
the need of using only die-level compatible processes and reversible testing steps.  

The process starts with the microfabrication of metal marks used to define the position of the YIG dots 
during e-beam lithography. The YIG/GGG substrate is treated with oxygen plasma to improve the 
adhesion of the resist. A double layer of resist is employed to improve the quality of the following lift-off 
step. An AZ1512/LOR-5A (MicroChem) double layer is spin coated to obtain a thickness of 1.1 
μm/0.48 μm and photopatterned with a direct writing system (MLA 150, Heidelberg Instruments) and 
an exposure dose of 98 mJ/cm2, followed by a development and a drying step (Fig. 5.9a).  

A 5-nm-thick Ti adhesion layer followed by a 40-nm-thick Au layer are evaporated (LAB 600H, 
Leybold). The substrate is then immersed in a heated bath (65 °C) of Remover 1165 (MicroChem) for 2 
h for photoresist lift-off (Fig. 5.9b).  

To improve the adhesion of the e-beam resist HSQ XR1541 006 (Dow Corning), the substrate is 
immersed for 1 min in MF CD26 (MicroChem). Rinsing, drying, dehydration and cooling steps are 
then performed. A 190-nm-thick HSQ layer is spin coated. Due to the non-conductivity of the substrate, 
a 10-nm-thick Al layer is evaporated (LAB 600H, Leybold) on top of the HSQ resist as shown in figure 
5.9c. The 10-nm-thick Al layer is thick enough to provide a conductive surface, essential to avoid 
charging effects in e-beam lithography, and thin enough to maintain the optical transparency, needed for 
the detection of Au marks during the alignment procedure. 

E-beam exposure (EBPG5000, Vistec) of the HSQ resist layer is performed with e-beam energy of 100 
keV and an exposure dose of 500 μC/cm2. This value is the result of a dose test for parameters 
optimization. The resist development is done in TMAH; in the same step the Al layer is etched away, 
being the TMAH also an Al etchant (Fig. 5.9d). 

YIG dots are defined (Fig. 5.9e) by ion milling (Nexus IBE-530, Veeco) with an Ar plasma of 500 V and 
a current of 800 mA/cm2 for 134 s. The substrate fixture is kept at low temperature (lower than 90 °C) 
with a rotating speed of 10 rpm and a tilt angle of 10°.  

Due to the limited number of the YIG/GGG substrates, it was not possible to perform an etching test on 
the YIG film to derive the etching rate of YIG at these experimental conditions. It is essential, though, 
that the 30-nm-thick YIG film is completely etched and that at the end of the etching process the HSQ 
resist mask is still present to prevent the removal of the YIG dots. An overetching is not an issue, provided 
that the HSQ resist mask is not removed completely. For these reasons, an etching test on HSQ was 
performed and the value of the etching rate was derived (70nm/min). With an etching time of 134 s we 
have a HSQ residual layer of about 30 nm. This layer does not influence the magnetic properties of the 
YIG dots, it is then not removed to avoid further processing. HSQ masks the gold marks during the 
etching step. 
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At this point, circular marks with a diameter of 10 μm are fabricated to help localizing the YIG dots for 
inspection. To improve the adhesion of the resist, the substate is treated with oxygen plasma. A 3-μm-
thick layer of AZ 9221 (MicroChem) is spin coated and exposed with a direct writer system (MLA 150, 
Heidelberg Instruments) and an exposure dose of 133 mJ/cm2. 

The marks are defined by ion milling (Nexus IBE-530, Veeco) by Ar plasma for 30 min with the same 
parameters used for the etching of the YIG film (Fig. 5.9f). The residual AZ resist is removed with 
acetone.  

Using the same procedure and an Ar ion milling (Nexus IBE-530, Veeco) for 60 min, backside 
alignment marks are patterned to define dicing marks and labels used to identify the YIG dots and to 
align the dots with the integrated detection coil (Fig. 5.9g).  

Lastly, the substrate is diced, using an automatic dicing saw (Disco DAD321), to 200-μm-wide and 4-
mm-long rods containing YIG micro and nanodots spaced enough to have only a single dot in the 
sensitive area of the CMOS single chip detector (Fig. 5.9k).  

Figure 5.9: Process flow for the fabrication of the YIG micro and nanodots: a 5 mm x 2.5 mm substrate of 30
nm/500 μm (111) YIG/GGG is used as substrate. (a) A 1.1/0.48-μm-thick AZ/LOR double layer is patterned
to structure marks for alignment during e-beam lithography. (b) A 40/5-nm-thick Au/Ti double layer is eva-
porated and Au marks are patterned by lift-off. (c) A 10 nm-thick Al layer is evaporated on top of a 190-nm-
thick HSQ resist layer for conductivity improvement. (d) Micro and nanodots are defined by e-beam litho-
graphy. (e) The 30-nm-thick YIG film is etched by Ar ion milling; HSQ resist masks the Au marks during the
ething step. (f) Circular marks are patterned by photolithography and Ar ion milling to localize the dots du-
ring inspection. (g) On the backside of the substrate, dicing marks are defined by photolithography and Ar ion 
milling. In the same step marks, needed for the alignment procedure with the detector, are patterned. 
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Figure 5.10 shows AFM pictures of the patterned YIG dots having a thickness of 30 nm and a 
diameter of 3 μm (Fig. 5.10a) and 1μm (Fig. 5.10b). 

Figure 5.11 shows the frontside (a) and backside (b) optical microscope pictures of a section of the 
0.2 mm x 4 mm GGG rod. In the frontside of the rod (Fig. 5.11a), in correspondence of the YIG 
nanodot, a circular mark with diameter of 10 μm is patterned to localize the dot during inspection 
(indicated by the arrow). In the backside of the rod (Fig. 5.11b), labels and marks are patterned to 
identify the dimension of the dot and to permit the alignment with the sensitive area of the 
detector. The rough layer visible in the picture is the photoresist used as a mask and not removed 
after the etching step. 

 

  

Figure 5.10: AFM pictures of nanopatterned YIG dots, having a thickness of 30 nm and diameter of 3 μm (a) 
and 1 μm (b).  
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Figure 5.11: Optical microscope pictures of a section of the GGG rod. (a) Picture of the frontside of the rod.
The arrow indicates the circular mark patterned to localize the dot during inspection. (b) Picture of the
backside of the rod showing the identifying labels and the alignment marks.  
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A 200-μm-wide and 4-mm-long GGG rod contains YIG dots, spaced enough to have a single dot in the 
sensitive area of the detector. The rod is flipped upside down, to have the surface containing the dots in 
direct contact with the surface of the CMOS single chip detector. A dot of the desired size is aligned with 
the integrated detector coil under a microscope, using backside identifying labels and alignment marks, as 
shown in figure 5.12. A small drop of diluted glue (Pritt) is poured onto the chip to keep the rod in 
the desired position.  

 

Figure 5.13 shows the FMR measurements of a single 30-nm-thick YIG dot having a diameter of 1 
μm, placed in the center (Fig. 5.13a) and on the metal of the coil (Fig. 5.13b). The volume of the 
sample is equal to 0.0235 μm3 (0.0235 fL). The experimental parameters are listed in the figure 
caption. As explained in detail in section 5.3.2, considering the dot as a thin film, the ferromagnetic 
resonance field  depends on the direction of the applied static magnetic field . lies in the 
direction of the plane of the YIG thin film for both of the configurations used in the experiments 
(i.e., dot in the center and dot on the metal of the coil).  

The measured value of the  is equal to 0.65 T. Knowing the value of the , from the Kittel 
equation165 it is possible to calculate the value of the saturation field  for the 30-nm-thick YIG 
thin film, which is equal to  

As discussed in section 5.3.2, given the anisotropy of the sample, the two configurations (i.e., dot 
placed in the center and onto the metal of the coil) correspond to different excitation conditions. 
Therefore, the magnetization dynamics and the FMR spectra are different (as shown in Fig 5.13).  

Moreover, a better sensitivity is obtained on the metal of the coil (see section 4.2), which implies 
an increase of the resonance signal, dependent on the positioning of the sample onto the metal. 
Micromagnetic simulations would be required to analize in details the obtained FMR spectra. 

Figure 5.10: GGG rod positioned onto the chip. Optical microscope picture focused (a) on the surface of the 
chip and (b) on the backside surface of the GGG rod, containing identifying labels and positioning marks. 
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5.4.3 Sensitivity calculation  

The spin sensitivity  (see definition section 3.3.3) is determined starting from the SNR of the 
FMR spectrum acquired from a single 30-nm-thick YIG dot having diameter of 1 μm and placed 
onto the metal of the coil. The SNR, shown in Fig. 5.13b, is equal to 20 per single scan. 
Considering a detection bandwidth  of 2.5 Hz, an active volume  of 0.0235 μm3 (0.0235 fL) 
and a spin densitiy of 4.27·109 , the spin sensitivity is about 3.1·106 . 

The spin sensitivity as a function of the linewidth  (see definition in section 3.3.3), 
determined from the FMR spectrum of the 30-nm-thick YIG dot with diameter of 1 μm is equal 

to 9.3·105 . 

For a 30-nm-thick YIG dot with diameter of 300 nm, the active volume  is equal to 0.0021 μm3  
(0.021 fL). Under the same experimental conditions used to measure the 1 μm diameter dot, we 
would expect a SNR of 1.8 per single scan and a SNR of 18 after 100 averages. Even in this case 
we didn’t detect an FMR spectrum for dots having a diameter smaller than 1 μm. The 
identification of the causes would require further studies.  

Figure 5.11: FMR measurements of a single YIG dot, having a diameter of 1 μm, are performed at 21 GHz. 
Experimental condition notation:  is the number of sweeps,  is the position of the dot,  is the 
frequency of the magnetic field modulation,  is the amplitude of the modulation magnetic field,  is the 
microwave magnetic field. (a)  = 20,  = center,  = 98.52 kHz,  = 0.48 mT,  = 0.06 mT. (b) 

 = 1,  = metal,  = 98.52 kHz,  = 0.5 mT,  = 0.06 mT. 
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5.5 Conclusion 

In this chapter we demonstrated the capability of the CMOS single chip detector to perform 
ferromagnetic resonance measurements on samples (i.e. nanopatterned permalloy and YIG dots) 
with volumes down to 0.0235 fL. The system enables to inductively study single ferromagnetic 
nanostructures as well as the coupling between them, in an active area of about 5·104 μm2. This is 
an achievement compared to previously reported methods157-160, which are either limited by 
sensitivity or by detection speed. 
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 Conclusion Chapter 6
 

6.1 Summary 

During the PhD work we developed methods and fabrication techniques to address sub-nL scale 
nuclear magnetic resonance (NMR), electron paramagnetic resonance (EPR) and ferromagnetic 
resonance (FMR) spectroscopy. We realized and integrated microfluidic systems with single chip 
CMOS detectors to perform NMR investigations of subnanoliter liquids and biological entities 
immersed in liquids, as well as EPR measurements of liquids and frozen solutions. Finally, FMR 
studies on nanopatterned permalloy (Ni80Fe20) and YIG (Y3Fe5O12) dots demonstrated the μm and 
sub-μm scale detection capabilities of the CMOS integrated detector. 

 

6.2 Conclusion 

Magnetic resonance experiments on subnanoliter volumes are mainly hindered by the limited 
sensitivity of the detector and the difficulties in controlling and holding such small volumes in 
proximity of the excitation/detection microcoils. 

In this work, we showed nuclear magnetic resonance (NMR) experiments on liquids and biological 
entities (i.e. tardigrade Richtersius coronifer ova and C. elegans subsection) immersed in liquid with 
active volumes down to 100 pL. It opens up the possibility of assessing a multitude of biological 
entities present at the subnanoliter scale such as single cells, embryos and small living 
microorganisms64. This was achieved by employing combinations of microfluidic systems with 
miniaturized CMOS integrated single-chip NMR detectors.  

We developed two methods for the fabrication of the microfluidics, one based on conventional 
microfabrication technique and the other based on two-photon polymerization, a 3D printing 
technique with lateral resolution of 300 nm. Both the techniques permit the realization of 
microchannels that confine samples at distances smaller than 10 μm from the detector. This 
particular feature allows for an only slightly inferior detected signal (30%) than the one achieved in 
the optimal condition of the sample in direct contact with the integrated detection microcoil.  

The new SU-8 based microfabrication process is suitable for the large scale production and for the 
realization of microfluidic systems where the 3D design and the resolution limit are not an issue. 
The 3D-printing-based microfabrication process enables the rapid realization of microfluidic 
systems for the trapping and culturing of biological entities of different sizes, geometries and 
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fluidic beaviours. The non-invasive handling of the samples and an efficient trapping of the living 
entities during the NMR investigation was shown. We demonstrated that this technique is an 
exceptional solution for NMR applications. In fact, due to its flexibility in terms of design of the 
microfluidic structure, it is possible to minimize the magnetic field non-uniformities and the dead 
volume, crucial for NMR experiments on volume-limited subnanoliter liquid samples. We 
developed a robust fluidic interface, which ensures perfect sealing over several days and tolerates 
flows as strong as 7 μL/s.  

Using the 3D printed microfluidic systems interfaced with the single chip CMOS NMR detector, 
we showed a spectral resolution down to 0.007 ppm FWHM on liquid samples with volume of 
100 pL. Better spectral resolutions (down to 0.6 Hz) have been reported in literature,69, 76, 118, 119 
but with probes having lower spin sensitivities. 

A spectral resolution of 0.1 ppm and 0.12 ppm is obtained respectively for the Rc ovum and the C. 
elegans subsection. Microscopic components inside the samples may cause magnetic field non-
uniformities, which limit the achievable spectral resolution as reported in Ref. 6. Neverthless, with 
a sensitivity of 2.5·1013  we are able to detect highly concentrated endogenous 
compounds that are present in the biological entities, with an active volume down to 100 pL and 
measurement times as short as 3 hours.  

We reported EPR experiments on subnanoliter active volumes by a single chip CMOS detector, 
interfaced with a glass capillary. A wide choice of capillaries, having different sizes, geometries and 
materials, are commercially available. They provide a good alternative for magnetic resonance 
investigations on liquids at the sub-nL scale, for applications that do not require customized 
channel geometry. The capability of the system to perform measurements at cryogenic temperature 
was demonstrated by experiments on frozen solutions. This can be an enabling step for the study 
of various biological samples, whose paramagnetic ions have such high relaxation rates that they 
cause the broadening of the EPR spectra beyond detectability at room temperature128.  

Furthermore, the same CMOS detector was used for the detection of FMR at the μm and sub-μm 
scale. We proposed a new method for the sensing of magnetic beads, based on detection of the 
change in susceptibility in FMR conditions. Due to the frequency and field dependence of the 
susceptibility139, the detected variation is about 20 times greater than the change in magnetization 
in static conditions sensed by other approaches133, 140. The system allows for the detection of a 
single bead, as well as n beads containable in an active area of about 5 x 104 μm2. This is an 
alternative approach compared to previously reported magnetic bead detection schemes133-138, 
which suffer either from limited sensitivity or from reduced sensing area.  

Lastly, we demostated the capability of the single chip integrated detector to perfom FMR 
measurements on nanopatterned permalloy and YIG structures, with volumes down to 0.0235 fL. 
Compared with previously reported methods157-160, which are limited either by sensitivity or by 
detection speed, our solution enables to inductively study single ferromagnetic nanostructures as 
well as their coupling. 
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6.3 Outlook 

The development of the microfluidic systems enables a non-invasive handling and trapping of the 
biological entities, providing biocompatible culturing conditions during the experiments. The 
main limitation of the NMR spectroscopy for the study of subnanoliter samples is given by the 
long measurement time required. This is mainly due to the small number of spins contained in 
sub-nL volumes and the poor spectral resolution 0.12 ppm in the Rc ovum and 0.1 ppm in the 
C. elegans subsection. In our current experimental condition, characterized by a field of 7 T, a 
microcoil with active volume of 0.25 nL, a spectral resolution of about 30 Hz and repetition time 
equal to 200 ms, a SNR of three is achieved on 500 pmol of 1H nuclei per single scan. This 
corresponds to a limit of detection ( ) of approximately 25 pmol in 10 min and 8 pmol in 60 
min. The use of a field of 23.5 T (the highest field commercially available) would improve the 
sensitivity by a factor 6112, with a  of about 4 pmol in 10 min and 1 pmol in 1 h.  

Previous studies of extracellular culture media suggest that the uptake or production rate of 
metabolites in human oocytes such as glucose, pyruvate and lactate  change during the 
developmental stages and can reach 50 pmol/h per single oocyte126. NMR investigations on single 
oocyte could give a contribution in the in-vivo study of metabolic processes and the development 
of early embryos at the single-entity level, essential for the optimization of in vitro fertilization.  

The developed solutions, which combine microfluidic systems with CMOS single chip NMR 
detectors, are compatible with the implementation of arrays of miniaturized probes. A 
multichannel microfluidic structure could confine and trap single biological entities onto an array 
of integrated microcoils, which would enable the simultaneous investigation of heterogeneity 
among individuals. Their response to different environmental conditions and administation of 
drugs could be monitored through a fluidic system which permits the realization of different 
controlled microenviroments on the same platform. Furthermore, it would be possible to 
simultaneously study highly concentrated metabolites contained in different subsections of the 
same C. elegans individual.  

A microfluidic system could be developed and combined with the single chip CMOS EPR 
detector to perform studies of single biological entitities. EPR spectroscopy is a tool for the 
investigation of free radicals that are generated by cells during their regular metabolism. With 
typical concentrations from nM to pM130, the detection of free radicals in single cells is an 
ambitious target, considered the exceedingly small active volume and the concentration sensitivity 
of 10 μM per single scan. However, this goal could be achieved by working at higher operation 
frequencies, by further miniaturizing the detector coil and performing the experiments at cryogenic 
temperatures (down to 4 K) to detect radical species with short spin-spin relaxation times.  

Sensing of magnetic beads was performed by detecting the change in susceptibility in FMR 
condition using the CMOS integrated detector. The main limitation of this approach is given by 
the maximum amplitude of the magnetic field modulation achievable with our current setup (1.1 
mT), which should be equal to the width of the FMR signal (80 mT) for a maximization of the 
detected signal. The miniaturization of the modulation coils would enable a higher modulation 
field, thus it would increase the speed of detection and permit the detection of smaller beads. A 
portable device for the detection of magnetic beads can be envisioned by decreasing the working 
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frequency of the LC oscillator and by miniaturizing the entire set-up, including the source of the 
static magnetic field172. Furthermore, the integration of a microfluidic structure would provide a 
tool for the handling of the labelled biological targets. Parallelization of the read-out is also possible 
by implementing an array of FMR integrated probes.  

Finally, CMOS single chip EPR detectors at working frequency up to 146 GHz were recently 
developed in our group (see Ref. 93) and show sensitivity of 2·107 spins/Hz1/2. These high sensitive 
detectors would permit the FMR detection of NiFe and YIG nanodots with volumes down to 2 aL 
in a single scan. 
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