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Conventional magnetic resonance measurements often rely on the use of
sample containers. This limits the implementation of time-resolved studies at

the molecular level of liquid samples undergoing evaporation or other
dynamic phenomena that require access to the liquid-gas interface. In this
study, we developed a demagnetized acoustic levitator to perform magnetic
resonance studies on liquid samples, in a contact-free manner. The perfor-
mance of the levitator inside a 7.05 T magnetic field was examined and mag-
netic resonance images of the levitator and the levitated samples were
acquired. Then, we collected magnetic resonance spectra of the levitated
droplets by applying localized and non-localized pulse sequences and we
examined the effect of the droplet shape on the chemical shift. Additionally,
we conducted time-resolved experiments on pure solvents and mixtures, and
captured physical and chemical molecular interactions, in real-time. This
approach enables contact-free studies at the molecular level of dynamic
phenomena on a microliter droplet using magnetic resonance techniques.

Previous attempts to study self-standing droplets in a magnetic field
have predominantly focused on buoyancy forces of immiscible
liquids'>, or molten aluminum beads maintained aloft by aero-
dynamic levitation*”. However, these methods do not allow direct
access to the interface and are restricted to non-volatile samples.
Recent advancements have explored magnetic resonance studies
on surface-resting sessile droplets®’, providing real-time dynamic
insights, yet, without granting a fully contact-free environment.
Acoustic levitation enables the implementation of contact-free
studies on small-volume objects (0.5-5 pL). This is achieved by
generating a stable acoustic pressure field with the use of ultrasonic
waves that are set up to create a standing wave (f > 20 kHz)'*™% As a
result of the standing wave, the acoustic pressure field has areas of
low and high pressure, known as nodes and antinodes, respectively.
Levitation occurs at the nodes. The pivotal advantage of acoustic
levitation, compared to other levitation techniques, is that the sam-
ple does not need to present specific properties (e.g., magnetic or
dielectric) to undergo levitation. Furthermore, the shape of liquid
droplets can be controlled based on the surface tension, volume, and

the applied acoustic radiation force” ™. This approach has recently
been combined with various analytical techniques, demonstrating its
applicability and importance in contact-free studies. For instance,
acoustic levitation has been successfully coupled with small angle
X-ray scattering for materials characterization'®”. In the field of
molecular biology, Raman spectroscopy was coupled with acoustic
levitation for the study of cells’®" and photochemical reactions,
providing valuable insights into cellular behavior and molecular
interactions. Protein crystallization studies have also benefited from
its combination with X-ray diffraction techniques?®.

Recent advances in acoustic levitation instrumentation have sig-
nificantly improved the performance of phased-array acoustic levita-
tors by properly adjusting the design parameters®. Specifically, it has
been shown that by arranging transducers in a hexagonal configura-
tion and properly adjusting the distance between the opposing arrays,
high acoustic levitation force, and micrometer control on the dis-
placement of the levitated sample were accomplished. A challenge in
combining acoustic levitation and magnetic resonance studies is the
effect of the magnetic field on the piezoelectric components of the
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ultrasonic transducers, and on the overall performance of the acoustic
levitator. Other practical considerations are the lack of visual access to
the sample inside the magnet and the need to address the presence of
magnetic elements in the components of the levitators.

In this study, we used the design of the most performing acoustic
levitator, derived from one of our previous studies, which we initially
engineered with a primary emphasis on levitation capacity and
stability”>. A mechanical lift incorporated the acoustic levitator and
allowed the transportation of the sample at the center of the magnet
bore. The operating ability of the levitator in the 7.05 T (300 MHz)
magnetic field was evaluated by recording the electric current at dif-
ferent operating frequencies of the transducers. We acquired magnetic
resonance (MR) images of an acoustically levitated hexadecane dro-
plet using three different radio frequency pulse sequences (fast low
angle shot magnetic resonance imaging (FLASH*), true fast imaging
with steady-state free precession (True-FISP**), and rapid acquisition
with relaxation enhancement (RARE®) which acted as direct proof of
the successful acoustic levitation of the sample inside the magnet.
Moreover, the evaporation of a water droplet was monitored and
quantified through MR imaging. Following, we recorded MR spectra by
applying localized and non-localized pulse sequences, and we inves-
tigated the effect of the acoustic force applied on a hexadecane dro-
plet, on the MR spectra. Lastly, we levitated a 50 wt% aqueous
triethylene glycol (TEG) droplet in the magnet, we collected MR ima-
ges and spectra during drying, and followed the image and spectral
evolution, over time. Overall, this study demonstrates the imple-
mentation of contact-free MR studies through acoustic levitation and
showcases numerous real-time, dynamic studies on single, self-
standing droplets. Dynamic processes and phenomena can be stu-
died on a molecular level without the presence of a container.

Results and discussion

Acoustic levitation

The design of the acoustic levitator was optimized®, and consisted of
18 x 2 demagnetized, ultrasonic transducers, positioned in a hex-
agonal arrangement. The levitator presented high acoustic levitation
forces and micrometer-level stability over the levitated sample,”
while its compact size allowed the insertion in the 66 mm diameter
'H MR imaging probe. Furthermore, we built a mechanical lift (Sup-
plementary Fig. S1) which transported the acoustic levitator and the
levitating sample, inside the bore of the magnet. Following, we
examined the electrical response of the demagnetized acoustic
levitator in the 7.05 T magnetic field by varying the operating fre-
quency of the transducers and measuring the current consumption,
at three different voltages (7 V,10 V, 12 V), when no sample was being
levitated. That way, we evaluated the frequency response close to the
resonance frequency of the transducers, at 40 kHz, inside and out-
side the magnetic field (Supplementary Fig. S2). Due to eddy cur-
rents, the frequency response profiles became broader and the
current consumption decreased inside the magnet. The reduced
current flow through the device was expected to reduce the perfor-
mance of the levitator inside the magnet. For that reason, we oper-
ated the device at 0.5 to 1.0 V higher than the voltage we would
normally use for studies outside the magnet. In a recent
publication”, we showed that the performance of the levitator can be
improved by fine-tuning the operating frequency of the transducers
to match the maximum current consumption. It was shown that as
long as the operating frequency remained within +1 kHz of the
resonance frequency of the transducers (40 kHz), up to 10%
improvement was achieved in terms of droplet stability and levita-
tion strength. However, in this case, the frequency response profiles
inside the magnet are broader, and the current consumption peaks
did not shift significantly from the resonant frequency of the trans-
ducers at 40 kHz at higher voltage values, thus an operating fre-
quency of 40 kHz was selected throughout the study.

The effect of the temperature of the medium on the acoustic
pressure generated by the acoustic levitator was also investigated
through simulations (Supplementary Fig. S3). This aspect was exam-
ined due to a potential increase in temperature resulting from strong
localized MR pulse sequences, which could affect the density and
speed of sound of the medium (i.e., air). Experimentally a temperature
increase of the medium by 1-2 °C was observed during the measure-
ments. For that reason, we simulated and compared the acoustic
pressure along the x-, y-, and z-axes at 20 °C, 25 °C, and 30 °C. It was
found that the acoustic pressure did not change significantly close to
the central node. Consequently, within the limits of the simulations,
the temperature increase of the medium was considered negligible on
the operation of the levitator during the MR data acquisition.

Another phenomenon related to acoustic levitation that may
influence magnetic resonance measurements is acoustic streaming.
This phenomenon refers to the presence of a secondary acoustic force,
leading to a stream of air around the levitating droplet, that may lead
to a flow of fluid inside the droplet®. This phenomenon has previously
been reported in studies with the so-called Langevin horn, which is an
acoustic levitator consisting of a single, high-power transducer and a
reflector. The Langevin horn generates a simple acoustic pressure
field, similar to a standing wave, with extremely low lateral forces™*. In
the case of the acoustic levitator used in this study, a more complex
acoustic pressure field is generated”, which may affect the internal
forces in the droplet differently. A previous study on drying conducted
with a multiple-transducers acoustic levitator showed that sodium
chloride (NaCl) crystals sedimented inside the levitating droplet;
consequently, no internal flow was present”. This was supported in a
recent publication, where aluminum oxide and silica particles with
different sizes sedimented inside a water droplet within a few
minutes®, This also indicates that adding two miscible droplets in the
acoustic node will lead to the mixing of the droplets due to diffusion
and not due to potential external effects related to the acoustic levi-
tator. However, we have observed experimentally that the droplet can
rotate around the z-axis in a random fashion. This can lead to motion
artifacts in MR images, while it could also hinder diffusion measure-
ments. Yet, recent studies have shown that it is possible to control the
rotation of non-spherical® and spherical objects®®, which broadens the
possibilities of contact-free studies with acoustic levitation.

Magnetic resonance imaging on self-standing droplets

The acoustic levitator was operated at 9.0 V and a liquid droplet of
hexadecane was deposited at the central node using a glass syringe
with a metallic needle. Then, the acoustic levitator was transported to
the detection zone of the MRI probe using the mechanical lift (Sup-
plementary Fig. S1). The levitated droplet was visualized with the
gradient-echo-based sequence FLASH (Fig. 1a), the True-FISP (Fig. 1b),
and the spin-echo-based sequence RARE (Fig. 1c), with an in-plane
resolution of 312.5 um/pixel, across the axial (xy), sagittal (xz), and
coronal (yz) slices, each with a thickness of 1 mm. The FLASH sequence
presented the lowest input energy at 1.4 W, followed by True-FISP at
12.6 W, and RARE at 41 W and 324 W, for the excitation and refocusing
pulse, respectively. The high input energy from RARE at this in-plane
resolution caused the levitated droplet (Supplementary Fig. S8) to
burst during the measurements. The MRI shown in Fig. 1c, along the xz
plane, is the only slice in which the droplet was visible. In Supple-
mentary Fig. S9, fragments of the droplet are visible in the different
slices, along the sagittal (xz) plane, while no signal was recorded along
the axial (xy) and coronal (yz) planes. However, by choosing a hyper-
bolic secant (sech) function for the excitation pulse and a cubic sinc
(sinc3) function for the refocusing pulse, we minimized the input
power of the pulses of RARE to 8.75 W and 114.24 W, respectively.
Furthermore, by decreasing the in-plane resolution to 1 mm/pixel, we
acquired MR images of the droplet along the three planes, where parts
of the transducers were also visible (Supplementary Figs. S4-S6).
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Fig. 1| Magnetic resonance imaging of microliter, self-standing dropletsinreal-  (y2) planes. The color bar expresses the normalized pixel intensity of the

time. MR images of an acoustically levitated droplet of hexadecane (-1.34 pL) (d-f) subfigures. The time in the inset refers to the period of acquisition. g Average
acquired with (a) FLASH, b True-FISP, and (c) RARE. MR images of an acoustically =~ normalized maximum pixel intensity over time. Calculated (h) volume, and (i)
levitated droplet of water, with an initial volume of -5.15 1, over a period of 8.5 min,  aspect ratio of the water droplet from the FLASH MR images, over time.

were acquired with FLASH along the (d) axial (xy), e sagittal (xz), and (f) coronal
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Following, we levitated a water droplet at 10.0 V, and recorded
four consecutive MR images with FLASH over 8.5 min, where each
repetition lasted for approximately 2.1 min. In Fig. 1d-f, it is evident
that the pixel intensity decreased, on all planes, as the evaporation
took place. From the MR images, we plotted the pixel intensity around
the droplet with respect to the axial distance (Supplementary Fig. S11)
and determined the width at half the height, which was used as an
estimation of the diameter of the droplet (Supplementary Table S1).
From those values, we draw overlays on the MR images of the droplet
(Supplementary Fig. S10), and we determined the volume from Sup-
plementary Eq. (S1). The values determined were in good agreement
with previous work on similar levitators>’*%, From the normalized,
maximum pixel intensity on each plane, we calculated the average
pixel intensity of each repetition (Fig. 1g), and from the droplet
dimensions we determined the volume (Fig. 1h) and aspect ratio
(Fig. 1i) of the droplet, over time. The change in pixel intensity relates
to the number of protons at a certain period of time, which, in this
case, relates to the volume of water. By comparing the pixel intensity
with the volume estimations, a loss of material due to evaporation was
observed and the general trend supported the expected decrease.
However, the volume estimations had higher values, potentially due to
the in-plane resolution. MR images with higher in-plane resolution
(250 um/pixel, i.e., 25 times larger than the spatial stability of the
levitator) were recorded with the pulse sequence True-FISP (Supple-
mentary Fig. S12); though, artifacts were observed on the xz and yz
planes, potentially due to higher sensitivity of the pulse sequence to
the displacement of the droplet.

The aspect ratio of the droplet relates to the sphericity of the
droplet, where an aspect ratio of 1 indicates a spherical droplet, and a
lower aspect ratio indicates an oblate”. In Fig. 1, it is observed that the
aspect ratio is consistently close to 1, due to the low acoustic radiation
forces applied on the droplet, at 10 V inside the magnet. Furthermore,
it is observed that the aspect ratios calculated from the xz and yz
planes differ by less than 3%, due to the x and y dimensions of the
droplet being approximately equal. These measurements showcase
the possibility of visually following dynamic phenomena, such as sol-
vent evaporation, and characterizing the material in real time.

Magnetic resonance spectroscopy on self-standing droplets

In Fig. 2a, we present the MR spectra that was collected by applying
pulse sequences within a defined voxel (i.e., localized spectroscopy),
and within the whole detection volume of the probe (i.e., non-localized
spectroscopy), while a droplet of canola oil that was acoustically levi-
tated at 9.0 V. Those spectra were compared to a standard NMR
spectrum acquired using a 5 mm probe in a 7.05 T magnet. The loca-
lized pulse sequences STEAM (stimulated echo acquisition mode™),
PRESS (point resolved spectroscopy??), and ISIS (image-selected in vivo
spectroscopy™) were adjusted to improve the signal-to-noise ratio. In
all cases, we acquired spectra along a 3 x 3 x 3 mm voxel, using the
bp32 pulse shape for all three excitation pulses, which led to minimum
echo time. For STEAM and PRESS, it was found that applying minimum
gradient spoiler strength and duration improved the spectral acquisi-
tion, while in the case of STEAM, the mixing time (i.e., the time interval
between the second and third radio frequency pulses™) was mini-
mized, too. In the case of spin-echo-based sequences, gradient spoilers
serve as post-acquisition gradient pulses aimed at mitigating the per-
sistence of residual transverse magnetization. This residual magneti-
zation can arise from incomplete dephasing of nuclear spins during
signal acquisition, potentially leading to undesired coherent signal
reconstructions or artifacts in the resulting images or spectra. By
applying gradient spoilers following signal acquisition, one can effec-
tively dephase any remaining transverse magnetization, ensuring that
the acquired signal reflects the true magnetization state of the sample.
However, if the strength or duration is too strong, the gradient spoiler
can dephase not only the remaining transverse magnetization but also

the desired signal, leading to a significant signal loss and artifacts. The
choice of optimum mixing time in STEAM relates to the relaxation
properties of the sample. A longer mixing time allows for more
extensive magnetization transfer and J-coupling interactions, poten-
tially enhancing the visibility of coupled spins and improving spectral
resolution. However, excessively long mixing times can lead to
excessive signal loss due to relaxation effects and may not necessarily
provide additional benefits in terms of spectral quality. For the non-
localized pulse sequences, NSPECT (Non-Localized Spectroscopy,
Bruker) and Single Pulse, we set the same repetition time and the
number of averages for both of them and no further adjustments were
made. It was observed that STEAM resulted in broader line widths,
followed by PRESS, and ISIS. The non-localized pulse sequences led to
more distinct signals in comparison to the localized ones; however
highly non-linear baselines were recorded (Supplementary Fig. S15),
which was adjusted by applying splines baseline correction. In com-
parison to the standard NMR spectrum of canola oil, we observed that
the ISIS and the non-localized pulse sequences led to equally well-
resolved spectra, as all the main signals are distinguished, with similar
line widths (Supplementary Tables S3 and S4) which indicates field
homogeneity inside the droplet.

The canola oil spectra were calibrated by using the highest signal
in intensity at 1.51 ppm, as a reference. In practice, however, the shape
of the droplet affects the local magnetic field strength®, which results
in a frequency shift. In the Supplementary Information, we determined
the theoretical frequency shift of hexadecane, depending on the shape
of the droplet ranging from a sphere (i.e., aspect ratio = 1), to an oblate
spheroid (i.e., aspect ratio <1) from Supplementary Eq. (52-S16)*. This
change in resonance frequency, results in a chemical shift according
to Supplementary Eq. (S17). For simplicity, we set the chemical shift of
a spherical droplet at O ppm difference from the chemical shift that
would appear in case tetramethylsilane (TMS) was used as a reference
compound (Supplementary Eq. (S18)). In Fig. 2b, we calculated this
chemical shift difference for the case of hexadecane, in a 300 MHz
magnet. It is observed that the chemical shift increased as the droplet
shape changes from a sphere to an oblate.

This effect was investigated by levitating a droplet of hexadecane
and collecting a series of MR spectra at different voltages with the
localized pulse sequence ISIS (Supplementary Fig. S16-S17). The vol-
tage was used as a means to control the acoustic pressure applied on
the droplet and thus change the shape from spherical at low voltage, to
oblate at higher voltage, as described in previous studies” ™. In Fig. 2c,
representative examples of the repeated measurements are shown. It
is observed that the chemical shift increased as the voltage increased,
whichis in agreement with the theory presented in the Supplementary.
The shape of the droplet was inspected with the True-FISP MR imaging
pulse sequence (Supplementary Fig. S13-S14), with an in-plane reso-
lution of 250 um/pixel, and it was found that at 9.0 V the aspect ratio
was close to 1.0 (Supplementary Table S2). Hence, the chemical shift of
the spectra at 9.0 V was calibrated by setting the methylene signal
(CH,) at 1.26 ppm®®. Then, we determined the theoretical aspect ratio
change based on the chemical shift difference from the chemical shift
of 1.26 ppm as the voltage varied. We found a continuous increase in
chemical shift from 1.26 for 9.0 V to 1.55 ppm for 12.0 V. Based on the
theory, these chemical shift changes correspond to aspect ratios from
1.00 to 0.88. Furthermore, it is observed that the chemical shift dif-
ference between the two signals of hexadecane is 0.4 + 0.002 ppm on
each spectrum, regardless of the voltage (Supplementary Fig. S18).
Following, we compared the theoretical aspect ratios with the MR
images at 9.0, 10.0, 11.0, and 12.0 V (Supplementary Fig. S13-S14). In
Fig. 2d, it is observed that the aspect ratio values determined by
combining the chemical shift of the MR spectra and the theory are in
good agreement with the values determined from the MR images,
underscoring that the difference in chemical shift gives a good esti-
mation of the shape of the levitated droplet. Furthermore, our findings
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Fig. 2 | Magnetic resonance spectroscopy on microliter droplets and effect of
droplet shape. a MR spectra of a canola oil droplet, levitated at 9.0 V, acquired in a
7.05 T magnet, with a 66 mm MR imaging probe, by applying the localized pulse
sequences STEAM, PRESS, and ISIS on a 3 x 3 x 3 mm voxel, and the non-localized
pulse sequences NSPECT, and Single Pulse. Bottom spectrum: Standard NMR
spectrum of canola oil acquired in a 7.05 T magnet with a 5 mm NMR probe. The
chemical shifts of the spectra acquired on the levitated droplet have been shifted to
match the spectrum of canola oil in the glass tube. b Theoretical chemical shift

difference for a hexadecane droplet with respect to the aspect ratio. From left to
right: illustrations of droplets with aspect ratios of 0.9, 0.6, and 0.3.

¢ Representative examples from a series of ISIS MR spectra of an acoustically
levitated hexadecane droplet (-3.75 pL) at different voltages (i.e., aspect ratio).

d Aspect ratios of hexadecane determined by combining the MR spectra with the
theory presented in the Methods, compared to the aspect ratio determined by MR
images of hexadecane levitated at 9 V,10 V, 11V, and 12 V.

suggest that the employed pulse sequences did not induce a notable
increase in the temperature of the droplet, since if that was the case a
change in chemical shift would be recorded over time, for constant
voltage (Supplementary Fig. S17).

Probing molecular interactions within self-standing droplets

Subsequently, we studied the evaporation of a 50 wt% aqueous TEG
droplet by MR imaging and spectroscopy at 9.0 V. TEG was chosen for
its high water affinity, leading to strong interactions through hydrogen
bonding”. In Fig. 3a-c the FLASH MR images of the droplet are shown
along the sagittal (x2), coronal (yz), and axial (xy) planes, over a period
of 15 min. In Fig. 3d, the pixel intensity decreased by 27 + 5% within the
first 3-6 min, due to the water evaporation, and reached a plateau
during the next 6-15 min. In Fig. 3e, a series of ISIS MR spectra of a
50 wt% TEG droplet, levitated at 9.0 V, over a period of 16 min are
depicted. The methylene (CH,) signal was calibrated at 3.67 ppm, in

accordance with ref. 38, and the -OH signal from water and TEG-OH
appeared at approximately 4.67 ppm. Initially, the water content was
high, consequently, the -OH signal was mainly dominated by the water
contribution. As evaporation took place, the solution reached an
intermediate state where there was a more equal -OH exchange
between water and TEG due to hydrogen bonding interactions,
resulting in a broadened signal between the chemical shift positions of
each constituent. Finally, the water evaporated to the extent that there
was a major abundance of TEG-OH protons, thus leading to the
emergence of the TEG-OH signal at 4.45 ppm. In Fig. 3f, we plotted the
normalized integrated area under the TEG signals between 3.20 and
4.20 ppm and the peak from the -OH protons, within the range of 4.20
and 5.50 ppm. The integral that corresponds to the -OH protons
reached a plateau within the first 5-6 min, which is in agreement with
the MR imaging results. Furthermore, the final, equilibrium ratio, after
15 min, between the normalized TEG and TEG-OH integrals was 6:1,
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e Time-resolved ISIS MR spectraof a -4 pL, 50 wt% TEG aqueous droplet, levitated
at 10.0 V, over a period of approximately 15 min, and (f) normalized integrals of
MRS signals over time.

which corresponds to the ratio of hydrogen atoms present in the main
chain and the carbons located at the extremities of the chain, thus
indicating that water had completely evaporated. This showcases the
accuracy and reliability of the measurements on the microliter droplet.
Moreover, we followed the chemical shift of the signals over time
(Supplementary Fig. S19), and found that the TEG signals shifted
upfield by approximately 0.05 ppm. This indicates that the droplet
became slightly more spherical as the water evaporated, due to a
decrease in volume combined with a minor decrease in surface ten-
sion, under constant acoustic pressure, which in is line with previous
studies®. These measurements support that molecular processes tak-
ing place during evaporation can be monitored in real-time, in an
acoustically levitating droplet within a high magnetic field
environment.

Outlook and summary

Herein, we coupled acoustic levitation with a 7.05 T magnet and per-
formed magnetic resonance studies on microliter liquid droplets i.e.,
0.5-5 L, on aqueous systems. While previous studies have explored
single, self-standing droplets using techniques such as aerodynamic
levitation*” and control of immiscible liquids through fluid flow' >, we
performed magnetic resonance studies on microliter liquid droplets
exclusively surrounded by air. This allowed the acquisition of MR
images and high-resolution spectra of microliter, self-standing dro-
plets, by using an acoustic levitator that was optimized for integration
in a high-field magnet. The non-localized MR spectroscopy pulse

sequences yielded the highest spectral resolution, equal or superior to
that of the standard NMR tube spectrum collected in a 300 MHz
magnet with a 5 mm NMR probe. We varied the acoustic pressure
exerted on the droplet and observed a downfield shift as the aspect
ratio decreased. This direct correlation between the shape of the
droplet and the chemical shift was supported by theoretical analysis,
which showed that the local magnetic field strength in the droplet
changes depending on the shape. Lastly, we monitored the real-time
drying process of a 50 wt% TEG droplet by imaging and spectroscopy
and captured the -OH proton exchange dynamics during water eva-
poration. These findings are instrumental for materials characteriza-
tion and real-time investigation of dynamic phenomena, such as
chemical and enzymatic reactions at interfaces, or protein crystal-
lization. Further development of the methodology including other
aspects of MR imaging and spectroscopy can be anticipated.

Methods

Materials

Hexadecane and triethylene glycol (TEG) were obtained from Sigma-
Aldrich Sweden AB. Canola oil was acquired from the local store. The
50 wt% TEG aqueous solution was prepared in Milli-Q water (resistivity
of 18.2 MQ - cm, at 25 °C, Merck Group, Sweden).

Acoustic levitator
The acoustic levitator was connected to a power supply (RND 320-
KD3005P DC, RND Electronics, Switzerland), through which the
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operating voltage was controlled. The operating frequency of the
transducer was set, through an Arduino Uno board and a module
Si5351, at 40 kHz. The driving signal was amplified with an L298N
H-bridge. A m rad phase difference was applied between the two
transducer halves. The design and construction of the acoustic levi-
tator Mk3 are presented in ref. 22, and further details can be found on
https://git.chalmers.se/bordes/OmnilLev. This levitator enabled the
levitation of liquid droplets in the volume range of 0.5-5 pL and a
density range of 0.8 to 1.2 g/cm>. Yet, materials with higher densities
have been tested with similar levitators in previous studies®*’. For this
study, a demagnetized version was used, for which the magnetic pins
of the ultrasonic transducers (Manorshi, MSO-P1040HO7T) were
replaced with non-magnetic ones, through soldering, before attaching
them to the 3D-printed scaffold. The hexadecane droplets were
deposited through a 10 pL Hamilton glass syringe with a metallic
needle attached to it. The rest of the droplets were deposited through
a disposable 2 ml plastic syringe with a disposable metallic needle
attached to it.

Frequency response

The circuit design and control of the operating frequency of the
transducers is described in ref. 22. In this work, we varied the operating
frequency of the transducers between 36 kHz and 44 kHz and recorded
the current consumption of the acoustic levitator using a module
ACS70331, when the device was operating at 7 V, 10 V, and 12 V. All
measurements were repeated three times.

Mechanical lift

The mechanical lift (Supplementary Fig. S1) consisted of 3 carbon fiber
tubes with a length of 60 cm, passing through 4 circular disks with an
outer diameter of 67 mm, and an inner diameter of 57 mm. The
acoustic levitator was placed inside a 3D-printed holder that allowed
the transportation of the device inside the MRI bore. It was experi-
mentally observed that the tuning and matching of the receiver fre-
quency were affected by the position of the cables inside the magnet.
For that reason, the cables were attached with zip ties to a 10 cm 3D
printed, plastic rod, attached at the bottom of the 3D-printed holder.

Magnetic resonance imaging and spectroscopy

We used a super wide bore (89 mm) Bruker Avance Il 300 MHz 'H
(7.05 T) equipped with a 66 mm probe, set in a static gradient system
for imaging. We performed shimming on a 5 mm diameter glass tube
containing the sample of interest. The mechanical lift with the acoustic
levitator was positioned at the detection zone of the MRI probe.
Manual tuning and matching were performed while the acoustic levi-
tator was operating, with and without a levitated droplet. Then, we
used the FLASH pulse sequence with a field of view of 64 x 64 mm to
locate the droplet. (Supplementary Fig. S7).

The magnetic resonance images of hexadecane, shown in
Fig. 1a-c, were recorded with the pulse sequences FLASH, True-FISP,
and RARE. For the pulse sequence FLASH, we used a 20 x 20 mm field
of view, 64 x 64 pixel region of interest (ROI), 1 mm slice thickness,
repetition time of 1500 ms, and the bp32 excitation pulse shape. For
True-FISP we used the same field of view, ROI, and slice thickness, 5
averages, echo time of 1.143 ms, repetition time of 2.287 ms, 21 seg-
ments, segment mode sequential, scan repetition time of 35 ms, and a
90° pulse. For RARE we used the same field of view and ROI, 8 averages,
repetition time of 3000 ms, echo time of 2.28 ms, RARE factor 1, and
the bp32 excitation and bp32 refocusing pulse. In all cases, the scan
time was approximately 6.5 min and the images were depicted using
the Bruker software.

The magnetic resonance images of Milli-Q water droplets, shown
in Fig. 1d-f, were recorded with FLASH and True-FISP pulse sequences.
For the pulse sequence FLASH, we used 45 x 45 mm field of view,
64 x 64 pixel ROI, 1 mm slices thickness, 1 average, echo time of

1.84 ms, repetition time of 2000 ms, and we applied 4 repetitions, with
a total scan time of 8 min and 32 sec. The images were plotted with
Python and adjusted by applying a 3 x 3 kernel with values of 0.1. For
images collected with the pulse sequence True-FISP, shown in Sup-
plementary Fig. S12, we used 32 x 32 mm field of view, 128 x 128 pixel
ROI, 1 mm slices thickness, 1 average, echo time of 1.783 ms, repetition
time of 3.567 ms, 64 segments, 32 slices, bp32 excitation pulse shape,
and applied 4 repetitions with a total scan time of 16 min and 25 sec.
The images were plotted with Python.

The magnetic resonance images of hexadecane at9 V,10 V, 11V,
and 12 V, shown in Supplementary Fig. S13, were recorded through the
FLASH pulse sequence. We set the field of view at 40 x 40 mm, ROI at
64 x 64 pixel, 1 mm slices thickness, 1.84 ms for echo time, and
1000 ms for repetition time (scan time: 2 min and 36 sec). The images
were plotted with Python and adjusted by applying a 3 x 3 kernel with
values of 0.1.

The MR spectra of canola oil, shown in Fig. 2a, were recorded with
the pulse sequences STEAM, PRESS, ISIS, NSPECT, and Single Pulse.
Before initiating the localized pulse sequences (STEAM, PRESS, and
ISIS) the droplet was located by imaging, with the pulse sequence
FLASH, and then, we selected a 3 x 3 x 3 mm voxel around it (Sup-
plementary Fig. S7). For the pulse sequence STEAM, we used 200
averages, 1500 ms repetition time, 3.053 ms echo time, bp32 excitation
and bp32 refocusing pulses, minimum gradient spoiler strength, and
mixing time (scan time: 5 min and O sec). For PRESS, we used 100
averages, 1500 ms repetition time, 7.967 ms echo time, bp32 excitation
and bp32 refocusing pulses, and minimum gradient spoiler strength
and duration (scan time: 2 min and 30 sec). These values were mini-
mized by using the integrated feature of the software of the instrument
and no further modification was conducted. For ISIS, we used 8
averages (64 ISIS averages), 1500 ms repetition time, and bp32 exci-
tation pulse (scan time: 1 min and 36 sec). We applied a 2 Hz expo-
nential line broadening, the phase was manually corrected, and the
baselines were corrected by applying a Bernstein polynomial fit with an
order of 3. The non-localized MR spectra of canola oil were recorded
with NSPECT and Single Pulse by applying 50 averages and 1500 ms
repetition time in both cases without further adjustments (scan time in
both cases: 1 min and 15 sec). We applied a 2 Hz of exponential line
broadening, the phase was manually corrected, and the baselines
of the spectra were corrected by applying splines. The NMR spectrum
of canola oil in the glass tube was performed at KTH Royal Institute of
Technology, Stockholm, in a 300 MHz Bruker magnet with a 5 mm
probe, by applying a 90° Single Pulse with 16 averages and 1500 ms
repetition time. We applied 2 Hz exponential line broadening, the
phase was manually corrected, and the baselines were corrected by
applying a Bernstein polynomial fit with an order of 3.

The steady-state MR spectra of hexadecane at 9 V,10 V, 11V, and
12 V (Supplementary Fig. S16) were recorded with an ISIS pulse
sequence. Prior to that, the droplet was located with a FLASH pulse
sequence. We set the field of view at 40 x 40 mm, ROI at 64 x 64 pixel,
1 mm slices thickness, 1.84 ms for echo time, and 1000 ms for repeti-
tion time (scan time: 1 min and 36 sec). To collect the ISIS MR spectra,
we applied 8 averages (64 ISIS averages), 1500 ms repetition time, on a
3 x 3 x 3 mm voxel (scan time: 1 min and 36 sec). Then, we applied 5 Hz
exponential line broadening, Bernstein polynomial fit with an order of
3 baseline correction, and manual phase correction. The series of MR
spectra on a hexadecane droplet (Supplementary Fig. S17) were
recorded with the ISIS pulse sequence by applying 1 average (8 ISIS
averages), 3000 ms repetition time, on a 3 x 3 x 3 mm voxel (scan time
of each spectrum: 24 sec). Initially, a series of 15 spectra were recorded
with a driving voltage of 9 V. Then the voltage was varied by 0.1V with a
30 sec delay before each measurement. The second period of 9 V
steady-state measurements was gathered continuously followed by an
approximate 2 min delay, and succeeded by continuous measure-
ments at 12 V under steady-state. We applied 5 Hz exponential line
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broadening, the phase was manually corrected, and the baselines were
corrected by applying Bernstein polynomial fit with an order of 3.

The MR images of the 50 wt% TEG-water droplet, that was levi-
tating at 9 V, shown in Fig. 3a-c, were recorded with a FLASH pulse
sequence. We used 5 repetitions, with 45 x 45 mm field of view, 64 x 64
pixel ROI, 1 mm slice thickness, 1 average, 1.84 ms for echo time, and
2500 ms for repetition time. The total scan time was 16 min and 10 sec,
where each repetition lasted for 3 min and 14 sec. The images were
plotted with Python and adjusted by applying a 3 x 3 kernel with values
of 0.1. The MR spectra of TEG-water evaporation, shown in Fig. 3e,
were recorded with the ISIS pulse sequence by applying a 3000 ms
repetition time, 8 scans (64 ISIS scans), on a 5 x 5 x 5 mm voxel, and a
5 Hz exponential line broadening. The scan time of each spectrum
was 31 sec.

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information files.
Should any raw data files be needed in another format they are avail-
able from the corresponding author upon request.

Code availability
The Python code used for adjusting the operating frequency of the
transducers is available on https://git.chalmers.se/bordes/OmniLev.

References

1. Gross-Hardt, E., Amar, A., Stapf, S., Blimich, B. & Pfennig, A. Flow
dynamics measured and simulated inside a single levitated droplet.
Ind. Eng. Chem. Res. 45, 416-423 (2006).

2. Amar, A., Blimich, B. & Casanova, F. Rapid multiphase flow
dynamics mapped by single-shot MRI velocimetry. Chem-
PhysChem 1, 2630-2638 (2010).

3.  Amar, A. et al. Visualizing flow vortices inside a single levitated
drop. J. Magn. Reson. 177, 74-85 (2005).

4. Marzke, R. F., Piwowarczyk, J., McMillan, P. & Wolf, G. Al motion
rates in levitated, molten Al,O3 samples, measured by pulsed gra-
dient spin echo ZAlNMR. J. Eur. Ceram. Soc. 25, 1325-1332 (2005).

5. Florian, P., Massiot, D., Poe, B., Farnan, I. & Coutures, J.-P. A time
resolved Al NMR study of the cooling process of liquid alumina
from 2450 °C to crystallisation. Solid State Nucl. Magn. Reson. 5,
233-238 (1995).

6. Massiot, D. et al. Structure and dynamics of CaAl,O, from liquid to
glass: A high-temperature Al NMR time-resolved study. J. Phys.
Chem. 99, 16455-16459 (1995).

7. Massiot, D. et al. Structure and dynamics of oxide melts and glas-
ses: A view from multinuclear and high temperature NMR. J. Non-
Cryst. Solids 354, 249-254 (2008).

8. Kind, J. & Thiele, C. MRI and localised NMR spectroscopy of sessile
droplets on hydrophilic, hydrophobic and superhydrophobic sur-
faces - examination of the chemical composition during evapora-
tion. J. Magn. Reson. 307, 106579 (2019).

9. Hussain, R. et al. Interfacial tension measurements using MRI drop
shape analysis. Langmuir 30, 1566-1572 (2014).

10. Yarin, A., Pfaffenlehner, M. & Tropea, C. On the acoustic levitation of
droplets. J. Fluid Mech. 356, 65-91 (1998).

1. Andrade, M. A., Pérez, N. & Adamowski, J. C. Review of progress in
acoustic levitation. Braz. J. Phys. 48, 190-213 (2018).

12. Andrade, M. A., Marzo, A. & Adamowski, J. C. Acoustic levitation in
mid-air: Recent advances, challenges, and future perspectives.
Appl. Phys. Lett. 116, 250501 (2020).

13. Tian, Y., Holt, R. G. & Apfel, R. E. Deformation and location of an
acoustically levitated liquid drop. J. Acoust. Soc. Am. 93,
3096-3104 (1993).

14. Shi, W. T. & Apfel, R. E. Deformation and position of acoustically
levitated liquid drops. J. Acoust. Soc. Am. 99, 1977-1984 (1996).

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Argyri, S.-M., Evenas, L. & Bordes, R. Contact-free measure-
ment of surface tension on single droplet using machine
learning and acoustic levitation. J. Colloid Interface Sci. 640,
637-646 (2023).

Liu, Y. et al. Assembly of cellulose nanocrystals in a levitating drop
probed by time-resolved small angle X-ray scattering. Nanoscale
10, 18113-18118 (2018).

Argyri, S.-M. et al. CO, induced phase transition on a self-standing
droplet studied by X-ray scattering and magnetic resonance. J.
Colloid Interface Sci.https://doi.org/10.1016/}.jcis.2024.09.123
(2024).

Wood, B. R. et al. A portable raman acoustic levitation spectro-
scopic system for the identification and environmental monitoring
of algal cells. Anal. Chem. 77, 4955-4961 (2005).

Puskar, L. et al. Raman acoustic levitation spectroscopy of red
blood cells and Plasmodium falciparum trophozoites. Lab on a Chip
7, 1125-1131 (2007).

Tobon, Y. A. et al. Photochemistry of single particles using acoustic
levitation coupled with Raman microspectrometry. J. Raman
Spectrosc. 48, 1135-1137 (2017).

Tsujino, S. & Tomizaki, T. Ultrasonic acoustic levitation for fast frame
rate X-ray protein crystallography at room temperature. Sci. Rep. 6,
1-9 (2016).

Argyri, S.-M. et al. Customized and high-performing acoustic levi-
tators for contact-free experiments. J. Sci. Adv. Mater. Devices 9,
100720 (2024).

Matthaei, D., Frahm, J., Haase, A. & Hanicke, W. Regional physiolo-
gical functions depicted by sequences of rapid magnetic reso-
nance images. Lancet 326, 893 (1985).

Oppelt, A. et al. FISP-a new fast MRI sequence. Electromedica 54,
15-18 (1986).

Hennig, J., Nauerth, A. & Friedburg, H. RARE imaging: a fast imaging
method for clinical MR. Magn. Reson. Med. 3, 823-833 (1986).
Hasegawa, K.Acoustic Levitation, From Physics to Applications
(Springer, 2020).

Bunio, L. B., Wang, J., Kannaiyan, R. & Gates, |. D. Evaporation and
crystallization of nacl-water droplets suspended in air by acoustic
levitation. Chem. Eng. Sci. 251, 117441 (2022).

Argyri, S.-M. et al. Crystallization at the hexadecane/water interface
observed under acoustic levitation. J. Environ. Sci. https://doi.org/
10.1016/j.jes.2025.01.013 (2025).

Marzo, A. et al. Holographic acoustic elements for manipulation of
levitated objects. Nat. Commun. 6, 8661 (2015).

Contreras, V. & Volke-Sepulveda, K. Enhanced standing-wave
acoustic levitation using high-order transverse modes in phased
array ultrasonic cavities. Ultrasonics 138, 107230 (2024).

Frahm, J., Merboldt, K.-D. & Hanicke, W. Localized proton spectro-
scopy using stimulated echoes. J. Magn. Reson. (1969) 72,
502-508 (1987).

Bottomley, P. A. Selective volume method for performing localized
NMR spectroscopy US Patent 4,480,228 (1984).

Ordidge, R. J., Connelly, A. & Lohman, J. A. Image-selected in vivo
spectroscopy (ISIS). a new technique for spatially selective NMR
spectroscopy. J. Magn. Reson. (1969) 66, 283-294 (1986).
Jackson, J. D. (ed.) Classical electrodynamics (Wiley, New York, NY,
1999), 3 edn.

Shine, A. D. & Armstrong, R. C. The rotation of a suspended axi-
symmetric ellipsoid in a magnetic field. Rheol. Acta 26,

152-161 (1987).

Book, C. N-hexadecane-d34(544-76-3) TH NMR. https://www.
chemicalbook.com/SpectrumEN_544-76-3_Thnmr.htm Accessed:
2024-01-12 (2017).

Olsen, R., Kvamme, B. & Kuznetsova, T. Hydrogen bond lifetimes
and statistics of aqueous mono-, di-and tri-ethylene glycol. AIChE J.
63, 1674-1689 (2017).

Nature Communications | (2025)16:3917


https://git.chalmers.se/bordes/OmniLev
https://doi.org/10.1016/j.jcis.2024.09.123
https://doi.org/10.1016/j.jes.2025.01.013
https://doi.org/10.1016/j.jes.2025.01.013
https://www.chemicalbook.com/SpectrumEN_544-76-3_1hnmr.htm
https://www.chemicalbook.com/SpectrumEN_544-76-3_1hnmr.htm
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58949-2

38. Babij, N. R. et al. NMR chemical shifts of trace impurities: Industrially
preferred solvents used in process and green chemistry. Org. Pro-
cess Res. Dev. 20, 661-667 (2016).

39. Contreras, V. & Marzo, A. Adjusting single-axis acoustic levitators in
real time using rainbow schlieren deflectometry. Rev. Sci. Instrum.
92, 015107 (2021).

Acknowledgements

The authors are grateful for the financial support from the Swedish
Research Council (VR), Public, Sweden, (2018-04196) granted to L.E. and
R.B., and the Swedish Foundation for Strategic Research (SSF), Non-
Profit, Sweden, (ITM17-0436), granted to R.B. We would also like to thank
Dr. Pavel louchmanov for the valuable discussions, and Professor Sergey
Dvinskikh, from the Division of Applied Physical Chemistry, at KTH Royal
Institute of Technology for carrying out the reference '"H-NMR spectrum
of canola oil on the 300 MHz magnet at their facility.

Author contributions

R.B. and L.E. conceptualized the idea and collected funding. R.B.
designed and built the demagnetized acoustic levitator and the
mechanical lift. S.M.A. and L.S. contributed equally. S.M.A., L.S., and
F.G. conducted the experiments. In addition, S.M.A. and L.S. developed
the methodology, performed data analysis, and drafted the manuscript.
S.M.A. performed the acoustic pressure simulations, MR image analysis,
and formatted the Figures. L.S. performed the theoretical analysis and
explanation related to the droplet shape and chemical shift. R.B., L.E.,
and D.B. supervised and provided input. All authors reviewed, edited,
and approved the final manuscript.

Funding

Open access funding provided by Chalmers University of Technology.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-58949-2.

Correspondence and requests for materials should be addressed to
Lars Evenas or Romain Bordes.

Peer review information Nature Communications thanks Koji Hasegawa
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:3917


https://doi.org/10.1038/s41467-025-58949-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Contact-free magnetic resonance imaging and spectroscopy with acoustic levitation
	Results and discussion
	Acoustic levitation
	Magnetic resonance imaging on self-standing droplets
	Magnetic resonance spectroscopy on self-standing droplets
	Probing molecular interactions within self-standing droplets
	Outlook and summary

	Methods
	Materials
	Acoustic levitator
	Frequency response
	Mechanical lift
	Magnetic resonance imaging and spectroscopy

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




