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Regular Article

CO2 induced phase transition on a self-standing droplet studied by X-ray 
scattering and magnetic resonance

Smaragda-Maria Argyri a,c,1, Maëva Almeida a,b,c,1, Fabrice Cousin c, Lars Evenäs a,  
Anne-Laure Fameau d,*, Clémence Le Coeur b,c,*, Romain Bordes a,*

a Department of Chemistry and Chemical Engineering, Chalmers University of Technology, 41296 Gothenburg, Sweden
b CNRS, ICMPE, UMR 7182, 2 Rue Henri Dunant, Université Paris Est Creteil, 94320 Thiais, France
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A B S T R A C T

Hypothesis: Acoustic levitation is a suitable approach for studying processes occurring at the gas–liquid interfaces, 
as it allows its investigation in a contact-free manner while providing control over the gas phase. Here, we 
hypothesize that phase transitions induced by a CO2 rich atmosphere can be examined, at different length scales, 
in a contact-free manner.
Experimental: A system consisting of 12-hydroxysteric acid (HSA) soaps mixed with different ratios of mono
ethanolamine (MEA) and choline hydroxide, was prepared. Microliter droplets of the samples were acoustically 
levitated and monitored with a camera, while exposed to CO2 to modify the pH through diffusion at the air
–liquid interface and inside the droplet. The phase transition and water mobility in the levitated droplets were 
evaluated through X-ray scattering (SAXS/WAXS) and magnetic resonance studies, in real-time. Finally, the 
droplets were collected and examined under the microscope.
Findings: The introduction of CO2 gas induced a phase transition from micelles to multi-lamellar tubes, resulting 
in a gel-like behavior both in the bulk and at the interface. The high stability of the acoustic levitator allowed the 
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investigation of this dynamic phenomenon, in real-time, in a contact-free environment. This study showcases the 
suitability of acoustic levitation as a tool to investigate complex chemical processes at interfaces.

1. Introduction

By introducing different stimuli (e.g., temperature, pH, CO2, etc.), 
self-assemblies of surfactants may undergo phase transitions, which can 
lead to changes in the macroscopic properties of materials in terms of 
viscoelasticity [1,2], foaming properties [3,4], biological functions 
[5–7], etc. These stimuli-responsive materials [8] have found numerous 
applications in material science [9,10], drug delivery [11–13], and 
others. Fatty acids are a simple class of pH-responsive surfactants as the 
state of the carboxylic acid group can be tuned between the protonated 
(–COOH) and the soap (–COO− ) forms by adjusting the pH. When the pH 
varies, the effective area of the headgroup is affected, leading to a 
change of the critical packing parameter [14]. The solubility of fatty 
acids in water is also closely correlated with the pH of the solution, since 
the acid form is a weakly ionizable surfactant and has a high Krafft 
temperature. Above the apparent pKa, the Krafft temperature decreases 
significantly [15]. The solubility of fatty acids soap can be enhanced by 
replacing alkaline counter-ions by organic counterparts presenting a 
chaotropic character, such as, choline hydroxide [16–18]. While, 
unsaturation and length of the alkyl chain strongly influence the Kraft 
temperature, a hydrophobic tail presenting additional groups, such as, 
hydroxyl groups [19] can exhibit non-classical self-assembly behaviors. 
One of the most studied hydroxylated fatty acids is the 12-hydroxystea
ric acid (HSA) [19]. The presence of a hydroxyl group makes the 
molecule chiral, which enables unique self-assembled structures in 
water, from simple micelles to multilamellar tubular structures [19]. 
Transitions can be triggered by a change in pH or temperature, and have 
already been used to produce, for instance, responsive foams [4,19].

A liquid sample can be acidified through different approaches. The 
addition of strong acids (e.g., HCl, H2S, etc.) is very effective, but results 
in the formation of salts which will affect the interactions at play in the 
studied system [20]. Furthermore, the use of such gases would expose 
the analytical tools and the levitator to a corrosive environment. 
Alternatively, exposure to CO2 via e.g., bubbling in the solution is also 
commonly employed. However, foaming may take place, which can 
limit the use of analytical tools [21]. The presence of bubbles hinders the 
determination of self-assembled structures by microscopy, SAXS, etc. 
Furthermore, the challenge of studying phenomena at the gas/liquid 
interface under stimuli is closely linked to that the sample is in a 
container or deposited on a solid surface [22]. This can influence the 
behavior and properties of the system under investigation and can limit 
the study of interfacial and mass transport phenomena.

Acoustic levitation allows the contract-free manipulation and control 
over a microliter droplet (i.e., volume typically < 5 μL), while offering a 
complete access to the gas/liquid interface. It also avoids the short
comings of unwanted surface-induced effects. The observed phenomena 
are the result of the sole interactions between the material and the 
introduced gas. Due to these advantages acoustic levitation has found 
applications in real-time studies related to for example protein crystal
lization [23,24], flow dynamics [25] and phase transitions [26]. Recent 
developments in the field of acoustic levitators that involve arrays of 
multiple transducers, have led to high spatial stability (i.e., displacement 
< ±50 μm) [27]. Furthermore, the acoustic pressure applied on the 
droplet can be controlled through the driving voltage of the transducers, 
allowing the shape of the droplet to be adjusted from spherical (low 
pressure) to oblate (high pressure) [28].

Herein, we used acoustic levitation to study in situ the effect of CO2 
on a pH-responsive system based on 12-hydroxysteric acid (HSA) with a 
mixture of two counterions (choline hydroxide and monoethanolamine 
(MEA)), at different ratios. Choline hydroxide and MEA are two strong 
bases, but choline hydroxide is a well-known chaotropic counter-ions 

decreasing drastically the Krafft point of fatty acid soaps [16,18]. 
Droplets with volume of 1.7 ± 0.1 μL were acoustically levitated for a 
period of 15 min, in the presence of CO2, and observed with an optical 
camera. The droplets contained a universal pH indicator, which allowed 
monitoring the pH. Additionally, the volume, and aspect ratio of the 
droplets were determined over time with image analysis. The self- 
assembled structure and crystallinity inside the acoustically levitated 
droplets under CO2 were monitored through small and wide-angle X-ray 
scattering, respectively. Magnetic Resonance Spectroscopy (MRS) was 
also conducted on self-standing droplets by utilizing a demagnetized 
acoustic levitator [28].

2. Materials and methods

2.1. Chemicals

12-hydroxystearic acid (HSA) was purchased from Xilong Chemical 
Co., Ltd., Shantou, Guangdong Province, China. Monoethanolamine 
(MEA) (≥99.5 % purity), choline hydroxide solution (46 wt% in H2O) 
and hydrocholic acid 37 % (12 M) were purchased from Sigma-Aldrich. 
Milli-q water was supplied by a Millipore system (Millipore, Q-Gard 1, 
Merck Group, Sweden), and D2O was purchased from Eurisotop, Saint- 
Aubin, France. The universal pH indicator solution was purchased 
from Merck KGaA, Germany.

2.2. Sample preparation

Stocks solutions of 10 wt% HSA were prepared by weighing HSA 
powder and dissolving it in Milli-q water or D2O to achieve the desired 
mass concentration of the fatty acids. The molar ratio surfactant/coun
terion, R (see Eq. (1)) was fixed at 0.2. 

R = nfatty acid
/(

nfatty acid + ncounter ion(s)
)

(1) 

We prepared 7 samples varying the concentrations of the counterions, 
according to the ratio: 

r = ccholine/(cMEA + ccholine) (2) 

where c is the concentration. All solutions were heated at 60 ◦C on a 
heating plate for 2 h, followed by homogenization with a vortex mixer. 
The stock solutions were diluted to 2 wt% HSA. The solutions with pH 
indicator were prepared by adding 50 µL of an universal pH indicator 
solution in 5 ml of solution. The samples at low pH were prepared by 
adding drop-wise concentrated HCl (12 M) solution to 2 wt% HSA 
samples. The samples were vortexed between each addition of the acid 
solution and the pH was measured. Then, samples were homogenized 
with a vortex and heated to 60 ◦C.

2.3. Measurement of pH

A pH meter (3510, Jenway, UK) with a glass electrode of 6 mm in 
diameter (Hamilton, Switzerland) was used for carrying out the pH 
measurements, at 20 ◦C. The electrode was calibrated with buffer so
lutions at pH 4.00, 7.00, and 10.00.

2.4. Acoustic levitation

The contact-free experiments were performed with two different 
acoustic levitators called Mk1 (image analysis), and Mk3 (SAXS, WAXS, 
MRS) [28]. For the MRS experiments with acoustic levitation a 
demagnetized version of Mk3 was used. The experimental set-up is 
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described in Ref. [28]. We monitored the temperature and humidity of 
the laboratory through an Orium Quaelis 14 CO2 sensor, USA. Droplets 
of 1.7 ± 0.05 μL in volume were deposited in the central acoustic node 
with a 2 ml disposable plastic syringe (Injekt, Braun, Fisher Scientific, 
USA) attached to a disposable metallic needle (Sterican, Braun, Fisher 
Scientific, USA) with a 0.40 mm and 20 mm in diameter and length, 
respectively. A mass flow controller (Brose 5878, Brooks instrument, 
Netherlands) was used for adjusting the flow of CO2 to 30 ml/min. In all 
experimental set-ups, a plastic tube connected to the CO2 bottle was 
positioned in close proximity to the levitating sample (Fig. S1a-S2, 
Supporting Information). The voltage which relates to the applied 
acoustic pressure [27], and the shape of the droplet [28], was controlled 
through the power supply. The upper and lower groups of transducers 
were operated with a phase difference of π rad. More details about the 
levitator can be found in Ref. [27].

Regarding the experiments with Mk1 (Fig. S1, Supporting Informa
tion), we used a color camera (acA1440-220uc, Basler, Germany) to 
capture the side view of the sample, with a direct illumination. The 
camera was attached to a Navitar lens (1–60135), connected to the 
camera via a Navitar 1X adapter (1–6245), and Navitar coupler 
(1–6010). The programming language Python was used for the control 
of the camera and the collection of images with a frame rate of 2 fps. The 
acoustic levitator was placed inside a 24x23x23 cm3 light box, with 2 
rows of 20 LED light beads (Shenzhen PULUZ Technology Limited, 
China). The driving voltage was set at 10.5 V while depositing the 
droplet, and then it was reduced to 8.5 V, and kept constant throughout 
the measurements. The camera was calibrated by determining the 
diameter of a disposable needle with a known diameter (0.83 mm) in 
pixels. The image resolution corresponded to 4.8 μm/pixel, for the 
chosen setup. The width and height of the droplets were determined 
manually with ImageJ, from which the volume, HSA content, and aspect 
ratio of an acoustically levitated droplet were calculated through Eq. 
(S4)-(S6), respectively, over time (see Supporting Information). The 
measurements were repeated three times.

Regarding the scattering experiments with the acoustic levitator 
Mk3, the droplets were deposited with a driving voltage at 9.5 V that 
was then lowered to 7.5 V. The levitator was attached to an adapter to 
keep it in place (Fig. S2, Supporting Information). We performed hori
zontal and vertical scans before and after each measurement in order to 
locate the center of the droplet. These scans were performed before and 
after each measurement, to estimate the dimensions of the droplet, and 
calculate the volume, content and aspect ratio.

In the MRS experiments with the demagnetized acoustic levitator 
Mk3, the droplets were deposited while the driving voltage was at 10.0 
V. Then, we kept the voltage constant at 9.0 V while transporting the 
levitator with the sample inside the magnet and throughout the mea
surements, because the power of the acoustic levitator is lower in the 
presence of the strong magnetic field [28]. The experimental set-up is 
described in Ref. [28].

2.5. Microscopy

We used an Axio Imager Z2m, optical microscope (Zeiss Group, 
Germany) to collect images with 10-, 40-, and 50-times magnification. A 
droplet of each HSA solution at different counterion ratios was deposited 
on a microscope glass slide (Avantor 631–1551, VWR International, 
USA), and a borosilicate cover glass (631–0124, 22x22 mm2, VWR In
ternational, USA) was placed on top. After acoustically levitating a 
droplet for 15 min we collected the droplet on a glass slide and a cover 
glass was placed on top, before observing them under the microscope.

2.6. Small angle neutron scattering (SANS)

Small-angle neutron scattering (SANS) measurements were per
formed at the Institut Laue-Langevin – The European Neutron Source 
(ILL, Grenoble, France) on the spectrometer D22 (doi: 10.5291/ill-data. 

9-11-2107). The experimental scattering vector q ranged from 
2.7 10− 3 Å− 1 to 0.64 Å− 1, which was obtained by two detectors placed 
respectively at 17.6 m and 1.4 m from the sample, using a mono
chromatized neutron incident beam with a wavelength of 6 Å. The 
samples were loaded into Hellma quartz cells with a 2 mm optical path 
length. Scattering intensities from solutions were corrected for empty 
cell scattering, solvent scattering, and sample transmission. I(q) is in 
absolute scale (cm− 1). The form factor used for r = 0.0 and r = 1.0 are 
given in Eq. (S1) and Eq. (S2), Supporting Information, respectively.

2.7. Small and wide-angle X-ray scattering

SAXS (Small Angle X-Ray Scattering) and WAXS (Wide Angle X-Ray 
Scattering) measurements were carried out on a Xeuss 2.0 instrument 
(Xenocs, France) with a Cu Kα radiation source (wavelength of 1.54 Å) 
and a PILATUS3 detector (Dectris, Switzerland). Solutions were inserted 
in 1.5 mm thick glass capillaries. Two sample-detector distances were 
used to cover a broad q–range with slight differences between experi
ments with levitated droplet (975 mm and 340 mm) and capillaries 
(1000 mm and 326 mm) achieving a q–range of 0.011 Å− 1 to 0.62 Å− 1 

for capillaries measurements and 0.015 Å− 1 to 0.63 Å− 1 for measure
ments on levitated samples on SAXS. We used a collimated beam size of 
800 µm x 800 µm for both configurations. The measurements were 
performed for 1 h on each sample. The scattering occurring from the 
empty beam, empty capillary, and dark field were measured and then 
subtracted from the sample scattering, taking into account their relative 
transmission in order to obtain intensities in absolute units (cm− 1). 
Regarding the measurements on self-standing droplets, we performed 
kinetic measurements during CO2 exposure by collecting data at 5, 15, 
and 25 min after depositing the droplet at the central acoustic node. We 
then subtracted the scattering originating from the empty beam, and 
dark field contributions, while taking into account their relative 
transmissions.

2.8. Magnetic resonance imaging and spectroscopy

The high-resolution NMR (Nuclear Magnetic Resonance) measure
ments were performed on a 600 MHz 1H (14.10 T) Bruker spectrometer 
with a 5 mm broadband inverse probe, with the samples in a standard 
NMR glass tube. To collect the spectra, one scan of a 90◦ pulse was 
applied with 1000 ms repetition time. For the T2 measurements the 
CPMG pulse sequence was used with 8 scans, 15 sec relaxation delay, 8 
increments from 2 up to 8192 pulse train loops with loop time of 2 ms.

The MRS measurements on the levitating samples were performed on 
a 300 MHz 1H (7.05 T) super wide bore (89 mm) Bruker spectrometer 
equipped with a 66 mm MRI probe. Shimming was performed on a 5 mm 
diameter glass tube, containing 2 wt% HSA, with r = 0.5. Then, we 
inserted the mechanical lift apparatus in the magnet and transported the 
acoustic levitator at the detection zone of the MRI probe, as described in 
Ref. [28]. Manual tuning and matching of the receiver frequency were 
performed while a droplet was levitating. After ensuring good tuning 
and matching the droplet was removed and a new one was levitated, on 
which the measurements were performed. Initially, a magnetic reso
nance image (MRI) was captured to ensure the presence of the acous
tically levitated droplet inside the magnet. The MRI was acquired by 
applying a fast low angle shot (FLASH) pulse sequence with 1 average, 
1.84 ms echo time, 1200 ms repetition time. We applied 32 slices, with a 
thickness of 1 mm, along the axial (xy), sagittal (xz), and coronal (yz) 
planes, with a field of view of 32x32 mm and a resolution of 
128x128 pixels. Then, series of NMR spectra were acquired. For the 
droplets with r = 0.0, the MR spectra were acquired by applying a Single 
Pulse with 50 averages and 2000 ms repetition time. For the droplets 
with r = 0.5, we applied a Single Pulse with 50 averages and 1800 ms 
repetition time, and for the droplets with r = 1.0, we applied a Single 
Pulse with 50 averages and 1500 ms repetition time. The spectra were 
processed by applying 5 Hz Gaussian line broadening, and manual 
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baseline and phase adjustment.

3. Results and discussion

3.1. Effect of counter-ion ratio and pH on the phase diagram: Bulk study

Initially, the phase diagram of HSA at 2 wt% with different ratios of 
MEA and choline hydroxide as counterions at different pH was estab
lished at room temperature. A multiscale approach was used by coupling 
macroscopic observations, optical microscopy, SANS/SAXS, WAXS ex
periments, and pH measurements. The MEA/choline ratio was defined 
as described in Materials and Methods. Macroscopically, the samples 
with 2 wt% HSA and r ≤ 0.35 were turbid, while for r ≥ 0.5 the samples 
were clear (Fig. S3a, Supporting Information). The samples were 
examined under the microscope (Fig. 1), and for 2 wt% HSA with r ≤
0.35, tubular self-assemblies with length up to 40 μm were present. In 
the case of r = 0.5 we observed a few small aggregates, while for the 
samples with r ≥ 0.65, no aggregates could be observed under the 
microscope.

The self-assembled structures of the 2 wt% HSA samples with ratios: 
r = 0.0 (only MEA as counterion), r = 1.0 (only choline hydroxide as 
counterion), and r = 0.5 were characterized with SANS, SAXS, and 
WAXS. For r = 1.0, the diffractogram displayed typical features of 
spherical-like micelles interacting through repulsive interactions 
(Fig. 2a). The scattered intensity decreased when going towards low q, 
showing a weak isothermal osmotic compressibility; around 0.06 Å− 1 

there was a strong correlation peak (q*) that corresponds to the mean 
distance between micelles (2π/q*). At large q, a q− 4 Porod-like decay 
resulting from the 3D shape of micelles could be observed. The scat
tering curve was fitted by the product of an ellipsoidal form factor, and a 
Hayter-Penfold structure factor accounting for the electrostatic re
pulsions between micelles originating from the negatively charged 
dissociated heads [29]. It was assumed that the ellipticity of micelles 
remained low enough so that decoupling approximation between the 
form factor and the structure factor could be applied. The HSA micelles 
in presence of choline hydroxide had an oblate shape, with a polar 
radius of 15.4 Å, and an equatorial radius of 21.5 Å. WAXS measure
ments confirmed the presence of the fatty acids under a fluid or crys
talline state within the self-assembled structures. It is important to note 
that HSA micelles showed no crystalline structure, confirmed by the 
completely flat curve observed in the WAXS regime at large q (Fig. 2b).

For r = 0.0, the SANS intensity profile was typical of a lamellar phase 
at medium and large q, showing a correlation peak, followed by its 
harmonics at medium q, and a small oscillation at large q. This oscilla
tion arose from the form factor of the lamella and was directly linked to 
its thickness (Fig. S5, Supporting Information), confirming that the tubes 
observed by optical microscopy were multilamellar tubes. The scattering 
profile was fitted with the model described by Nallet et al.[30] which 
describes multiple lamellar structure. We determined 4 lamellae in the 
tubes with an interlamellar distance of 174 Å, and a Caillé parameter of 
0.11 with a lamella thickness of approximately 22.5 Å. These values are 
very similar to those obtained for the same system already described in 
our previous work [31]. The low q region presented a scattering decay of 
q− 3 that has already been observed for HSA multi-lamellar tubes [31]

and which is characteristic of the structural signature of hollow tubes or 
multilamellar tubes [32,33]. WAXS experiments were then performed to 
determine the bilayer state (fluid or gel), and the lateral packing of HSA 
inside the bilayer. Two crystalline peaks were present at 1.49 Å− 1, and 
1.58 Å− 1, respectively showing that the bilayers were in a gel Lβ state 
and HSA had an orthorhombic lateral packing in the bilayer (Fig. 2.b) 
[31,34].

For r = 0.5, the SANS diffractogram displayed mainly the structural 
features of the multilamellar tubes, as already described for r = 0.0 (q− 3 

decay at low q, correlation peak followed by its harmonics at interme
diate q, oscillation at large q) (see Fig. 2a). In comparison with the 
scattering spectrum for r = 0.0, the harmonic peaks were broader, 
indicating either the fluctuation of the lamellae or a change in the 
stacked bilayers in the tube. Since scattering features were mainly that 
of lamellar phases and not of micelles, it was possible to fit the data with 
the same model used for r = 0.0. We determined an interlamellar dis
tance of 122 Å, a lamella thickness of 24 Å, and 4 bilayers in the tubes 
(the same as for r = 0.0). There was a decrease of the interlamellar 
spacing from r = 0.0 to r = 0.5, and the bilayer thickness was slightly 
larger for r = 0.5 than for r = 0.0. However, for r = 0.5, a macroscopic 
phase separation occurred slowly with time, leading to a two phases 
sample (Fig. S6, Supporting Information). The upper phase was turbid 
(as for r = 0) and the bottom phase was clear (as for r = 1.0). Each phase 
was investigated separately by SAXS and WAXS. By SAXS, we observed 
the characteristic shape of micelles in interactions as described previ
ously for r = 1.0 for the bottom phase (Fig. S7a, Supporting Informa
tion). By WAXS, no crystalline peak was detected in the bottom phase, 
thus confirming the presence of solely micelles (Fig. 2b). For the top 
phase (turbid), the same SAXS scattering profiles as described previously 
were observed, indicating the presence of multilamellar tubes with an 
interlamellar spacing of around 130 Å, similar to that obtained by SANS 
(Fig. S5, Supporting Information). By WAXS, the peaks as for the ratio r 
= 0.0 were observed: an intense peak at 1.50 Å− 1, and another less 
intense at 1.58 Å− 1 indicating that the bilayer of HSA had an ortho
rhombic lateral packing, and was in a gel Lβ state (Fig. 2b). The peak at 
1.50 Å− 1 was more intense than the one for r = 0.0 sample, indicating a 
higher concentration of tubes in the top phase. We speculate that during 
SANS experiments, the lack of the signature scattering features relating 
to the presence of micelles was likely due to the fact that the large 
neutron beam used mostly illuminated the upper part of the quartz cell 
that was enriched in tubes. Thus, for r = 0.5, there is a mixture of tubes 
and micelles.

Moreover, the pH of the samples, at 20 ◦C, was measured as a 
function of r (Fig. S8, Supporting Information). The pH varied between 
11 and 12.5 when increasing r. All the samples were at high pH, well 
above the apparent pKa of HSA indicating that all HSA molecules were 
under their ionized soap form [19]. The pH response of this system was 
probed by decreasing the pH with addition of HCl. For r = 1.0 (only 
micelles in solution) the pH of the sample was adjusted to approximately 
9, for which a turbid but homogenous sample was obtained, indicating a 
phase transition. The scattering spectrum showed a peak at 1.4 Å− 1, and 
two peaks around 1.57 Å− 1 and 1.6 Å− 1 (Fig. S9, Supporting Informa
tion). The presence of three peaks indicates that the bilayers were in a 
gel Lβ state, and HSA had a triclinic lateral packing in the bilayer 

Fig. 1. Optical microscopy images of the 2 wt% HSA samples at different counterion ratios. The scale bar is the same for all images.
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[31,34]. Moreover, three Bragg peaks at intermediate q, periodically 
placed, were present, confirming the lamellae in the tube with an 
interlamellar distance of approximately 134 Å (Fig. S7b, Supporting 
Information). This interlamellar spacing was close to the one measured 
for r = 0.5. At large q, there was a broad oscillation around 0.40 Å− 1, 
which arose from the form factor of the lamella. The q-position of the 
oscillation was very close to the one found in SAXS for r = 0.5, which 
indicated that the lamellar thickness was close to 24 Å. The multi
lamellar tubes obtained by addition of HCl were similar to the ones 
obtained for r = 0.5, with the difference that the lateral packing of HSA 
was triclinic instead of orthorhombic. For all other counterion ratios, the 
pH was decreased down to approximately 7.5 through HCl addition, 
which led to the presence of multilamellar tubes. For these ratios, the 
multilamellar tubes had softer bilayers, since the Bragg peaks were less 
pronounced than for r = 1.0, but the interlamellar spacing was 
approximately the same in all cases (Fig. S7b, Supporting Information). 
Optical microscopy observations also confirmed the presence of tubes on 
acidified samples with a length of around 50 µm for r = 1.0, and around 
20 µm for r = 0.5 and r = 0.0 (Fig. S10, Supporting Information).

Overall, a phase diagram of the 2 wt% HSA system dissolved in 
different ratios of MEA and choline hydroxide could be drawn, by taking 
into account optical microscopy, SANS, SAXS, and WAXS results 
(Fig. 2c). At pH between 11 and 12.5, multilamellar tubes with bilayers 
in Lβ phase were detected for r = 0.0, a coexistence of tubes and micelles 
for r = 0.5, and micelles for r = 1.0. At pH around 7.5, multilamellar 
tubes were observed for all the ratios with bilayer in Lβ phase. Between 
these extremes, we hypothesize that there is a continuous morphological 
transition with the coexistence of these different structures, i.e., micelles 
or multilamellar tubes into which fatty acids have crystallized with 
different lateral packing of HSA within the bilayers (orthorhombic and 
triclinic).

3.2. Acoustic levitation on HSA droplets

The effect of CO2 on the HSA/MEA/choline system was examined on 
acoustically levitated droplets containing universal pH indicator. The 
universal pH indicator did not change the phase diagram described 
above (Fig. S4a, Supporting Information). The levitating droplets with a 
volume of 1.7 ± 0.1 μL were exposed to a 30 ml/min CO2 flow, over a 

period of 15 min. Photographs of the droplets were acquired at a frame 
rate of 2 fps, and the changes in color, volume, aspect ratio and content 
over time were recorded. The stability of the levitating samples was 
determined by following the centers of the droplet over time, with and 
without the presence of CO2 flow. In Fig. S11, Supporting Information, it 
is shown that the displacement of the droplets was not affected by the 
CO2 flow, as displacements in the range of ± 50 μm were recorded in 
both cases, which is in line with a previous study [27].

In Fig. 3a-c, photographs of the droplets with r = 0.0, 0.5, and 1.0 are 
shown within the first 60 s of exposure to CO2, and clear changes in the 
shape and color of the droplets were observed. In the case of r = 0.0, the 
color of the droplet changed from purple to a darker hue within the first 
30 sec. In the case of r = 0.5 and 1.0, this color change occurred within a 
period of 45 and 60 sec, respectively. This can be explained by ac
counting for the lower pH and the sample having a gel-like behavior at 
the interface for the samples containing a lower content of choline hy
droxide, leading to a slower pH decrease due to a slower CO2 mass 
transport through the interface. Another observation was that the shape 
of the droplet became more compressed under CO2 flow, in comparison 
to the droplets that evaporated in air (Fig. S12, Supporting Information). 
The shape of an acoustically levitated droplet depends on the applied 
acoustic pressure, the surface tension, and the volume [35–37]. As 
shown in a previous study [35], under constant acoustic pressure and 
surface tension, the droplet tends to become more spherical during 
evaporation. To investigate whether the decrease in aspect ratio was due 
to the change of medium from air to CO2, we simulated and compared 
the acoustic pressure close to the acoustic node, for the two media (Eq. 
(S3), and Fig. S13, Supporting Information). It was found that the ver
tical acoustic pressure (z-axis) remained unchanged close to the node, 
while a slight increase along the lateral acoustic pressure was observed, 
which would have prevented the droplet from being more compressed. 
Consequently, the decrease in aspect ratio could not be attributed to a 
potential change of acoustic pressure under a CO2 environment, but to a 
decrease in surface tension due to protonation of the carboxyl group 
(COOH) under an acidic environment [18,38].

In Fig. 4, a quantitative evaluation of the HSA content and aspect 
ratio of the droplets over a period of 15 min of CO2 flow is compared to a 
15 min evaporation in air. It was observed that the increase in HSA 
content, when the droplets evaporated under CO2, did not exceed 5 wt%, 

Fig. 2. a) SANS intensity profiles for r = 0.0, r = 0.5 and r = 1.0. b) WAXS diffractograms for r = 0.5 (top and bottom), r = 0.0 and r = 1.0. The spectra are shifted in 
intensity for clarity. c) Phase diagram of 2 wt% HSA for different pH values and counter-ion ratios. For r = 0.0 only MEA is present as a counter-ion, and for r = 1.0 
only choline hydroxide is present as a counter-ion. The area with the dashed lines indicates an intermediate state between the initial phase as the pH decreases. Below 
that area a clear transition was observed. Illustrations of the multi-lamellar tubes and micelles are also present.
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regardless of the counter-ion ratio. On the contrary, the droplets that 
evaporated in air underwent an approximately 3-fold increase in content 
of HSA (Fig. S14, Supporting Information). This was attributed to an 
increase in the bulk elastic modulus of the droplets that were exposed to 
CO2, which induced a gel-like behavior due to entanglements between 
tubes that formed in the vicinity of the interface [31,39]. As a result, the 
rate of mass transport of water from the bulk was reduced, which 
decreased the evaporation rate. In terms of final volume over a period of 
15 min, the droplets that were exposured to CO2 exhibited a minimum 
final volume of 0.9 μL, while in the case of the droplets evaporating in 
air, it was of 0.2 μL.

The main difference between the samples containing different 
counterion ratios was related to the evolution of the aspect ratio of the 
droplets over time. In Fig. 4b, it is observed that the higher the choline 

content, the more compressed the droplet became within the first 5 min. 
This can be attributed to the initial, lower viscosity, leading to a more 
deformable droplet as the surface tension decreased due to the CO2 flow. 
In comparison to the droplets with a counterion ratio between 0.35 and 
1.0 that evaporated in air, the aspect ratios were close to 1, indicating a 
more spherical droplet, over time. This is in accordance with the ex
pected shape of a droplet as the volume decreases, under constant 
acoustic pressure and surface tension [35]. In the case of r = 0.2, in air, 
the aspect ratio had minor variations, while for r = 0.0, in air, the aspect 
ratio began to decrease after 5–6 min of evaporation, reaching a value of 
0.5 after 15 min (Fig. S14, Supporting Information). As observed in 
Fig. S12a, Supporting Information the droplet obtained a deformed 
shape, which was the result of the increase in HSA content and the 
precipitation of the tubes, leading to the collapse of the droplet on itself.

Fig. 3. Photographs of 2 wt% HSA acoustically levitated droplets exposed to CO2 at time 0, 15, 30, 45, and 60 sec with counterion ratios of a) r = 0.0, b) r = 0.5, and 
c) r = 1.0.

Fig. 4. a) Evolution of HSA content (in wt%) in acoustically levitated droplets with an initial content of 2 wt% and counterion ratios of 0.0, 0.5, and 1.0 over a period 
of 15 min CO2 exposure (filled shapes), compared with the droplets of r = 0.5 that were acoustically levitated for 15 min in air (unfilled shape with an ‘x’ mark). b) 
Evolution of aspect ratio of acoustically levitated droplets with initial content of 2 wt% and different counterion rations over a period of 15 min CO2 exposure.
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After the evaporation under CO2, the droplets were collected on a 
glass slide and observed under the microscope. In Fig. 5, we observed 
that the coverage of self-assemblies increased after the droplets with 
counterion ratio from 0.0 to 0.35 were exposed to CO2, while the 
presence of tubular self-assemblies was clearly seen for all samples with 
r > 0.35. It is important to note that we examined samples with a 10 wt% 
HSA content under the microscope and no tubular self-assemblies were 
observed in the samples with r ≥ 0.5 (Fig. S4b, Supporting Information). 
Hence, the observed transition was not due to an increase in HSA con
tent inside the droplets.

3.3. Structural analysis inside the droplets by WAXS and SAXS under 
levitation

SAXS and WAXS measurements were performed on the levitated 
droplets to examine the self-assemblies at the nanoscale during the CO2 
induced phase transition. Acoustically levitated droplets were measured 
for a total of 25 min under air and CO2. Once the droplet was deposited 
in the central acoustic node, the acquisition was started together with 
the CO2 flux at 30 ml/min, defining the time t = 0. The kinetics were 
followed by recording data over 3 different periods: t = 0–5 min, t =
5–15 min, and t = 15–25 min. Measurements at longer times were not 
performed since the evaporation became too pronounced. The acousti
cally levitated droplets were scanned horizontally (Fig. S15 and 
Fig. S19, Supporting Information) and vertically (Fig. S16 and Fig. S20, 
Supporting Information) before and after each measurement to deter
mine volume, HSA content, and aspect ratio when the droplet evapo
rated in the presence of CO2 or air (Fig. S17 and Fig. S21, Supporting 
Information). Similar results to the ones obtained through the optical 
observations were obtained, while the HSA content of the droplets 
exposed to CO2, did not exceed 10 wt%, over the 25 min of the 
recording.

All the scattering spectra for r = 0.0, r = 0.5, and r = 1.0 are shown in 
Fig. 6. When r = 0.0, for which only MEA was used as a counter-ion, 
multilamellar tubes were observed at pH 11(Fig. 2). After 5 min of 
exposure to CO2, two Bragg peaks appeared in the WAXS diffractogram 
(Fig. 6a), at 1.49 Å− 1 and at 1.58 Å− 1 (less intense) showing that the 
bilayers were in a gel Lβ state, and that HSA had an orthorhombic lateral 
packing in the bilayer, as already described without CO2. After 5 min of 
exposure to CO2, the diffractrogram did not noticeably change and 
remained similar to the ones obtained without CO2, (the two Bragg 
peaks remained at the same position). The correlation peaks of the 
lamellar phases were less defined in comparison to the static measure
ments because of the increase in concentration (due to evaporation). 
From 5 to 25 min, a correlation peak appeared at low q and with an 
increase in intensity over time (Fig. 6b). This correlation peak corre
sponds to the last harmonic of the lamellar phase that has slightly shifted 
from approximatively 0.11 Å− 1 to approximatively 0.12 Å− 1, indicating 
a small decrease in interlamellar distance inside the tube. This result was 
consistent with an increase of the HSA content inside the evaporating 
droplet (Fig. S18, Supporting Information). However, in the high q re
gion, it can be seen that this structural evolution was not only induced 
by the drying of the drop, but was also driven by the reaction between 

the amine group of MEA with CO2. At high q, when the reaction took 
place, a decrease in the intensity of the crystalline peak at 1.5 Å− 1 was 
observed, until its complete disappearance at t = 25 min. This decrease 
was accompanied by the progressive appearance of other Bragg peaks 
that was first detected at t = 15 min, one at 1.4 Å− 1 and one at 1.6 Å− 1. 
The presence of these additional Bragg peaks indicated a phase transi
tion in the lateral packing arrangement of HSA inside the bilayer. The 
bilayers remained in a gel Lβ state but after 25 min of exposure to CO2, 
the HSA self-assemblies had a triclinic lateral packing in the bilayer. It is 
important to note that CO2 can react with MEA ions leading to the for
mation of carbamate ions [40], thus decreasing the content of MEA. 
Hence, the ratio (R) of fatty acid to counterion increases, leading to a pH 
decrease at the same time as the pH decrease induced by CO2 (Fig. S9, 
Supporting Information). The present case shows that besides inducing a 
phase transition from micelles to tubes, CO2 can also induce a transition 
inside the in plane lateral packing of HSA within the bilayer.

For the droplets with r = 1.0, after 5 min exposure to CO2, the WAXS 
diffractogram presented no difference with the non-acidified one 
(Fig. 6a), where it indicated solely the presence of micelles, with no 
crystalline peak in this regime. The scattering curve at low q (Fig. 6b) 
showed the presence of repulsive micelles, similar to the ones obtained 
by SANS on static measurements even if the scattered intensity was 
lower in SAXS for contrast reasons, and there was no Bragg peak at 
higher q. During the next periods of exposure to CO2 (i.e., between 5 to 
15 min, and 15 to 25 min), the scattering spectrum changed in both the 
low and high q regions. In the WAXS spectra, three Bragg peaks at 1.40 
Å− 1, 1.57 Å− 1, and 1.60 Å− 1, which are characteristic of the crystalline 
Lβ lamellar phase, appeared and increased in intensity over time. These 
three peaks correspond to the triclinic lateral packing of HSA in the 
bilayer. The increase in intensity could be due to two effects. As CO2 was 
streamed into the system, the pH decreased, leading to an increase in 
population of tubes, with the micelles progressively disappearing. In 
parallel, the water present in the sample was evaporating, and the 
concentration of HSA in the droplet increased. Given that the scattered 
intensity is directly proportional to the HSA concentration, evaporation 
can explain the increase of Bragg peaks intensity. At low q, a correlation 
peak and its second and third harmonics arising from a lamellar phase 
appeared at t = 15 min (q = 0.058 Å− 1, q = 0.110 Å− 1 and q = 0.170 
Å− 1). After t = 25 min, all the peaks were slightly shifted toward higher 
q: q = 0.066 Å− 1, q = 0.130 Å− 1 and q = 0.200 Å− 1. This shift indicated a 
decrease in the interlamellar spacing during exposure to CO2 from 108 Å 
after 15 min, to 95 Å after 25 min. It is important to note that the 
measurements were done on structures in temporal evolution. This is 
why the shape of the peaks were not well-defined. By combining SAXS 
and WAXS with acoustic levitation, we evaluated in real-time the 
continuous transition in self-assembly of the droplet with r = 1.0, from 
micelles to multilamellar tubes, with bilayer in a gel Lβ state, with 
triclinic lateral packing of HSA, as a consequence of exposure to CO2.

For the droplets containing r = 0.5, where both micelles and multi
lamellar tubes were initially present, we observed a modification of the 
diffractograms within the first 5 min of reaction with CO2 (Fig. 6). Three 
Bragg peaks appeared at 1.4 Å− 1, 1.5 Å− 1 and at 1.6 Å− 1. These peaks 
indicated a change in the lateral packing of HSA. At the end of the 

Fig. 5. Optical microscopy images of the 2 wt% HSA acoustically levitated droplets collected after 15 min of CO2 exposure samples at different counterion ratios. The 
scale bar is the same for all images.
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experiment (after 25 min), only two main peaks remained at 1.4 Å− 1 

and 1.6 Å− 1 corresponding to bilayers in a gel Lβ state with an ortho
rhombic lateral packing as already described for r = 0.0 without CO2 
(Fig. 2b). At low q, three correlation peaks appeared clearly with time 
(around q = 0.06 Å− 1, q = 0.11 Å− 1, and q = 0.16 Å− 1), corresponding to 
an interlamellar spacing of 105 Å, after 25 min of CO2 exposure. This 
interlamellar distance was similar to the one obtained for r = 1.0. Here, 
the micellar population decreased while the population of multilamellar 
tubes increased.

3.4. Magnetic resonance measurements

A series of 1H NMR spectra were recorded on the acoustically levi
tated droplets to evaluate the effect of CO2 on the molecular mobility 

(Fig. S22-S23, Supporting Information), by utilizing a demagnetized 
acoustic levitator [28]. Due to the low content of HSA in the samples, the 
primary visible signal originated from the water. For that reason, the 
chemical shift and the linewidth at half maximum height (LW1/2) of the 
water signal were monitored during evaporation in the presence of CO2, 
and in air (Fig. S24-S26, Supporting Information).

In Fig. 7a, the evolution of the water chemical shift is presented. This 
parameter relates to the chemical environment but also to the shape of 
the droplet [28]. For the droplets that evaporated in air, the chemical 
shift changes were solely the result of the shape of the droplet during 
evaporation, while small variations may arise due to the change in 
concentration [41]. It was observed that when MEA was the only 
counterion present (r = 0.0), the chemical shift increased (i.e., downfield 
shift), which relates to a decrease in aspect ratio, in accordance with a 

Fig. 6. a) WAXS diffractograms for r = 0.0, r = 0.5, and r = 1.0 at t = 5 min, t = 15 min and t = 25 min of CO2 exposure. b) SAXS intensity profiles at t = 5 min, t =
15 min and t = 25 min of CO2 exposure. The spectra are shifted in intensity for clarity.

Fig. 7. a) Chemical shift of the water peaks, and b) line-width at half maximum height from 1H MR spectra on acoustically levitated droplets with initial content of 2 
wt% HSA, and counterion ratios of 0.0, 0.5, and 1.0, respectively, under CO2 exposure (filled points) and air (cross-marked points).
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previous results [28]. Based on the optical observations for the droplet 
with r = 0.0 which were exposed to air, the aspect ratio varied from 0.8 
to 0.5 (Fig. S14c, Supporting Information). This would lead to a 
maximum theoretical chemical shift change of approximately 1.3 ppm 
difference, in accordance with Ref. [28] (Fig. S28, Supporting Infor
mation). Given that the performance of the acoustic levitator decreases 
inside the magnet [28], the 0.7 ppm change observed in Fig. 7a is 
acceptable. For the droplets with r = 0.5 which evaporated in air, the 
chemical shift remained approximately the same, while for r = 1.0 a 
slight decrease was measured, indicating an increase in aspect ratio. 
These results are in agreement with the previous experimental obser
vations, where the shape of the droplet became oblate for r = 0.0, 
remained approximately the same for r = 0.5, and became more 
spherical for r = 1.0, during evaporation in air (Fig. S14c, Supporting 
Information).

When exposure to CO2 was carried out, the chemical shift of the 
water peak could be affected by both the pH drop and the shape of the 
droplet. However, from the 1H NMR measurements conducted in glass 
tube, no changes in the chemical shift were found, regardless of the 
counter-ion ratio or the presence of HCl (Table S1, Supporting Infor
mation). In Fig. 7a, the droplet with r = 0.0, presented a downfield shift 
of approximately 0.1 ppm over a period of 4 min. Based on the optical 
observations, the aspect ratio changed less significantly due to the 
higher population of tubes, leading to a gel-like interface. Specifically, a 
change in aspect ratio from 0.8 to approximately 0.75 was found, which 
would have led to a maximum, theoretical chemical shift of approxi
mately 0.45 ppm. Yet, keeping in mind that the acoustic forces gener
ated by the levitator are weaker inside the magnet [28], the observed 
change in chemical shift is in agreement with expectations. On the 
contrary, a decrease of chemical shift was observed for r = 1.0, and r =
0.5, which would indicate that the shape of the droplet became more 
spherical. Based on the optical observations a downfield shift was ex
pected due to the decrease in aspect ratio. However, the initial chemical 
shift of the droplets was different, indicating a variation in initial droplet 
shapes due to volume variations. It is important to note that the aspect 
ratio of a droplet, depends greatly on the volume [35]. When low 
acoustic pressure is applied, the droplet will tend to be spherical which 
may explain the chemical shift variations.

The linewidth of the water peak of the acoustically levitated droplets 
with r = 0.0 and 0.5 was higher in CO2 exposure, in comparison to the 
droplets that evaporated in air (Fig. 7b). On the contrary, the droplets 
with r = 1.0, exhibited the same linewidth regardless of the presence of 
CO2. The linewidth of the signal relates to the degree of water mobility. 
Specifically, a broadening in linewidths indicates slower water mobility, 
as the molecular tumbling decreases. As shown through the optical 
observations (Fig. S12, Supporting Information), and the scattering data 
(Fig. 6), all droplets experience a gel-like behavior which decreased the 
evaporation rate and led to distinct scattering peaks relating to the Lβ gel 
phase, when exposure to CO2 took place. However, the droplets with 
lower r presented higher population of multilamellar tubes (Fig. 1), 
which could potentially restrict the water mobility more. In Fig. 7b, it 
was confirmed that the self-assemblies formed in the droplets with r =
0.0 that evaporated in air, reduced the water mobility more extensively, 
in comparison to the droplets with r = 0.5, and r = 1.0, as the linewidth 
was higher for lower counter-ion ratio, r. The restricted mobility was 
further constrained when CO2 was added to the system. Yet, very small 
changes were observed for the droplet of the system where r = 1.0. 
Standard 1H NMR measurements were performed in a glass tube, using a 
600 MHz magnet (Fig. S27, Supporting Information), from which the T2 
spin–spin relaxation time (Table S2, Supporting Information) of the 
chemical components was determined. The T2 time is proportional to the 
water mobility and inversely proportional to the linewidth. The lowest 
T2 time of water was found for r = 0.0, followed by r = 0.5 with HCl, 
followed by r = 0.5, r = 1.0, and r = 1.0 with HCl; however, the latter 
three presented approximately the same T2, which correlates very well 
with the contact-free measurements.

4. Conclusions

The combination of acoustic levitation with optical observations, X- 
ray and neutron scattering and magnetic resonance experiments, 
allowed the study of an in-situ phase transition of a pH responsive system 
consisting of 12-HSA and different ratios of MEA and choline hydroxide 
as counterions, during exposure to CO2, on microliter droplets.

Monitoring the volume and shape of the droplet allowed continuous 
quantification of the HSA content of the system and yielded qualitative 
estimations in terms of surface tension changes of the droplets, with and 
without exposure to CO2. For the droplet with r = 0.0, i.e., only with 
MEA as a counter-ion, smaller changes in the shape of the droplet, and 
faster pH variation, in comparison to the samples with r = 0.5, and r =
1.0, were observed. Furthermore, the droplets that were exposed to CO2 
evaporated to lesser extent in comparison to the droplets drying in air for 
the same period of time, due to the gel-like behavior at the interface and 
the rate of water mass transport that was reduced. After examining the 
droplets with optical microscopy, the phase transition was confirmed, as 
tubular self-assemblies were visible.

The scattering measurements performed on the free-standing drop
lets with r = 0.0 and r = 1.0 correlated well with previous results in bulk 
[31,34], while the system with r = 0.5 was investigated for the first time; 
it could be shown that it was displaying a combination of features from 
both r = 0.0 and r = 1.0. The SAXS experiments under levitation 
revealed information about the self-assembled structure at the nanoscale 
inside the droplets. It was found that, due to CO2 exposure, the droplets 
with r = 0.0 exhibited a progressive self-assembled transition from mi
celles to multilamellar tubes. Furthermore, the WAXS measurements 
performed under levitation indicated that the droplets with r = 0.0 
presented a transition inside the in plane lateral packing of HSA within 
the bilayer during exposure to CO2. Details on the crystallinity of the 
bilayer and in plane organization could also be determined accurately for 
the different systems. The NMR experiments focused mainly on the 
water peak, which allowed investigating the water mobility, and the 
effect of pH and droplet shape changes. The droplet with r = 0.0 
exhibited the lowest water mobility, followed by r = 0.5 and r = 1.0, 
potentially due to a higher population of tubes, which was supported by 
the standard T2 and diffusion measurements. The changes in chemical 
shift were mainly correlated to the expected shape of the droplet [28], as 
the pH did not have an effect, according to the standard 1H NMR mea
surements, in a glass tube.

Overall, this study showcases that combining highly stable acoustic 
levitators with advanced analytical techniques [27] offers the possibility 
to study in situ, in a contact-free environment, phase transitions of 
stimuli responsive systems. This approach allows the direct study of 
systems in the microliter regime, without compromising the perfor
mance of advanced analytical tools, and provides a suitable background 
for the investigation of complex systems. Future studies will focus on the 
study of the response of droplets subjected to rapid variations in acoustic 
pressure.
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samples, additional microscopy images, SAXS, and WAXS spectra. The 
SANS spectrum and the expression of the form factors. pH measure
ments, data on the positional displacement, volume, HSA content, and 
aspect ratio of the acoustically levitated droplets, together with the 
equations used for these calculations. Simulations of the acoustic pres
sure when the medium is either air or CO2 together with the equation 
used. The profiles of the acoustically levitated droplets that were scan
ned with the X-ray beam before, during and after the SAXS and WAXS 
measurements. Plots of the volume, HSA content and aspect ratio of the 
droplets, extracted from the X-ray scans. Magnetic resonance images of 
the acoustically levitated droplets, before the acquisition of the NMR 
spectra. The NMR spectra on the levitated droplets and in the standard 
NMR tube. Information extracted from the standard NMR spectra on the 
T2 relaxation time and chemical shift of the signals. Theoretical plot of 
the chemical shift of acoustically levitated droplets with respect to the 
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