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Abstract. This work reports the results of an experimental study where laser techniques are applied to 
acoustically levitated droplets of trehalose aqueous solutions in order to perform spectroscopic analyses as a 
function of concentration and to test the theoretical diameter law. The study of such systems is important in 
order to better understand the behaviour of trehalose-synthesizing extremophiles that live in extreme 
environments. In particular, it will be shown how acoustic levitation, combined with optical spectroscopic 
instruments allows to explore a wide concentration range and to test the validity of the diameter law as a 
function of levitation lag time, i.e. the D2 vs t law. On this purpose a direct diameter monitoring by a video 
camera and a laser pointer was first performed; then the diameter was also evaluated by an indirect measure 
through an OH/CH band area ratio analysis of collected Raman and Infrared spectra. It clearly emerges that 
D2 vs t follows a linear trend for about 20 minutes, reaching then a plateau at longer time. This result shows 
how trehalose is able to avoid total water evaporation, this property being essential for the surviving of 
organisms under extreme environmental conditions. 

1 Introduction  
Laser techniques are largely employed on modern 
spectroscopic instruments. Due to their enormous 
potentials in terms of optical power, wavelength 
tenability, time and spatial coherence, narrow line-width, 
peak power and ultra-short pulse generation, the field of 
spectroscopy has been deeply widened from the 
introduction of lasers. Several laser sources can be 
employed in Raman and Infrared (IR) spectroscopies, 
such as fixed-wavelength solid-state lasers with 
relatively high power, ensuring an access to very wide 
wavelength regions. These spectroscopic techniques are 
largely employed for probing samples in order to get 
information on the structural and dynamical properties of 
substances. They have several advantages, such as ease-
of-use, minimal preparation of samples and quick 
realization of spectra (in real time and in situ) [1-5]. In 
particular, Raman scattering occurs when there is an 
energy shift in frequency among the incident photons 
and the vibrational energy levels of the molecule, and in 
many cases, the magnitude of this shift is the same as 
that of IR adsorption; though some vibrational modes 
occur only in the Raman spectrum and vice versa. The 
differences between Raman and IR are also connected to 
the molecule symmetry, in fact, more symmetric is the 
molecule, greater will be the differences between the two 
spectra. An example is the study of chainlike 
disaccharide molecules, in which the vibrations of the 
carbon chain are easily analysed by using Raman 
spectroscopy, while the vibrations of the side groups can 
be characterized by using IR spectroscopy. These 

techniques can be applied in conjunction with levitation 
methods for the analysis of high concentration samples 
or when it is necessary to avoid heterogeneous 
nucleation [6-13]. Droplet free flotation has in fact the 
advantage of avoiding disturbs due to solid walls around 
the sample, increasing detection sensitivity. Different 
techniques for sample levitation have been previously 
developed and are employed in a variety of applications 
[14-25]. These include optical electro-magnetic, 
electrostatic gas-film aerodynamic and acoustic 
levitation [26-30]. Acoustic levitation combines 
biological compatibility with stable sample position and 
easy access to the sample, without requiring any specific 
physical properties (e.g. electric charge or a certain 
refractive index) for the sample. In order to benefit from 
the employ of acoustically levitated droplets, sensitive, 
remote and non-invasive detection analyses methods are 
necessary [31-42]. Acoustic levitation also allows to get 
high concentration samples starting from diluted 
solutions. In particular, the technique can furnish 
precious information on hydrogen-bonded systems of 
biophysical interest, such as, for example, aqueous 
solutions disaccharides proteins polymers and polyols 
[43-58]. For these systems, it is extremely important to 
address the experimental studies to the whole 
concentration range, starting from highly diluted to 
highly concentrated solutions [59-69].  
In the present work the findings of an experimental 
study, where laser techniques are applied to acoustically 
levitated droplets in order to perform spectroscopic 
analyses are presented [70-75]. The investigated samples 
are trehalose aqueous solution, synthesized by 
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extremophiles that live in extreme environments. 
Furthermore the D2 versus time law, for the droplet 
diameter, is tested by means of a direct monitoring 
performed by a video camera and by means of an 
indirect measure based on the analysis of the OH/CH 
band area ratio.  
It will be shown that acoustic levitation, combined with 
optical spectroscopic techniques, allows to explore a 
wide concentration range and to test the validity of the 
diameter law as a function of levitation lag time, i.e. the 
D2 vs t law. It clearly emerges that D2 vs t follows a 
linear trend for about 20 minutes, reaching then a plateau 
at longer times. This result shows that by increasing 
disaccharide concentration the water evaporation is more 
and more reduced, this property being essential for the 
surviving of organisms under extreme environmental 
conditions.  

2 Experimental section 

Aqueous solutions of trehalose, purchased from Aldrich-
Chemie, were investigated at different concentration 
values. The solutions were prepared using doubly 
distilled water. At first, drops of aqueous solutions of 
trehalose (of 1.50 mm of mean radius) were introduced 
into the acoustic levitator by means of a micropipette 
injection and the drop diameter decreased as a function 
of the time. In order to investigate the drying process of 
aqueous solutions of trehalose, Raman and Infrared data 
were collected. In particular a HORIBA Jobin-Yvon 
T64000 spectrometer was employed to collect Raman 
spectra at T=25°C; for the IR spectra, a FTIR Vertex 
70V by Bruker Optics spectrometer was employed, to 
collect absorption spectra under vacuum, at T=25°C.  
 

Fig. 1. Scheme of laser beam path in a Horiba Jobin-Yvon 
T64000 Raman spectrometer from source to detectors. Green 
section = micro/macro setup; violet section = triple/single 
configuration; brown section = lateral/axial entrance; blue 
section = additive/subtractive mode; light blue section = double 
monochromator-third stage entrance; orange section = 
axial/vertical exit. 

Both Raman and IR spectra are affected by random noise 
and to reduce the spectral noise a wavelet analysis was 

performed using thresholding estimators by means of 
Matlab (R2016a, The MathWorks, Inc. Natick, MA, 
USA) [77-82]. A  Single-axis Acoustic Levitator SALTM, 
by Materials Development, Inc (MDI), constituted by a 
levitation device, with two transducers placed on a 
vertical axis, generating two acoustic waves of 22 KHz 
has been combined with two spectrometers for collecting 
spectra in a wide wave-vector range.  

 

Fig. 2. Scheme of optical beam path in the Bruker Vertex 70V 
IR spectrometer from source to detectors. NIR, MIR: 
Beamsplitters; APT: Aperture wheel; OPF: Optical filter 
wheel; BMS: Interferometer beamsplitter; D1, D2: detectors; 
IN: IR beam inlet ports and OUT: IR beam outlet ports. 

More precisely, Raman spectra were collected by the 
Horiba Jobin Yvon T64000 spectrometer, which works 
with a He-Ne laser with a mean source power of 60mW 
at a wavelength of 632.8 nm. As far as the IR spectra are 
concerned, a Vertex 70v by Bruker spectrometer, with a 
resolution of 4 cm-1 using an average of 128 scans and a 
spectral range of 400 ÷ 4000 cm-1 was employed. Fig. 1 
and Fig. 2 show the laser beam and the path in the 
Raman and IR spectrometers respectively.   
Fig. 3 reports the acoustic levitation system. It has 
dimensions of 30 x 45 x 60 cm, a total weight of 30 Kg, 
works at sound pressure levels lower than 160 dB and 
has a transducers distance of 15 cm. 

 

Fig. 3. Single-axis Acoustic Levitator (SAL) system. A direct 
droplet diameter evaluation was performed by a video camera 
and a laser pointer; the diameter was also evaluated by an 
indirect measure through the OH/CH band area ratio analysis 
of collected Raman and Infrared spectra. 
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3 Results and discussion 
For testing the D2 versus time law, a direct measure was 
performed by means of a video camera and a laser 
pointer provided with a micrometric screw for an 
exposition time of 1 µs. In addition, an indirect diameter 
evaluation was performed by the analysis of the OH/CH 
band area ratio of the solution spectra collected as a 
function of time. The D2-law predicts that the square of 
the droplet diameter decreases linearly with time, in the 
initial stage. Few important assumptions must be 
considered for the droplet in suspension: i) heat and 
mass transfer between liquid and gas phase are diffusion 
controlled; ii) droplet spherical symmetry; iii) single 
phase component; iv) no thermal radiation effects take 
place; v) constant and uniform temperature.  For the 
mass flux of vapour leaving the droplet surface, : 

                   (1) 

where is the droplet diameter,  is the vapor 
density,  is the diffusion coefficient of the gas,  is 
the Sherwood number for mass transfer, and  
represents the mass transfer Spalding number [83-84]. 
For the rate change of liquid droplet mass it is: 

                      (2) 

 is the density of the droplet, and  is the rate of the 

droplet volume change. Considering that , it 

is possible to obtain the equation for the diameter: 

           (3) 

where  is the density of the gas; for diffusion 
controlled evaporation the Sherwood number  takes  
the value of 2: 

              (4) 

the integration of this equation at  gives the D2-law 
that describes the time evolution of droplet surface of 
pure liquid: 

                               (5) 

where  is the evaporation rate coefficient: 

                  (6) 

 
 
Fig. 4. Measured D2-Law as a function of time. Droplets: 
diameter values as evaluated by means of the video camera. 
Blue dots:  diameter values as evaluated by the analysis of the 
OH/CH band area ratio of the solution spectra. As it can be 
seen D2 versus t decreases linearly in in the initial stage. 

Fig. 4 reports the D2 data, droplets as a function of time, 
obtained by a direct measure with a video camera. As it 
can be seen, D2 vs t follows a linear trend for about 20 
minutes, reaching a plateau at longer time. 
This result shows how trehalose is able to avoid total 
water evaporation since a percentage of water is strongly 
bonded with the disaccharide. Such a property plays a 
key role in bioprotection. 
Another analysis that allows to extract information on 
the drying process of aqueous solution of trehalose is to 
consider the intramolecular region of spectra. In 
particular, due to the presence of an isosbestic point in 
the IR spectra and of an isoskedastic point in the Raman 
spectra, it is possible to decompose the spectra into two 
contributes: an “open” contribution, centered around at 
3210 cm-1 and a “closed” contribution,  centered around 
at 3420 cm-1. 

Fig. 5. Behavior of the Raman open area contribution as a 
function of trehalose weight fraction, i.e. f = (grams of 
trehalose)/(grams of trehalose + grams of H2O), is reported. In 
the insert, 3D levitated Raman spectra of trehalose aqueous 
solutions as a function of number of water molecules and 
wavenumber are reported. 
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Fig. 5 shows the behavior of the total area, sum of the 
two contributions, as a function of concentration of 
trehalose, where f is the trehalose weight fraction, i.e. f 
= (grams of trehalose)/(grams of trehalose + grams of 
H2O). In the insert, the 3D levitated Raman spectra of 
trehalose aqueous solutions as a function of number of 
water molecules and wavenumber at T=25°C are 
reported.  
Fig. 6 reports the behavior of the open area contribution 
as a function of time is reported. In the insert, the 3D 
levitated IR spectra of trehalose aqueous solutions as a 
function time and wavenumber at T=25°C are reported.  
 
 

 
 
Fig. 6. Behaviour of the open area contribution of levitated IR 
spectra as a function of time. In the insert, the 3D levitated IR 
spectra of trehalose aqueous solutions as a function time and 
wavenumber at T=20°C are reported. 
 
The mathematical procedure to evaluate concentration is 
a mapping of the OH/CH band area ratio as a function of 
different solution concentration values. In particular a 
OH/CH band area ratio for the acoustically levitated 
droplets for different levitation time was evaluated 
starting from the measured IR spectra; then, by using 
density versus concentration data, it was possible to 
determine, in an independent way, the droplet diameter 
evolution as a function of time. In such a way it is 
possible to test the D2 law of the drying process 
theoretical model. Fig. 4 reports the D2 data, blue dots as 
a function of time. Again D2 vs t follows a linear trend 
for about 20 minutes. Therefore the experimental results 
show that the validity of the drying theoretical model 
and of the adopted approaches. 

Conclusions 

In this work, the results of an experimental study, where 
laser techniques are applied to acoustically levitated 
droplets of trehalose aqueous solutions are reported. The 
study of trehalose is particularly important for a better 
understanding of extremophiles, organisms that can 
survive in harsh conditions. It is shown how acoustic 
levitation, combined with spectroscopic techniques, 

allows to explore a wide disaccharide concentration 
range and to test the dependence of the diameter law as a 
function of lag time, i.e. D2 versus time. The aim is to 
perform Raman and IR spectroscopic analyses and to test 
the validity of the diameter law. By these analyses, it 
emerges that the behaviour of D2 vs t follows a linear 
trend for about 20 minutes, reaching then a plateau at 
longer time. The result is confirmed by the analysis of 
the intramolecular region, showing that trehalose is able 
to avoid total water evaporation, this property being 
essential forable to survive under extreme environmental 
conditions thanks to the synthesis of trehalose. These 
extreme environments are characterized, for example, by 
high aridity, very hot and low temperatures, high salinity 
and high values of pH. Just to report some example, the 
Atacama Desert (Chile, USA), is one the most arid place 
on Earth, with a year average rain fall lower than 0.08 
mm, where it is possible to find Selaginella lepidophylla; 
such a plant adapts itself to a condition of prolonged òt 
in this environment.   
Another extreme environment is furnished by the Death 
Valley (USA), this region holding the record for the 
World highest air temperature equal tqo 56.7 ° C in July 
1913; concerning the extremophiles that are present in 
this extreme environment, it is possible to mention 
Bacillus Vallismortis which ferments trehalose. 
The obtained results put into evidence that trehalose 
molecules are capable to strongly bond themselves to 
water molecules, so avoiding water evaporation under 
high temperature and drought conditions.  

This research was supported by University of Messina 
Research & Mobility 2016 Project (project code 
RES_AND_MOB_2016_ TORRISI). 
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