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Clusters of nearly identical water microdroplets levitating over a locally heated water layer are considered.
The high-resolution and high-speed fluorescence microscopy showed that there is a universal brightness
profile of single droplets, and this profile does not depend on the droplet temperature and size. We
explain this universal profile using the theory of light scattering and propose a new method for
determining the parameters of possible optical inhomogeneity of a droplet from its fluorescent image. In
particular, we report for the first time and explain the anomalous fluorescence of some large droplets with
initially high brightness at the periphery of the droplet. The disappearance of this effect after a few
seconds is related to the diffusion of the fluorescent substance in water. Understanding the fluorescence
profiles paves the way for the application of droplet clusters to the laboratory study of biochemical
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1. Introduction

Self-assembled clusters of condensed monodisperse water
microdroplets levitating in an ascending flow of humid air over
a locally heated water surface are a relatively recently discovered
phenomenon.'™ Droplet clusters are similar to such classical
objects of colloid chemistry as colloid crystals and dust crystals;
however, they possess many unique features absent from the
latter. It is known that organic chemical reactions are acceler-
ated when reactants are present in microdroplets. The reaction
rate may increase by orders of magnitude with decreasing
droplet size. This phenomenon has long attracted the attention
of researchers but remains insufficiently studied.®® Clusters
can be used for the laboratory study of biochemical processes
in individual droplets with optical diagnostics methods.
Detailed laboratory observations and measurements of
chemical reactions in levitating microdroplets with dissolved
substances require stabilization of droplets’ position in space,
size, and temperature. The traditional procedure of cluster
generation implies spontaneous condensation of droplets from
water vapor. An alternative method is when independently
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processes in individual microdroplets.

generated small droplets are delivered to an area above a
heated water layer, where the droplets form a levitating cluster
and grow due to the condensation of the vapor from an upward
flow of humid air. The latter method has already been used by
Fedorets et al.’ to study the first observed self-stabilization of a
cluster of pure water droplets levitating over a layer of water
containing a small amount of salt. The obvious advantage of
such a more flexible procedure compared to the spontaneous
formation of a droplet cluster over the heated water surface is
that it is possible to generate clusters with droplets of different
chemical compositions.

The transition to biochemical experiments in microdroplets
requires special methods of optical diagnostics ranging from
relatively simple to hyperspectral imaging.'®™* Fluorescence
microscopy is used in the initial stage of work. The method
described in®™"* has been used in diverse studies, mainly in
chemistry, biology, and medicine resulting in recent publica-
tions on the study of processes in small droplets and their
groups that have caused the greatest interest of the
authors."®*! Fluorescence microscopy is used for a wide range
of biochemical and biomedical studies, including, for example,
the analysis of the blood-brain barrier for the rational design of
new drugs.>*?*

In the present paper, we will present the flexible experi-
mental procedure for the generation of stable clusters levitating
microdroplets of water with dissolved substances or suspended
microorganisms and will study the possibilities of modern
fluorescent microscopy as a method of diagnostics of processes
occurring in semitransparent microdroplets. We will present
new results on the fluorescence of microdroplets of water,
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which enable us to determine a universal fluorescence profile
of a homogeneous droplet that is independent of the droplet
size and its temperature. An interesting physical effect was
discovered, which was shown to be related to the low diffusion
rate of the fluorescent substance in water. In large water
droplets formed by the merger of two droplets, an anomalous
brightness profile of fluorescence with a maximum at the
periphery of the droplet was observed for the first time. As
one might expect, the diffusion of fluorescein led to a fairly
rapid blurring of the anomalous profile and the formation of
the universal fluorescence profile.

2. Experimental procedure

The experiments were performed on a laboratory setup described
recently by Fedorets et al.®>* A thin layer of water in the central
part of the cuvette was heated from a substrate illuminated from
below by a laser beam with adjustable power of radiation. The
working volume of the setup with the main elements, including
external infrared radiation to stabilize the droplet sizes®*® is
shown schematically in Fig. 1a. The cluster was printed from an
aqueous solution of sodium fluorescein (uranine) with a concen-
tration of 3 mg 1™ " by injecting microdroplets with a piezoelectric
dispenser (MicroFab, USA), see Fig. 1b.

A Hyper E600 LED illuminator (YODN, Taiwan) and an Axio
Zoom.V16 stereo microscope (Zeiss, Germany) with a four-
position turret for optical cubes were used in the experiments.
Zeiss Fs09 and Chroma 39010 filter sets were used, whose
optical parameters allow recording fluorescein luminescence

Fig. 1 (a) Schematic representation of the working volume: 1 — piezo-
electric dispenser, 2 — water layer in a metal cuvette, 3 — laser beam, 4 -
infrared radiation; (b) injected droplets (right) form a droplet cluster (left).
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with the maximum absorption and fluorescence at wavelengths
J = 0.490 um and 0.515 pum.>’ Video recording at 15 fps was
performed with an iXon Ultra 888 fluorescence microscopy
camera (Andor, UK). Four miniature EK-8520 infrared thermal
sources (Helioworks, USA) were used to stabilize the cluster.
Parameters of EK-8520 radiation can be found in ref. 25. The
radiation sources were placed symmetrically relative to the
vertical axis of the cluster, at an angle of 23° to the horizontal
plane, and were oriented so that the axis of the radiation beam
passed through the droplet cluster. As a result, the droplets and
the water layer under the cluster were illuminated almost
uniformly. The temperature of the water surface under the
cluster, Tqyf, was monitored with a CTL-CF1-C3 pyrometric
sensor (Micro-Epsilon, USA).

The experiments were carried out at a constant total radia-
tive flux from infrared sources g = 11.2 KW m 2. Five levels of
laser power were selected, at which Ty,,s = 65 °C, 70 °C, 75 °C,
80 °C, and 85 °C (with an accuracy of +1 °C). In all experiments,
the temperature at the periphery of the water layer was main-
tained at 10 °C by cooling the cuvette with a Piccolo 280 OLE
cryothermostat (Huber, Germany). It is important to note that
even at Ty, = 65 °C, the humid air flow velocity was sufficient to
prevent spontaneously condensing droplets from penetrating
into the cluster. Because of this, the cluster consists only of
initially injected droplets during the experiment.

The developed computer program makes it possible to
determine the parameters of all cluster droplets from video
frames during the experiment: to measure their radius a and
volume v, as well as to obtain the distribution of fluorescence
brightness over the droplet cross-section. As the main charac-
teristic of droplet fluorescence, the average brightness of the
image of the droplet center I (the central pixel and eight pixels
adjacent to it) is used. Unless specifically noted, I, a, and v are
obtained by averaging over all droplets in the cluster. In the
original images, the brightness is measured in conventional
units encoded by the camera.

3. Experimental results

The images in Fig. 2 show the evolution of the cluster of
fluorescent droplets at Ty,r = 70 °C (see also Video S1, ESIT).
Hereinafter, the time reference point ¢, is considered to be the
moment of complete cluster assembly, from which the cluster
contains 16 droplets until the end of the recording, although
0.7 s before ¢, the cluster is still forming (the flying droplets are
visible in the upper left corner of the image). The noticeable
decrease in the brightness of the droplet fluorescence at ¢ = ¢, +
5 s will be discussed below.

The equilibrium droplet size obtained by infrared irradia-
tion may differ from the size of the injected droplets. Therefore,
when analyzing the measurement results, the change in the
dissolved substance’s initial concentration must be considered.
Fig. 3 shows experimental values of the normalized droplet
volume change rate #, = /v, (v, is the initial volume of the
droplet) from water layer surface temperature during the first
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Fig. 2 Formation of a cluster from droplets injected by the dispenser.
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Fig. 3 Effect of water layer surface temperature on the droplet volume
change rate.

ten seconds of observation when droplet size changes most
rapidly. A negative value of &, at T,r = 65 °C indicates a decrease
in the initial droplet size when reaching the equilibrium value. It
turned out that at Tg,s = 70 °C under experimental conditions
the initial and equilibrium droplet sizes are almost the same,
which is very useful for experiments sensitive to changes in the
initial concentration of the dissolved substance.

To understand the temperature dependency, experiments
were performed at different values of Ty, ¢ with the droplet
illumination turned off immediately after completion of cluster
formation for time t, varying from 10 to 60 s. The results
obtained are shown in Fig. 4. One can see that at Tgyf =
70 °C fluorescence of droplets after a pause in illumination is
almost independent of the pause duration (the scatter is within
the experimental error). At higher temperatures of the water
surface increasing t at first leads to a decrease of I/I,, propor-
tional to the rate of condensational growth of droplets, and
then the fluorescence intensity comes to a constant value. This
result means that the weakening of fluorescence is not due to
the thermal decomposition of fluorescein, but is due only to a
decrease in its concentration during the growth of droplets.

Fig. 5 shows the dependence of the logarithm of the
relative fluorescence intensity of cluster droplets on time at

This journal is © the Owner Societies 2023
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Fig. 4 Effect of the illumination pause t on the fluorescence intensity
of the droplet cluster. The dashed straight lines are the dependences
of v/vg on t.

Tsurr = 85 °C, when the effect of condensational growth of
droplets is maximum. The initial part of the curve is well
approximated by a linear function, which means that the
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Fig. 5 Variation of water droplet fluorescence intensity over time at
Teurt = 85 °C: solid line — measurement results, dashed line — linear
approximation by the first ten seconds.
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fluorescence decreases exponentially with time. The deviation
of the curve from the initial linear dependence can be explained
by the multistep reaction mechanism,?*° but the study of the
kinetics of fluorescein fading is beyond the scope of this study.
Note that, according to Imamura and Koizumi,*" the use of the
conventional first-order reaction works only in the case of a much
more dilute solution than the one used in our experiments.

Similar experiments at different values of water layer surface
temperature showed very close fluorescein fading rates in
droplets. The found values of the fading rate differed from
the average value by +4% in the range 65 < Tyt < 85 °C,
which can be attributed to measurement error. This result
supports the conclusion that there is no thermal decomposi-
tion of fluorescein in the cluster droplets.

Fig. 6 shows the dependences of the normalized rate of
fluorescein fading & on the dimensionless power P = P/Py,, of
the light source that excites the fluorescence of cluster droplets
and a 400 pum thick water layer. The measurements were made
at Ty, s = 70 °C and the same concentration of fluorescein in the
droplets and in the water layer. Despite the discrepancy
between the measurements using different optical cubes, the
main result is evident and does not depend on the light
source power: the fading rate of fluorescein in microdroplets
is 3-3.5 times higher than in a relatively thick water layer. The
obtained result means that photochemical reactions in the
illuminated microdroplets proceed much faster than in a
relatively thick layer of water, which agrees with the general
conclusion by Li et al.®

In most experiments, the brightness profile did not undergo
qualitative changes from the moment the droplet was
embedded in the cluster and throughout the observation time.
However, droplets with anomalous nonmonotonic brightness
profiles were also observed. Such droplets can be seen in Fig. 7,
which shows images of the same cluster of droplets at Ty, =
70 °C at different moments of time.

To compare the fluorescence profiles of droplets of different
radii is a and with different fluorescence intensities, two
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Fig. 6 The difference between the fluorescence of cluster microdroplets
and water layer. Measurements using the optical cubes Chroma 39010
(red curves) and Zeiss Fs09 (blue curves).
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variants of normalization are convenient:
o 1(7 ¢
. =200 1 = 100,0), )
_ I(r,t) — I,
Ly =100 =h g 2
Io— 1

where 7 =r/a is the dimensionless radial coordinate and I, is the
background brightness. The normalized brightness profiles of
fluorescence are important source of information about the
processes in the droplet. Fig. 8 shows both monotonic (“normal”,
Fig. 8a for droplet 16) and initially nonmonotonic (“abnormal”,
Fig. 8b for droplet 48) brightness profiles I,(7,t) at water layer
surface temperature T, = 70 °C. One can see in Fig. 8b that after
about 6 s the initially nonmonotonic brightness profile becomes
monotonic. Interestingly, the maximum brightness in the non-
monotonic profile increases as it moves toward the central part of
the droplet. This looks like the propagation of a zone of increased
fluorescein concentration as the volume of this spherically sym-
metric zone decreases with the decrease in radius.

It is obvious that monotonic profiles are similar to each
other and normalization (2) leads to their almost complete
coincidence (see Fig. 9 for droplet 16). The latter means that we
can speak of a universal brightness profile I,(7,t), which is
independent of the droplet radius and fluorescence brightness.
It is natural to assume that the universal profile corresponds to
a uniform fluorescein concentration in the droplet.

Fluorescence intensity is known to depend on liquid tem-
perature, which finds application in microfluidics.®® At first
glance, the temperature profile in the droplet may lead to an
abnormal fluorescence profile if one assumes that the initially
cooler droplet is heated from the surface while being join the
cluster. However, simple estimates show that the time of
temperature smoothing in the droplet due to the heat conduc-
tion of water is orders of magnitude shorter than the time of
evolution of the anomalous fluorescence profile. Thus, the
thermal nature of the anomalous fluorescence is ruled out.
Apparently, in anomalously fluorescing large droplets we are
dealing with a much slower diffusive smoothing of the fluor-
escein concentration after the merging of two droplets, one of
which is a droplet of pure water formed by steam condensation
over the surface of the heated water layer. Indeed, according to
Casalini et al.,*® the diffusion coefficient of fluorescein in water
is D=0.42 x 107° m® s™*, and the time of smoothing of the
fluorescein concentration in a droplet of radius a ~ 32 pm is
7p = a’/D ~ 2.5 s, which agrees well with the experimental data
(see Fig. 8).

4. Universal fluorescence profile

The observed universal profile of fluorescence of a water
droplet at a uniform distribution of fluorescein over the droplet
volume is formed as a result of two optical effects. First, when a
spherical droplet is illuminated from one side with a parallel
beam of light of uniform intensity, its absorption in the droplet
is far from uniform. Second, the droplet’s fluorescence profile,

This journal is © the Owner Societies 2023
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Fig. 8 Changes in the droplet fluorescence profile over time: (a) normal droplet 16, (b) abnormal droplet 48.

which is proportional to the power of the absorbed light, is
formed as a result of the refraction and reflection of the emitted
light on the surface of the droplet.

The light absorption in a homogeneous semitransparent
spherical particle or droplet of arbitrary size can be calculated
using a rigorous Mie solution.**° As the particle size increases

This journal is © the Owner Societies 2023

(this size is characterized by the diffraction parameter x = 2na/4,
where a is the particle radius and /1 is the wavelength of the
incident light), the general solution degenerates and does not
depend on the diffraction parameter. This asymptotic solution
is described by the geometrical optics approximation. Strictly
speaking, the wave effects do not disappear completely but

Phys. Chem. Chem. Phys.
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Fig. 9 Universal fluorescence profile of a droplet.

remain significant near caustics, where geometric optics can
give physically incorrect results.*”*°

The transition from the Mie scattering regime to geometrical
optics is most clear in the example of a comparatively simple
central-symmetric problem when the particle is uniformly
illuminated from all sides. In this case, the influence of the
fine structure of the absorption field is insignificant and the
geometrical optics gives correct results at x > 100,>**° which
are well described by the modified differential approximation
taking into account the effect of total internal reflection on the
particle surface.*’™** On the contrary, under the conditions of
our experiments, it is better to use the exact Mie solution.

For water droplets illuminated by a parallel beam of light in
the visible spectral range, Mie theory gives axisymmetric dis-
tributions of absorbed power, which are determined at x > 1
only by the refractive index of water.** The normalized absorp-
tion fields for water droplets of radius @ > 8 um, which are
characterized by the diffraction parameter x > 100, are similar.
Obviously, this leads to the universal droplet fluorescence
profile obtained in the experiments.

If the distribution of the power of absorbed radiation
inducing fluorescence over the volume of the droplet is known,
the observed fluorescence profile can be calculated using
an inverse ray-tracing procedure for a set of parallel rays
with different distances from the droplet axis. Most likely, a
similar method was used by Frakowiak and Tropea®® (there
is no description of the computational procedure in this
brief article).

Each ray, except the axial ray, is refracted on the droplet
surface, and the integration of the absorbed radiation power
should be performed along the refracted ray. The known
equations for reflection and refraction of light at the boundary
between transparent, non-scattering media should be used to
determine the directions of the rays within the droplet and to
account for the reflection of emitted light on the surface of the
droplet. It is not necessary to take into account the absorption
of this light inside the droplet. Most likely, one can neglect also
the multiple reflections of rays in the droplet. Such a computa-
tional procedure can become a subject of a separate paper.

Phys. Chem. Chem. Phys.
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The extremely weak absorption of visible light in small water
droplets, which simplifies the calculation of fluorescence, also
enables us to do without developing a complicated algorithm
for determining the field of fluorescein concentration in the
droplet volume by the observed fluorescence. It is sufficient to
consider the ratio of the measured (possibly non-axisymmetric)
image of the fluorescent droplet to the universal brightness
profile found above (this is why it was so important to deter-
mine this universal profile). The ratio found indicates the
position of the zone of increased or decreased fluorescein
concentration relative to the vertical symmetry axis of the
droplet. Note that we have already used the comparison with
the universal fluorescence profile when analyzing the anoma-
lous fluorescence of a large droplet (see Fig. 8). The possibility
of quantitative analysis of data on local fluorescence anomalies
is expected to be very useful in the experimental study of
biochemical processes in the levitating droplets.

5. Conclusions

Fluorescence microscopy with high-resolution and high-speed
video imaging was used to study the evolution of fluorescence
profiles of microdroplets in levitating droplet clusters. This type
of microscopy can be applied for chemical and biochemical
investigations of processes in microdroplets without contact
with solid surfaces. A universal brightness profile, which does
not depend on the droplet temperature and size, was found
experimentally. A physical explanation of this universal profile
based on the rigorous theory of light scattering was given.
A method for determining the parameters of the optical inho-
mogeneity of a droplet from its fluorescent image was proposed
as well. It was demonstrated that this method works for the first
observed anomalous luminescence of some large droplets with
initially high brightness at the periphery of the droplet. Physi-
cal estimates showed that the disappearance of this effect after
a few seconds is caused by the diffusion of the fluorescent
substance in the water.

Since the 1990s, elaborate techniques of biochemical and
biomedical investigation including Fluorescence Recovery After
Photobleaching (FRAP), Fluorescence Lifetime Imaging Micro-
scopy (FLIM), and Fluorescence Resonance Energy Transfer
(FRET) have been developed. These techniques enable the
visualization of complex events in cells. Potentially, a combi-
nation of FRAP/FLIM/FRET methods with the levitating droplet
cluster may lead to new advances in the study of living
systems inside microdroplets. The authors consider the present
work as the initial stage of experimental studies of chemical
and biochemical processes using new possibilities of aeromi-
crofluidics and methods of spectral optical diagnostics of
semitransparent media.
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