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Abstract

Precise control of the evaporation of multiple droplets on patterned surfaces is crucial in
many technological applications, such as anti-icing, coating, and high-throughput assays.
Yet, the complex evaporation process of multiple droplets on well-defined patterned
surfaces is still poorly understood. Herein, we develop a digital twin system for real-time
monitoring of key processes on a droplet microarray (DMA), which is essential for
parallelization and automation of the operations for cell culture. Specifically, we
investigate the evaporation of multiple nanoliter droplets under different conditions via
experiments and numerical simulations. We demonstrate that the evaporation rate is
not only affected by the environmental humidity and temperature but is also strongly
linked to the droplet distribution on the patterned surfaces, being significantly reduced
when the droplets are densely distributed. Furthermore, we propose a theoretical
method to aid in the experimental detection of volumes and pH variation of evaporating
droplets on patterned substrates. This versatile and practical strategy allows us to
achieve active maneuvering of the collective evaporation of droplets on a DMA, which
provides essential implications for a wide range of applications including cell culture,
heat management, microreactors, biochips, and so on.
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INTRODUCTION

The wetting phenomenon and evaporation of multiple droplets on
solid surfaces are omnipresent in nature and technological applica-
tions.2™ In nature, for example, the raindrops impacting on the
feathers of birds can be life-threatening due to the heat loss.* In
applications, such as coatings,> microfluidics,”*® ink-jet printing,” and
high-throughput assays,'° precise control of the droplet shapes and
the evaporation behaviors on heterogeneous surfaces is of funda-
mental importance.!> Diverse strategies have been applied to
manipulate the droplet morphology and to regulate the evaporation
rate, among which micro- and nanostructured surfaces with tailored
wetting properties are widely utilized.?? For high-throughput assays,
techniques such as lithography,* electrochemical deposition,** and
chemical functionalization'® are commonly used to design miniatur-
ized and parallelized microarrays.

Use of microarray platforms, such as the droplet microarray
(DMA), has shown that a combination of biocompatibility and
miniaturization on hydrophilic and superhydrophobic micropatterns
is capable of revolutionizing the area of “on-chip” analysis.***” This is
due to its intrinsic properties, such as increased spatiotemporal
control, efficient generation of large amounts of data, reduced
consumption of reagent and generation of waste, and enhanced
versatility. These characteristics are due to the high level of
customization, which can yield different sizes, shapes, and distribu-
tions of droplets on the DMA.18

Despite the advantages of miniaturization and parallelization,
there are also limitations to the use of the DMA platform. Common
laboratory procedures, such as temperature cycles, sample incuba-
tion, and microscopy steps, are extended from routinary tasks to
complex operations. This is attributed to the significant increase in
the evaporation rate as a result of the miniaturization of the platform
itself. In addition, the presence of multiple droplets in array format
results in a nonuniform evaporation effect. This phenomenon leads to
a drop-to-drop variation in key parameters, such as reagent
concentration, pH, and cell culture volume, causing a difficult-to-
track bias in the final outcome.

To overcome this effect and have better control of the DMA
platform, it is necessary to understand how wettability and
environmental factors such as humidity and temperature impact the
evaporation of the multiple droplets on patterned substrates. There
have been a series of theoretical and experimental investigations
focusing on interactions between multiple evaporating droplets in
recent years.'?"27 Khilifi et al.'? experimentally investigated the
interaction between water drops deposited on a substrate and found
that the variation of the droplet distance allowed control of the
evaporation kinetics. Hatte et al.?® theoretically and experimentally
studied the evaporation lifetime for closely placed ordered linear
droplet arrays and predicted the critical droplet separation length
(droplet center-to-center distance) above which interfacial interac-
tion ceases to exist. They found that when the ratio of the droplet
separation length to the droplet equatorial diameter is greater than
2.6, the vapor-mediated interaction in the studied three-droplet

system can be neglected. Schofield et al.2? theoretically studied the
diffusion-limited evaporation of sessile droplets either singly or in
pairs to quantify the shielding effect. They reported that the domain
size considerably affects the lifetime of the droplets, but this
conclusion is based on the evaporation of two-dimensional thin

122 proposed an asymptotic 3D model for

droplets. Wray et a
predicting the evaporation of multiple sessile thin droplets in pairs
and in a polygonal array. Based on this model, they theoretically
predicted the “coffee ring” effect, which demonstrates quantitative
agreement with the experimental results.>®> Chong et al.?* demon-
strated a new mechanism in a collective droplet dissolution process
by considering the convection effect, which leads to different kinetics
contrasting the shielding effect; the investigation was constrained to

.25 presented a simple

a constant contact angle of 90°. Edwards et a
interferometric technique to precisely measure the evaporation rate
of a droplet array and they demonstrated that the evaporation rate is
highly dependent on the droplet position within the array and the
confinement of droplets. Masoud et al.?® derived a theoretical model
for the diffusive evaporation rates of multiple sessile droplets on a
substrate and the findings are applicable to arbitrary contact angles
and droplet spacing. In a recent study,?” it was reported that for a
droplet in arrays, the shielding effect cannot be neglected even when
the spacing between the centers of two neighboring droplets is equal
to 10 times the droplet base radius, which is different from the
conclusion of Hatte et al.?° mentioned above. The cutoff distance at
which the shielding effect can be neglected is affected by a lot of
influential factors that deserve to be explored further in depth.

The evaporation process is also affected by the contact line
dynamics. There are two typical evaporation modes, namely, the
constant contact radius (CCR) and the constant contact angle (CCA),
which are determined by the wetting property of the surface. The
droplets usually evaporate in a combined mode, or the so-called
stick-slip mode, as reported in many studies.?®2° For a diffusion-
based evaporation, apart from the physical properties of the fluids
and the initial distribution of vapor concentration, the evaporation
rate is also highly dependent on the instantaneous droplet contact
radius and the contact angle.?° Hu et al.>° proposed an approximate
expression for the CCR mode evaporation of a sessile droplet with
the contact angle ranging from 0° to 90°. In this model, an empirical
function of the contact angle f(6) = 0.2762 + 1.30 was included, which
is confirmed by the results from the literature. The contact radius and
the contact angle can be obtained by analyzing the geometry of the
droplet. However, the geometry of multiple droplets makes it a very
challenging problem to solve. Previous studies mostly focused on
droplets with circular contact lines; analytical studies of the
evaporation of multiple droplets of other shapes due to the pinning
effect are still limited.3! Saenz et al.®2 experimentally and numerically
elucidated the evaporation of nonspherical droplets, albeit only the
evaporation of a single droplet was considered. Here, we first
propose a theoretical model to describe the single-droplet shape on
chemically patterned substrates that have an array of hydrophilic
spots surrounded by a superhydrophobic background (see the
Supporting Information: Figure S1 for more information). The square
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spot array was chosen for the study of the evaporation behaviors
because it is most suitable for microscopy readouts due to the square
field of view, while the circular configurations are used only for the
pH experiments (see the Methods section for more details and
information on the substrate formats of the DMA). This model
enables precise description of the droplet shapes with sharp corners;
thus, it is more accurate than other models when the droplet shape
becomes anisotropic due to the wetting effect on the patterned
surface.333* Moreover, we develop a thermodynamically consistent
model, the phase-field model,>>~” which has been proven to be a
robust method to handle the wetting problem and evaporation
behaviors. Furthermore, we propose a concept to simultaneously
detect the variation of the pH values of the droplet as a function of
its volume. Our strategy offers essential guidelines for the develop-
ment of a digital twin system for the DMA platform, whereby the
experimental design on the DMA platform can be controlled, where
steps such as conditions and the duration of the cell culture, sample
preparation in droplets, microscopy steps, and others are very
important for achieving robust results in miniaturized high-
throughput screenings on a DMA chip.

The interaction of the digital twin and the physical twin on the
DMA platform can be described as follows: experimental data from the
physical twin, such as humidity, temperature, droplet base area,
droplet height, and so on, are collected as input to feed into modeling
of the digital twin. In the digital twin, the input data are evaluated,
analyzed, and adapted through theoretical models and simulations
conducted through the solver on the local personal computer or super
computer. The collected data in the experiments are used to validate
the models and identify the key influential factors for establishing the
digital twin model, which accurately reflects the physical twin. Once
the digital twin is established, the key parameters are varied to obtain
predictions for the evolution of droplet shapes and volumes under
different conditions. This serves as a guidance for the physical twin
and provides insights into the optimization of experimental conditions
on a DMA platform. The aim of establishing the digital twin for the
DMA platform is to achieve precise control of the evaporation of

multiple droplets on a DMA platform during experimental procedures.

RESULTS AND DISCUSSION

In the framework of the digital twin system, we use a phase-field
model of Cahn-Hilliard (CH) type with a complex wetting boundary
condition, which is formulated to include the Young's contact angle of
a droplet on a chemically patterned substrate. The complex wetting
boundary condition has been validated through experimental data
and theoretical predictions in our previous work (see Refs. [38, 39]
for the Allen-Cahn model and Ref. [40] for the Cahn-Hilliard model).

In the current model, we use a Dirichlet boundary condition with
a constant composition c¢=co on the vertical and top boundaries,
which are far from the droplets, and thus cq corresponds to a certain
environmental humidity. By changing co, evaporation occurs via
diffusion. The driving force of the evaporation is the constant

Droplet__ -wiLey—L 2%

chemical potential flux.** More details are presented in the
Numerical model part of the Method section and the Supporting
Information: Appendix. There are many other models that are used to
address the complex phenomenon of droplet evaporation. We refer
the reader to Cazabat and Guéna*? and Semenov et al.*® for more
details. The present model is validated by simulating the evaporation
of a single droplet confined within a square hydrophilic spot with a
side length of 1 mm. The simulation results are compared with the
experimental data. The droplet considered here is an aqueous
solution of pure water with 5% glycerol vol/vol, which is referred
to as “gly” throughout the manuscript. Glycerol was added to water
to reduce the evaporation rate of the droplet during the experimental
measurements so that the initial droplet height can be more easily
controlled. Figure 1ab shows, respectively, the simulation and
experimental snapshots of a droplet evaporating under the humidity
H=36%. During the evaporation process, the droplet fully occupies
the hydrophilic spot, suggesting a CCR mode of evaporation.
Additionally, we plotted the normalized height h/hg and the contact
angle versus the evaporation time t (s) for this evaporating droplet,
which is shown in Figure 1c, where the circles correspond to the
experimental results and the solid lines depict the simulation results.
It is found that the simulation results are consistent with the
experimental data. It should be noted that we focus on the range for
h/hg > 0.1 because at the final stage, the droplets become very small
and the ratio of the interface width to the droplet size is relatively
large, which may lead to lower accuracy of modeling. Moreover, in
the final stage, the solution used in the experiments becomes thick
and crystallization may occur, and the evaporation process is more
complex than the initial stage. This complex process is beyond the
scope of the present work. The relatively large deviation between the
simulation and the experimental results of contact angles in the final
stage can be explained as follows: in the present phase-field (PF)
model, we only consider the diffusion process and we do not include
fluid dynamics in the model. During the evaporation process in the
simulations, the time scale for the surface tension effect and the fluid
flow effect is assumed to be much larger than the time scale of the
diffusion process, so that the droplet shape deviates a little bit from
the equilibrium shape in the simulations. However, in real-world
experiments, the droplet show adjustment of shape during the
evaporation process through the fluid dynamics effect. On the other
hand, there is a contact angle hysteresis effect caused by imperfec-
tions, such as surface defects or irregularities, which lead to the
deviation of the contact angle and droplet shape. The overall good
agreement between the simulation and experimental results reveals
that the phase-field model developed in this work is robust and valid
for describing the evaporation process of a single droplet on a
chemically patterned DMA surface.

Similarly, as shown in Figure 2a, we conducted a series of single-
drop evaporation experiments for solutions commonly used in
laboratory applications, such as saline buffers and cell culture media
with and without cells. Once the height evolution data were
obtained, the normalized droplet height h/hy was plotted versus
the nondimensionalized time f represented by the different-colored
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FIGURE 1 Comparison of simulation and experimental results for the evaporation process of a single gly-droplet on a square-patterned
substrate. (a) The first and second rows show the top and side views for the simulated evaporating droplet at different times, respectively.
(b) Corresponding experimental results. The squared spot is 1 mm? in size. During the evaporation process, the droplet fully occupies the
hydrophilic spot, suggesting a constant contact radius (CCR) mode of evaporation. (c) Time evolution of the normalized droplet height h/hg and

contact angle 6. Here, hg (hg =

0.47 mm) and h (mm) are the initial droplet height and the transient droplet height, respectively. The simulation

results and experimental results are represented by the solid lines and dots with error bars. The coefficients of determination R? for droplet
height and contact angle are 0.9582 and 0.7861, respectively. Scale bars: 0.5 mm.
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FIGURE 2 Analysis of the morphology of a single droplet on a square-patterned substrate. (a) Normalized droplet height h/hg (ho =
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function of nondimensionalized time £. The solid line denotes the simulation result and the colored circles indicate the experimental results obtained from
different drop compositions. The coefficients of determination R? range from 0.9194 to 0.9910. (b) Droplet height as a function of volume for an
equilibrium droplet on a square-patterned substrate. The red and green points show theoretical and simulation results, respectively. The coefficient of
determination R? is 0.9696. The inset in (b) illustrates a schematic of an equilibrated droplet described by the theoretical model. The droplets in the
simulations and the theoretical model fully occupy the superhydrophilic square spot, which is valid for all of the studied liquids in the considered volume
range. Cell (100-1000), number of Hela cells in the drop; DMEM, Dulbecco's modified eagle medium; DPBS, Dulbecco's phosphate-buffered saline; Gly,
aqueous solution of pure water with 5% glycerol vol/vol; NaCl (0.1, 2, 5 M), sodium chloride at different molar concentrations in water; Sim, simulation.

circles. Here, the scaled time { is given by f = tDo/x*2, with De (m?/s)

and x*(m) denoting the effective diffusion coefficient and the

characteristic length, respectively. More details of the nondimensio-

nalization of the related variables are presented in the Supporting

Information: Appendix section. The colored circles on the graph in

Figure 2a collapse onto a master curve that coincides with the

simulation result (solid curve).

In the simulations, we solve the

diffusion equations, revealing the diffusion-dominated nature of
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the evaporation processes for the liquids considered in the current
work. By comparing the simulations with the experimental results of
distinct liquid solutions, the effective diffusion coefficient D, is
identified, as listed in Table 1. Note that the effective diffusion
coefficient D, used here is a modeling parameter in the simulation
that is related to, but not the same as, the actual diffusion coefficient
for system under investigation. The physical value describing the
diffusion of one substance into the other is commonly determined
experimentally.*4~#¢ In our investigation, we assume that the solution
is dilute and the late stage of the evaporation is not our focus.
Therefore, to simplify the model, the effective diffusion coefficient is
assumed to be constant. The model for considering the transient
behavior of the effective diffusion coefficient will be addressed in a
forthcoming study. Among the liquid solutions listed in Table 1, water
evaporates the fastest with the maximum D., while the aqueous
solution of 5% glycerol evaporates at a relatively slower rate,
showing smaller D.. For the DMEM cell culture media, increasing the
concentration of cells reduces the diffusivity, likewise increasing the
concentration of NaCl in water.

Managing the evaporation phenomena on the DMA platform is
very important, since the concentration of the solutes and the pH
value in each individual droplet of cell culture media on the DMA are
closely related to the droplet volumes. However, measuring the

volume of a single droplet on a square spot over time is challenging.

TABLE 1
Liquids Water Glycerol DMEM
D/(1078 m?%/s) 1.88 1.32 1.58
De/Dewater 1.00 0.70 0.84

Droplet__-wiLey—>*

To simplify this task, we propose an experimentally quantifiable
theoretical model that relates the droplet volume to the droplet
height. More details are described in the determination of droplet
height versus volume part in the Method section. We describe the
droplet shape by using a series of contour lines. The inset in Figure 2b
illustrates a schematic of an equilibrated droplet described by the
theoretical model. The functional relationship of droplet height
versus volume predicted by the theoretical model is shown by the red
line in Figure 2b, which is confirmed by the phase-field simulations
(green line).

We further validated our phase-field model for simulating
multiple droplets' evaporation against the experimental results.
Figure 3a,b shows snapshots for the multiple droplet evaporation
processes from phase-field simulations and experiments, respec-
tively. The droplets in the center show a slower evaporation rate
due to the presence of neighboring droplets, causing nonuniform
evaporation. This phenomenon of nonuniform evaporation is caused
by the heterogeneous distribution of the concentration of the vapor
surrounding the droplets, known as the shielding effect.?! Figure 3c
quantitatively presents the evaporation processes (evolution of
normalized height) for droplets at positions 1, 2, and 3, as highlighted
in the first image of Figure 3a. The solid lines and circles show the
simulation and experimental results, respectively. The results for the

droplets at different positions are represented by different colors

Effective diffusion coefficients D, for different liquids determined by comparing experiments with phase-field (PF) simulations.

DMEM® Nacl°? NacCl? NacCl®
1.27 1.73 1.56 1.29
0.68 0.92 0.83 0.69

Note: The numeric index of Dulbecco's modified eagle medium (DMEM) represents the number of Hela cells in the droplet; the indexes 0.1, 2, and 5 of

NaCl represent the molar concentration per liter of pure water.
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FIGURE 3 Comparison of the evaporation process for multiple droplets on a square-patterned substrate. The squared spots are 1 mm? in
size arranged in a squared array 4 x 4 pattern configuration with edge-to-edge distance D = 0.5 mm. (a, b) Simulation and experimental results,
respectively. (c) Time evolution of the normalized droplet height h/hq (ho = 0.47 mm) for the droplets at positions 1, 2, and 3, as highlighted in the
first image of (a). The solid lines and circles show the simulation and experimental results, respectively. The results for the droplet at different
positions are distinguished by different colors: 1, red; 2, green; 3, blue. The coefficients of determination R? for the results of droplets at
positions 1, 2, and 3 are 0.9812, 0.9254, and 0.9533, respectively. Scale bars: 1 mm.
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(1, red; 2, green; 3, blue). An excellent agreement between the
simulations and experimental data was observed, and the shielding
effect was successfully reproduced in the phase-field simulation. The
deviations appearing at the early stages of evaporation are due to
the fact that there is an accumulation of vapor phase surrounding the
droplet array in the experiments when experimental observations
were conducted, whereas in simulations, there is no accumulation of
the vapor phase in the initial stage, so that the relatively low vapor
concentration accelerates the evaporation in the simulations.

As a next step, we systematically studied the effects of humidity,
temperature, and the distance between droplets on the evaporation
process to achieve better control of droplet formation and evapora-
tion behavior, aiming to provide important guidelines for the
experimental design of miniaturized and parallelized experiments on
the DMA. Figure 4a,b shows the evaporation processes (h/hg vs. t)
under the humidity H = 36% for multiple droplets in 2 x 2 pattern and
4 x 4 pattern, respectively. In Figure 4a, the curves with different
colors correspond to different distances (edge to edge) between the

(a) H=36% (c)
s §
5 5
2 z

0.0 L n n . L n
0 50 100 150 200 250 300 350
Time t(s)
(b) H=36% (d)
1.0 * P1,D=0.2 mm
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§ 06F s
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T 04t *
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0.0 " L " ) L ) . A
0 50 100 150 200 250 300 350 400 450

Time t(s)

droplets D (mm). Due to the symmetric arrangement of the droplet
position in the 2 x 2 pattern, the four droplets evaporate uniformly. It
is further observed that as D decreases (from 0.5 to 0.2 mm), the
normalized height h/hg of the droplets decreases more slowly, which
are both slower than the single droplet, reflecting the decrease of
the kinetics of droplet evaporation. A small distance between the
droplets causes an enhanced shielding effect, due to the relatively
higher local concentration of vapor, which slows the diffusion
process of water from droplets to the surroundings. A similar effect
is observed in Figure 4b for the case of the 4 x 4 pattern, albeit the
evaporation kinetics for droplets at the positions 1, 2, and 3 are
different. These are represented by the distinct types of lines in
Figure 4b (see the inset figure in Figure 4b for the definition of
droplet distance D and positions 1, 2, and 3). The droplets at position
3 (solid lines) evaporate slower than those at positions 1 and 2
(dashed lines) for both the studied distances D. Note that the curves
for droplets at position 3 with different D (solid lines) diverge more
than these for droplets at positions 1 and 2 (dashed lines). This
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FIGURE 4 Simulation of the influence of the droplet distance D and humidity H on the evaporation process. (a, b) Time evolution of the
normalized droplet height for the evaporating droplets under the same humidity H = 36% but with different droplet distances. Initially, we
consider 4 (in 2 x 2 pattern) and 16 (in 4 x 4 pattern) sessile droplets with the same height hg = 0.47 mm in (a, b), respectively. D = « denotes the
result for single-droplet evaporation. (c, d) Evaporation behaviors for the 16 droplets under different humidities but with a certain droplet
distance ([c] D = 0.2 mm; [d] D = 0.5 mm). The snapshots next to the plot diagrams denote the top views of the evaporating 16 droplets under the
humidity H = 36% with the corresponding droplet distances. Scale bars: 1 mm.
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reveals that droplets at position 3 are more sensitive to the variation
of D than droplets at positions 1 and 2. In addition, as D increases
from 0.2 to 0.5mm, the curves for the evaporating droplets at
different positions become less divergent (see the differences in the
red and green curves in Figure 4b, respectively). It is anticipated that
uniform evaporation can be observed for a very large value of D = ,
which shows the same evaporation kinetics as a single droplet with
the fastest evaporation behavior (blue solid line in Figure 4b),
whereas nonuniform evaporation occurs for small values of D, such
as D=0.2 and 0.5 mm.

Apart from the position of the droplet within the array and the
distance between the droplets, the environmental humidity H is an
important factor influencing evaporation behaviors. Figure 4c,d
shows the influence of the environmental humidity on the evapora-
tion process of multiple droplets in 4 x4 pattern with D=0.2 and
0.5 mm, respectively. In each diagram, the results for droplets at
different positions are distinguished by different types of lines,
whereas the results for droplets under different environmental
humidities are distinguished by different colors (red: H = 10%, green:
H=36%, blue: H=50%). It is found that a decrease in the
environmental humidity remarkably accelerates the evaporation
process. However, the three groups of evaporation curves for
droplets at different positions but under the same environmental
humidity (either in red, blue, or green) diverge almost to the same
extent. This reveals that environmental humidity has a minor
influence on the shielding effect. The extent of divergence of the
evaporation curves with the same color (i.e., under the same
humidity) is merely dependent on the droplet distance D. In summary,
the evaporation rate is closely related to the environmental humidity,
but the difference between the evaporation rates of droplets at
different positions is affected by the droplet distance, since the
shielding effect is more related to the local humidity than environ-
mental humidity. This shielding effect can be weakened by increasing
the droplet distance.2°=2? For a very large drop-to-drop distance, the
shielding effect can be neglected to guarantee ideal parallelization on
the DMA. However, due to the limitation of computational load for a
very large domain, this cutoff distance is not the focus of our current
work. Nevertheless, the shielding effect slows down the evaporation,
which is beneficial for establishing a stable culture environment.

To examine evaporation under different temperatures, our model
was extended by relating the effective diffusion coefficient D, to
temperature T (K) as?’

D. = 0.01498T181(1/Mp + 1/Mg)°>

PTeaTea05(V% + V) W
where, P (N/m?) is the pressure. The parameters M; (g/mol), T (K),
and V; (m®/mol) are the molecular weight, the critical temperature,
and the critical molar volume of component i (i = A, B), respectively. In
the studied system in this work, we assume that the temperature and
the pressure change within a small range. Thus, parameters P, M;, T,
and V; are constant values; therefore, we have D, « T8, Based on

the value of D, at room temperature T =298 K, we can calculate D,

Droplet__ -wiLey—L"*%

for other temperatures. It should be noted that in the literature, there
are many other empirical equations relating the effective diffusion
coefficient D, with temperature T, which are closely tied to the
experimental observations of the studied material system.**~%¢ Here,
we show the concept of extending the phase-field model by adopting
the empirical equation that is supported by experiments. The
empirical equation implemented within the phase-field model is the
key parameter that decreases the gap between the real DMA
platform (physical twin) and the digital twin.

As a main goal of creating a DMA digital twin, we have utilized
our model for describing a real-life wet lab application case. Figure 5a
shows the simulation of the evaporation kinetics of a single droplet of
DMEM cell culture media on a square pattern. In this simulation, it
can be observed how the droplet is exposed to a simulation of
different typical experimental conditions like temperature and
humidity, which correspond to refrigeration, incubation steps, and
manipulations at room temperature. The solid black line denotes the
evolution of the normalized volume V/V, under the conditions with
the given temperature and humidity at different time intervals, as
highlighted in different colors in Figure 5a, while the dot-dashed red
line represents how the concentration of solutes (e.g., cell culture
media components, or drugs in screening applications) varies as the
volume changes, and this concentration change is calculated using
the dilution equation cq1V1 = c42V2 and the equation Rcy = (g2 — €41)/
cq1 at each point. Here, cgi (mol/m?) and V; (m®) are the concentration
of the drug-screening molecule and droplet volume at time point t;
with i=1 or 2. Rcy represents the corresponding concentration
increase rate. As reference lines, the dashed green line indicates the
theoretical prediction for the evolution of V/V, for droplets under the
combined conditions of the given temperature and humidity at
different stages, while the black dashed line represents the evolution
of the normalized volume V/V, for droplets under a constant
condition of H=50% and T=25°C. The theoretical prediction is
based on the diffusion-based evaporation model,°2° which assumes
that the rate of droplet volume change Vi (m3/s) is proportional to
the effective diffusion coefficient D, droplet base radius Ry (mm),
vapor concentration difference near and far from the interface Ac,
and geometric factor f(8), which is related to the contact angle, that is,
Vimx DeRLf(B)Ac. In the whole evaporation process, the droplet base
radius Ry, is constant, Ac is proportional to the relative humidity H,
and the effective diffusion coefficient D, for different temperatures
can be calculated according to the relation De « T*82. To simplify the
influence of the contact angle, we use f1(8) and f»(8) to describe
geometric factors for large contact angles (V/Vp20.3, t=0-1845)
and small contact angles (V/Vp < 0.3, t = 184-326 s), respectively. By
fitting the evaporation rates at two typical time intervals t =76-110s
(for large contact angles) and t = 184-256 s (for small contact angles)
with the simulation results, we can calculate the evaporation rates at
other time intervals, as listed in Table 2. In Table 2, the simulated
volume change rates at different time intervals are also listed, which
show good agreement with the theoretical predictions. The dashed
green line in Figure 5a is obtained by assuming the same initial
volume as in the simulation and using the theoretically predicted
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FIGURE 5 Combined influence of temperature T and humidity H and monitoring of droplet pH. (a) Simulation of the evaporation dynamics
for a single droplet on a square-patterned substrate under different T and H. Droplets of Dulbecco's modified eagle medium (DMEM) cell culture
media are considered. The solid black line represents the simulation result under conventional laboratory conditions with the given temperature
T and humidity H at different stages, which are highlighted by different colors. The dashed green line reflects the theoretical prediction under the
same conditions. The dot-dashed red line represents the concentration change rate of a solute (e.g., cell culture components, drugs, and
compounds) under the same conditions. T=37°C; H = 50%: droplets exposed to cell culture incubator conditions. T = 50°C/T = 80°C; H = 50%:
heating process for cell lysis by thermal shock. T=2°C; H=10% and T = 8°C; H = 50%: cooling process to complete the cell lysis mediated by
thermal shock. T=25°C; H = 36%: the conditions for manipulation of the samples after undergoing thermal shock. Specifically, this involves
performing cell lysis control under a microscope. T = 25°C; H = 50%: the microenvironment within the liquid printer to print new reagents in each
droplet. The black dashed line indicates a reference simulation result under H = 50% and T = 25°C. (b) Functional relationship between the mean
intensity of the droplet color and the pH value. The pH values for droplets with different volumes are individually measured in experiments. The
fitting function is indicated by the dashed line and the coefficient of determination R? is 0.9973. (c) Evolution of the pH value during the droplet
evaporation process. The initial state of the evaporating droplet corresponds to the third case from (b), with pH = 7.3. The measured pH values
are based on the intensity measurement. The inset shows the functional relationship between pH value and droplet volume.

evaporation rates in Table 2. From O to 110, the humidity for the
solid black and dashed black lines is the same but the temperature for
the solid black line is higher than that of the dashed black line. In this
case, the solid black line decreases slightly more quickly due to the
heating effect. The similar change of volume in time for the heated
cases, especially at T=37°C and 50°C, when compared to the dashed
black line (T = 25°C) is due to the delayed response in the evaporation

process when switching from different temperatures. The delayed
response occurs because the transport of the vapor phase needs
some time to establish a new quasi-static evaporation state for a new
condition of the given temperature and humidity. Later on (from 110
to 184 s), although there is a cooling effect at T = 2°C, the solid black
line declines even more quickly than the dashed black line because
the very low environmental humidity (H = 10%) for the solid black line
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TABLE 2 Evaporation rates obtained from simulation results Vi, and theoretical predictions Vine, under conventional laboratory conditions
with the given temperature T and humidity H at different time intervals.
Time intervals 0-38s 38-76s 76-110's 110-184 s 184-256 s 256-293 s 293-326 s
Conditions (T; H) 37°C; 50% 50°C; 50% 80°C; 50% 2°C; 10% 8°C; 50% 25°C; 36% 25°C; 50%
Viim/(107° mm®/s) 4.95 4.95 481 4.19 1.87 2.23 1.43
Viheo/ (107 mm®/s) 3.80 4.10 4.81° 5.51 1.87° 2.66 2.07

Note: The theoretical results for the evaporation rates labeled by indexes a and b include fitting values from the simulations for large and small contact
angles, respectively. The time intervals 0-184 and 184-326 s correspond to large and small contact angles, respectively.

predominantly drives the diffusion process. Thereafter, from 184 to
256s, with the same humidity but lower temperature, the solid black
line declines slightly slower than the dashed black line, showing a
pure cooling effect. From 256 to 293 s, the solid black line declines
slightly quicker due to the lower humidity. In the final stage, the two
curves have the same temperature and the same humidity; thus, the
two curves decline nearly in parallel. The green dashed line shows
good agreement with the solid black line. The slight deviation is due
to the delayed response in the evaporation process due to switching
from one condition to another. During the whole evaporation
process, the change rate of solute concentration evolves inversely
proportional to the variation of volume. As shown in Figure 5c, this
variation of the solutes in the DMEM leads to an increase of the pH
value of the solution. We have additionally plotted the functional
relationship of Rcy versus V/Vq in the Supporting Information:
Figure S4. The interested readers are referred to the Supporting
Information: Appendix section.

The pH level of the culture medium is a crucial factor that affects
various cellular processes essential for promoting cell growth and
survival. Changes in pH levels can affect nutrient solubility and
availability, metabolic pathways, and protein folding, all of which are
vital to cellular activities. By performing cellular assays in small droplets,
even slight changes in volume generate a fluctuation in the concentration
of metabolites and salts, leading to changes in pH levels. Therefore,
precise monitoring of pH changes during the evaporation process is
crucial to optimize cell culture conditions and to improve the perform-
ance of cell assays within droplets. In this study, we determined the pH
of DMEM droplets containing a pH indicator without cells to obtain the
pH value evolution during the whole evaporation process. In Figure 5b,
the changes in the mean color intensity of DMEM droplets containing a
pH indicator during the evaporation process were analyzed. The
experiments for monitoring pH were conducted for droplets on a
circular pattern (see the Supporting Information: Figure S1 for more
details of the pattern). The measurement of the pH values and color
intensity analysis was conducted for a single droplet that shows the same
behavior as an individual droplet within an array with the droplet distance
larger than the cutoff distance. The circular pattern was chosen for two
specific reasons. First, the circular pattern facilitates a more uniform color
image analysis compared to the square array because in the case of the
square lattice, there is nonhomogeneous evaporation due to changes in
the local curvature of the droplet, which also leads to local changes in the

pH value. The second reason is that because the diameter is 1.4 mm, it

can accommodate a larger volume of liquid, providing a larger window for
capturing high-quality images of the slides during the evaporation
process. This allows us to capture more images during the evaporation
process, providing us with a greater number of data points for
analysis. We relate the pH value to the mean intensity with a fitting
function: pH = aM? + bM + m with a = 6.30 x 107>, b = 8.34 x 1073,
and m = 5.81. Here, the variable M represents the mean intensity of the
color (more details of the obtained results are presented in the
Supporting Information: Table S1). Utilizing this functional correlation,
we were able to trace the pH value changes of the droplets throughout
the entire evaporation process in the experiment. The obtained pH value
evolution is plotted in Figure 5c, where the inset shows the functional
relationship between the droplet volume and the pH value. The volumes
of the experimental droplets for pH value calculation were determined by
measuring the height of the droplets during the experiment, which allows
correlation of the real-time data of height with the mean intensity during
the evaporation process. It is worth noting that we aim to propose a real-
time method to track changes in the pH and solute concentration of a
droplet that is closely linked to the volume change. The proposed
method is applicable irrespective of whether the studied droplet is a
single droplet or an individual droplet within a droplet array so long as the

droplet volume is detectable.

CONCLUSION

In open parallelized and miniaturized platforms, for example, DMA,
accurate volume control is crucial for high-throughput applications. In
this work, we show that precise volume control of droplets can be
achieved through a dedicate maneuvering of the evaporation
process. We have experimentally and numerically explored the
evaporation behavior of droplets on a DMA under various conditions
by controlling the environmental humidity and temperature, as well
as wetting properties. Remarkably, the phase-field simulations show
excellent agreement with experiments for the evaporation of a single
droplet and multiple droplets on a patterned substrate. Specifically,
multiple droplets on surfaces with arrays of patterns (e.g., 4 x4 or
more) indicate nonuniform evaporation rates due to the locally
nonuniformly distributed concentration of water vapor formed during
the evaporation process, the so-called shielding effect. We further
show that the shielding effect can be circumvented by increasing the

droplet spacing and that the evaporation rate depends strongly on
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the environmental humidity. Since the shielding effect slows down
the evaporation and facilitates a stable culture environment, a
guantitative description of volume evolution with time for an
individual droplet within the droplet array in the presence of the
shielding effect warrants an in-depth investigation. Some recent
studies on this topic include the simulation work of Chong et al.?* and

I.,%¢ in which they considered the

the theoretical work of Masoud et a
collective evaporation behaviors of droplet arrays under the
influence of the shielding effect.

To expand the scope of the phase-field approach for modeling
the real evaporation process under the combined influence of
humidity and temperature, we adopted an empirical equation that
can be experimentally determined. Apart from the numerical model,
we have also proposed a theoretical model to describe the shape of a
droplet constrained on a noncircular pattern, which yields the
functional relationship between the droplet volume and droplet
height and thus simplifies the determination of droplet volume in
experiments. This theoretical model can be easily extended to
examine other topography-based wetting morphologies.

To assess the impact of evaporation on droplet composition
during common laboratory procedures, we established a real-time
method to track changes in the pH and solute concentration. Using
DMEM culture medium as a proof of concept, we observed that the
decrease in volume during an assays can cause a significant change in
the pH and solute concentration; these changes not only have the
potential to impact cell culture growth and stability but can also
affect critical factors such as cell differentiation®® and drug
delivery,** among others, which are crucial aspects that need to be
regulated in, for example, drug screening assays. Although our
method was specifically tested on DMEM culture medium, it has
potential applications for other compounds and even chemical
reactions, providing a broad scope for the control of high-
throughput miniaturized assays on DMA. However, further research
is needed to address challenges such as the effects of pH levels on
the physical properties of droplets and the impact of solute
concentration on product formation in miniaturized synthesis
reactions. Our study highlights the potential of establishing a digital
twin system for miniaturized and parallelized applications that require

real-time control of droplet behavior.

METHODS

The experiments were performed using chemically patterned micro-
arrays (DMAs) from Aquarray on Schott Nexterion microscope slides.
Two substrate formats were used: (1) rough glass slides with 1 mm?
hydrophilic spots surrounded by superhydrophobic borders spaced
0.5 mm apart and (2) rough glass slides with circular spots 1.4 mm @
surrounded by superhydrophobic borders spaced 2.2 mm apart (see
the Supporting Information: Figure S1). The square spot array was
chosen for the study of the evaporation behaviors of droplets
because it is the standard array used in cell experimentation in our
research group and it is most suitable for microscopy readouts due to

the square field of view. The four sides of the squares provide clear
reference points for accurate positioning and alignment, ensuring
consistency across multiple samples and facilitating the reproducibil-
ity of our experiments. Furthermore, as the development of this
digital twin is intended to provide us with complete information
about our system for applied use, it is crucial to begin our research by
focusing on the ultimate long-term goal, which is a digital twin that
can be used in assays on a 672 square spot array. Last but not the
least, the surface area of a square array is higher than that of a
circular spot array. The circular configurations are only used for the
pH experiments.

DMA slides were purchased from Aquarray GmbH (Cat. No.
G-np-102, G-dd-102, I-np-102, I-dd-102, I-dd-102 and Cat. No.
G-np-202, G-dd-202, I-np-202, I-dd-202 on the website (for
more details, please visit: https://www.aquarray.com/dma-slide).
The surface fabrication method consists of first creating a rough
coating based on nanoparticles functionalized with vinyl groups,
which are subsequently functionalized either by hydrophilic or
hydrophobic thiol via the thiol-ene photoclick reaction.

The respective liquids such as Dulbecco's buffered saline (DPBS),
glycerol 5%, Dulbecco's modified eagle's medium (DMEM), NaCl (0.1, 2,
and 5M), and pure water were printed at desired volumes on the
respective DMAs using the Certus flex liquid dispenser (Fritz Gyger AG).

Evaporation processes were observed using a KEYENCE
Fluorescence Microscope BZ-X810 (Keyence Corporation) for top
views and a Kriiss DSA 25 contact angle goniometer for side views.
ImageJ software (National Institutes of Health) was used to measure
droplet heights and contact angles, with the scale based on the spot
dimensions.

The temperature and humidity were measured using the DHT22
sensor (Adafruit Industries LLC) controlled by the Arduino UNO Rev3
microcontroller board (Arduino). The ambient relative humidity H and
ambient temperature T are, respectively, 36 +2% and 25+ 1.2°C,
unless specified otherwise.

A pH scale (6.0-9.5) and sample (pH = 7.4) were prepared with
DMEM without phenol red using Cresol red (Supelco Inc) by a
Mettler Toledo FE20/EL20 pH Meter (Mettler Toledo). Afterward,
the solutions were dispensed on 1.4 mm @ spots DMA at a volume of
1.4 uL. Thereafter, the DMA was placed in a CanoScan8800F (Canon)
to take an image of the pH scale and samples. The images have 3165
and 6178 pixels for width and height, respectively, and the horizontal
and vertical resolutions are both 6400 dpi. The scanning speeds for
300 and 4800dpi are 1.0 and 12.1 ms/line, respectively. Next, the
DMA was left to evaporate inside the scanner and images of this
process were taken every 5 min. Finally, the intensity of the color for
the evaporating droplet was measured using Gridscreener soft-
ware,*® which allows determination of the correlation of the initial
color's mean intensity of the pH scale with the mean intensity
variation of the samples upon evaporation. In parallel, a replicate of
the same test was monitored using a goniometer to measure the
evaporating droplet height at each point. The humidity and
temperature inside the scanner and the goniometer were monitored
using the DHT22 sensor.
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FIGURE 6 Schematic of the equilibrium droplet shape on a
square-patterned substrate in a three-dimensional coordinate system
(OXYZ). The liquid-gas interface is described by a series of contour
lines. The point A highlights the apex of the droplet and h shows the
droplet height.

We describe the liquid-gas interface with a series of contour
curves obtained by cutting the droplet cap with flat surfaces parallel
to the droplet base, as shown in Figure 6. When h, = 0, the contour
curve approaches a square, while as h, increases, the curves become
smoother and rounder, becoming circular near the apex of the
droplet. We construct a mathematical formulation of these contour

curves as follows:
(y-ry+nx-rk+r)-A=0. (2)

The parameter r; is the radius of the inner tangent circle of the
square pattern. The parameter (A€ [0, A,.x]) controls the roundness
of the curve, which is related to the height hy(h, € [0, h]), as proposed
in the equation hy(A) =hy/Amax. The parameter h represents the
droplet height and Apa =r* is the maximum value of A. The droplet
volume is calculated using V = ng(h)‘)dh,\, A(hy) denoting the surface
area for the droplet cross-section on height h,. For a certain V and a
certain base pattern, h can be determined. In sum, hy(A) and Equation
(2) can be used to identify the 3D droplet shape.

We consider the evaporation kinetics of multiple sessile droplets
of pure fluids on nonheated surfaces. The different liquids and
solutions are treated as pure fluids with certain volatilities. To model
such a two-phase system, the order parameter c is introduced to
characterize the phase state. The free-energy functional of the

system F (J) is written as
F= [,If(0) + 20e(VcPlde, (3)

where Q (m3) is the spatial domain and € (m) is the interface width.
o (N/m) is related to the surface energy density.

The free-energy density f is
o
f(c)=(;)[c|nc+(1—c)In(l—c)+Xc(1—c)]. (4)

The parameter X indicates an interaction coefficient between the
two components. This is a double-well function with energy minima
(Ce1,f (Ce1)) and (cenf (Ce2)). The order parameters c.q and c., denote the
two equilibrium order parameters and fulfill f'(ce1) = f'(ce2) = O.

mm -WiI LEY_\ﬂ

The CH equation is given as
ac/dt =V - [(e/0)Dec(1 - ¢)V(6F/6c)], (5)

where D, is the effective diffusion coefficient.
At the substrate, the following boundary condition at the

51,52

fluid-substrate interface is set:

40e Ve - n - (vgs -~ vis)l'(c) = O, (6)

with liquid-gas surface tension yg = o and I(c) denoting an interpola-
tion function that fulfills I{c.1) = 0, I(ce2) = 1, and I'(ce1) = I'(ce) = O.
The notation n represents the inward pointing normal vector of the
solid substrate. The parameters yjs (N/m) and ygs (N/m) are, respec-
tively, the interfacial tensions of the liquid-solid and gas-solid
interfaces. This boundary condition has been validated in previous
work for simulating the equilibrium shape of droplets on chemically
patterned substrates.®3**%? The current model is capable of
modeling a combined wetting effect and evaporation process by

choosing appropriate boundary conditions.
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