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Droplet encapsulations using liquid or solid shells are of significant interest in
microreactors, drug delivery, crystallization, and cell growth applications.
Despite progress in droplet-related technologies, tuning micron-scale shell
thickness over a large range of droplet sizes is still a major challenge. In this
work, we report capillary force assisted cloaking using hydrophobic colloidal
particles and liquid-infused surfaces. The technique produces uniform solid
and liquid shell encapsulations over a broad range (5-200 pm shell thickness
for droplet volume spanning over four orders of magnitude). Tunable liquid

encapsulation is shown to reduce the evaporation rate of droplets by up to
200 times with a wide tunability in lifetime (1.5 h to 12 days). Further, we
propose using the technique for single crystals and cell/spheroid culture
platforms. Stimuli-responsive solid shells show hermetic encapsulation with
tunable strength and dissolution time. Moreover, scalability, and versatility of
the technique is demonstrated for on-chip applications.

The use of droplets has rapidly progressed for a wide range of appli-
cations such as microreactors"?, biochemical assays®, sensors**, opto-
fluidic resonators®, and crystal growth”®. However, such applications
commonly suffer from problems such as contamination, substrate
dependence, and rapid evaporation®'®. Higher evaporation and con-
tamination of the droplets significantly affect the cell viability in
bioreactors", reliability of chemical reactions, quality of crystal
produced®, and stability of droplet sensors®. Encapsulating the dro-
plets inside an immiscible liquid*" or solid medium'®" is a way to deal
with these problems. Despite significant progress in droplet-based
technologies, tunable microscale shell encapsulation of millimeter-
scale sessile droplets remains primarily unaddressed.

Tunable encapsulation using immiscible liquid shells will enable
regulation of the droplet’s evaporation rate without any complex and
special setup. Control of evaporation is of utmost importance in
crystal growth, as uncontrolled evaporation results in amorphous or
polycrystalline growth, precipitation, and defects™"®, Furthermore, the
evaporation rate significantly affects the number, size, and density of
the crystals produced®®. In droplet-based cell cultures, evaporation

changes the osmolality of the media and severely affects cell viability".
Similarly, liquid encapsulation inside a solid shell is utilized in many
vital areas, such as drug delivery, agriculture, food, and textiles”*.
Wide thickness tunability of such a solid encapsulation shell is required
to tune its strength.

Several standard methods for droplet encapsulation include
microfluidics, molding, injection, and dip coating'****, The micro-
fluidic techniques are complex, require microfabricated devices, and a
long setup time. Additionally, they are limited to smaller droplet
sizes (<300 pm) with a limited tunability in encapsulation thickness
(1-50 pm)**, In contrast, other approaches suffer from non-uniform
shells'*". Further, they are limited to higher shell thickness (>0.5 mm)
with limited control*"*, A technique of droplet encapsulation that: (i)
covers a wide droplet size range (from hundreds of micrometers to
several millimeters) and; (ii) provides a widely tunable shell material
and thickness can address many long-standing problems of sessile
droplet applications.

Capillary-driven cloaking of the sessile droplet can be a possible
solution. Upon deposition of droplets on oil-infused surfaces, the oil
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from the surface tends to rise and cover the droplets®. Qil encapsu-
lates aqueous droplets if the spreading factor of oil on water (S,,) is
positive (Sg, =V — Yo — Vow™>0), Where, yy, Yo, and Yo, are the surface
tension between water-air, oil-air, and oil-water interfaces, respec-
tively. Oil-based cloaking, conceptually, can reduce the evaporation
rate and protect against contamination. However, in practice, the
reduction in evaporation rate is minimal as the thickness of the oil layer
at the top of the droplet is in the hundreds of nanometer regime”.
Since the thickness of the oil cloaking depends on the interplay
between various physical forces such as surface energies, gravity, and
long-range forces, it is theoretically impossible to have a uniform and
tunable cloaking layer with the oil layer alone.

We report a method of tunable cloaking of droplets with the help
of nanometer to micrometer scale particles. The droplets were first
coated with particles (commonly known as liquid marbles), and then
the stable cloaking layer was formed by exposing them to oil-infused
surfaces. The particle coating promotes and stabilizes the immiscible
liquid film over the droplet. Encapsulation with both solid and liquid
phases has been demonstrated. Encapsulation thickness depends on
the particle size, and tunability in the range of 5-200 um has been
achieved for the size of sessile droplets ranging from 14 nL-200 L. For
liquid encapsulation, we show up to a 200x increase in the lifetime of
the droplet against evaporation. Lifetime tunability ranges from 1.5h
to 12 days for a 10 uL droplet encapsulated with various particle load-
ing and oils. Additionally, we have shown application in single crystal
growth of copper sulfate, Rochelle salt, sodium nitrate, and lysozyme
protein. The feasibility of our microreactors for biological applications
was tested by growing human and yeast cells in a hanging droplet
configuration. Solid capsules respond to external stimuli (temperature
changes), and their behavior can be tuned by varying encapsulation
thickness. Further, using the stimuli-responsive oils makes on-demand
uncoating and merging possible.

Results and Discussion
Composite droplet structure
Coating particles on oil-covered droplets have been used to demon-
strate composite liquid marble structures®. Tunability is not possible as
the oil layer is coated first. Oil layers on bare droplets have a non-
uniform thickness (Supplementary Fig. 1). This results in the formation
of non-uniform clumps during the subsequent particle coating (Sup-
plementary Fig. 2). Such clumps harm the integrity and effectiveness of
the composite LM (Supplementary Fig. 3). Similarly, other methods of
oil coating, such as concentric needles-based methods, also suffer from
non-uniformity in shell thickness due to density and viscosity
mismatch®, Further, the same composite LM work demonstrated that
coating particles before oil exposure is not trivial as it displaces the
particles and ruptures the particle coating (See Supplementary
Movie 1). When a liquid marble (LM) is exposed to oil from the top or
bottom, the capillary forces drive the oil to encapsulate the liquid
marble. The hydrodynamic drag force on the particle scale as n.Rpv,
where 1, is the oil viscosity, Ry, is particle radius, and v is the capillary
velocity of oil. The oil encapsulation velocity v is observed to be =
10 mm s, Thus, hydrodynamic drag on 35 pum particles and a 10 cSt oil
is in the order of =107 N. The adhesive force on a particle scales as
MYowRpCOS*(Oon/2) =107 N, where 6, is the contact angle of the oil-
water interface with the particle (here, Yow =42 MmN m™, R, =17.5um, and
Oow = 170°)*". Due to similar magnitudes, the hydrodynamic forces on
the particles can overcome the surface forces holding the particles on
the droplet interface. Detailed comparisons with the composite LM have
been listed in Supplementary Notes 1, 2 and Supplementary Table 1.
To have a tunable and uniform layer over a sessile droplet, Liquid
marble is first prepared by rolling a liquid droplet on a PTFE powder
bed*. Prepared liquid marbles are then gently placed on the oil-infused
nanostructured surface. Depending upon the oil type and property,
the oil from infused surfaces rises and covers the whole liquid marble.

The nanostructured surfaces offer a considerable drag to the oil flow,
which ensures lower cloaking velocity. The velocity of oil rise is sig-
nificantly slower (=102 mm s™). The hydrodynamic drag on the parti-
cles is reduced to =10™ N. This is around three orders of magnitude
lower than the particle adhesion at the interface. Thus, enabling a
stable LM cloaking without any disruption of the particle coating.

Figure 1a and Supplementary Movie 2 represent the cloaking
dynamics of oil over LM, where the oil can be seen to encapsulate the
droplet as time progresses. Due to the effective surface tension of
LMOI, the liquid marble achieves a finite contact angle with the surface
after some time. Fig. 1b shows the schematic of oil-coated liquid
marble. Oil also encapsulates a bare droplet, but the thickness of the
coated oil layer is non-uniform and changes with the droplet height
and is known to be in the nanometer regime at the top***. However, in
the case of LM, the oil-coating is uniform and is governed by particle
size. Figure 1c represents the fluorescence image of the oil coating on
the plane 1 mm above the substrate. Oil thickness is = 50 um for LMOI,
compared to 6 um for the bare droplet. For LMOI, oil thickness is in the
range of PTFE particles of size (35 um). Moreover, as shown in Fig. le,
this technique is suitable for a wide range of droplet sizes (300 um to
7.5 mm diameter).

Condition for LMOI stability

As the LM is encapsulated in oil, it spreads due to the changes in the
effective surface energies. The LMOI reconfigures to achieve a differ-
ent contact angle than the LM because of the effective surface energy
change, as seen in Fig. 1a. The value of the LMOI contact angle on the
surface also affects the stability of LMOI significantly. The static con-
tact angle for LMOI can be defined as cos 6, yi0; = (Vo — Vow)/Vimor- If
the value of G yo1 >0., then the successful formation of LMOI is pos-
sible. However, for 6, o) <0., the LMOI spreads on the infused surface
and generates cracks in a particle coating. Here, 6, is defined as the
critical LMOI contact angle that determines whether the LMOI will
remain stable and crack-free on the surface or not. Our experiments
indicate 6., = 90°. Cracks happen because of the larger surface area of
the LMOI interface at the lower 6;yo;, Which generates higher inter-
particle distance and, thus, cracks (Supplementary Note 3). Such
cracks are undesired as they create non-uniform coating across the
interface. This implies that the value of I" = y,,~Y, should be positive
(Fig. 1d). The interfacial tension of various oils is represented in Sup-
plementary Table 2. A combination of oil and particle properties that
satisfies all mentioned conditions would result in a stable and thick oil
coating over the liquid marble.

Control of encapsulation thickness

The thickness of the cloaking oil layer depends on the particle size. To
study this, we consider the case of solid encapsulation. The cloaked
layer can be converted into a solid capsule by using a phase change
material (e.g., wax) instead of oil. In this case, the cloaking is achieved
at a higher temperature. When the temperature is reduced, a solid
capsule is obtained. Fig. 1f, g represents the solid capsules made of wax
with PTFE and hydrophobic glass beads, respectively. The encapsula-
tion thickness is observed to be proportional to the size of the parti-
cles, as seen in Fig. 1h. The uniformity of the shell is evident in Fig. 1i,
where the thickness of the shell at three different regions (bottom left,
top, and bottom right) was measured as represented in Supplementary
Fig. 4. The mean thickness deviation within a droplet measured over
three different points and three independent measurements is 7.4%.
Similarly, the thickness of the shell can be tuned by varying the particle
loading (mass loading) across the LM surface (Supplementary Fig. 5).
For smaller particle sizes (<1 pum), the shell thickness is larger due to
the agglomeration of the particles (Supplementary Fig. 7). Such
agglomeration in 800 nm particle size results in a 6 um thick shell.
Additionally, the value of the particle contact angle at the oil-water
(Bow) interface has to be higher (>150°) to ensure the shell’s thickness
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Fig. 1| The tunable liquid and solid shells using the LMOI method. a Liquid
Marble on silicone oil (50 cP viscosity) infused surface in which oil rises to cover
the LM as time progresses. The volume of the inner liquid is 10 pL, and the particle
size is 35 um PTFE. Entire LM cloaking can be seen in the initial 2 to 4 min. Scale
bar =1 mm. b Schematic representation of LMOI (Liquid marble on an oil-infused
surface) where the coating of particle and oil is represented on an Ol (liquid/oil-
infused) surface. ¢ A confocal microscope image shows the thickness of the sili-
cone oil coating for LM and droplet (inset). Scale bars = 200 um. d Stability of
LMOI for different oils. A negative value of ' =y, — y, represents an unstable
coating where crack formation in LMOI is present (inset: LMOI - neem oil). A
positive value of I'=y,,, — V¥, represents a stable coating where no crack forma-
tion in LMOI is observed (Inset: LMOI - mineral oil). Scale bar = 1 mm. Measure-
ments were carried out on n =3 independent samples, and data are presented as
mean values + SD. Black dots represent individual data points. e LMOI prepared
from 200 pL liquid volume. Scale bar = 2 mm. Inset: LMOI prepared from 14 nL

0.8 35 120

PTFE particle size (um)

102 200

liquid volume. Scale bar = 300 um. f SEM image of a half-cut dried capsule based
on PTFE particles. Scale bar = 400 um. g SEM image of a half-cut dried capsule
based on hydrophobic glass particles (35 pm). Scale bar = 400 um. The red-
dotted region represents the shell wall where spherical glass beds are visible
through the cloaked layer of wax. Scale bar = 20 pm. h Shell thickness is repre-
sented as a function of particle size. Inset: SEM image of the PTFE shell wall. Scale
bar = 40 um. Measurements were carried out on n =3 independent samples, and
data are presented as mean values + SD. i, The uniformity of the shell wall for
different PTFE particle sizes. Measurements were carried out at 3 different
regions, namely, the bottom left (orange color), top (blue color), and bottom
right (purple color) parts of the capsule on n =3 independent samples, and data
are presented as mean values + SD. Black dots represent individual data points. A
detailed depiction of the locations is given in Supplementary Fig. 4. Source data
are provided as a Source Data file.

to be approximately equal to the particle size. In PTFE’s case, the
O,w=170° and 165° in silicone oil and mineral oil case, respectively
(Supplementary Fig. 8).

Nanostructured surface coating

Another important parameter is the hydrophobicity of the oil-infused
surface. The nanostructures for the oil-infused surface were fabricated
by a well-known method*. The nanostructured surface is then
hydrophobized with stearic acid, and oil is infused inside it. The degree
of hydrophobization is important. Higher surface tension oil, such as
mineral oil, cannot be infused properly if the surface energy of the
substrate is very low (i.e., coated with Teflon having Os;p>165°). The
Osyp is the contact angle of the water droplet over the prepared

superhydrophobic (SHP) surface. A stearic acid-coating (Osyp=150°)
provides a better surface for the infusion of higher surface tension oils
(>30 mNm™).

Dynamics of cloaking

The encapsulation thickness is observed to be approximately equal to
the particle (or agglomerate) thickness. Hence, we assume that most of
the flow is primarily through the particles while very little flow is there
over the particles. The tracking of contact line in optical microscope
reveals the major flow in between the particles and not above them
(Supplementary Figs. 9, 10 and Supplementary Movie 3). The SEM of
the shell also imparts a similar conclusion, where some part of the
particle can be seen through the shell layer (Supplementary Fig. 11).
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Based on the above observations, we have modelled the cloaking as a
single-step process with oil thickness similar to the particle (agglom-
erate) thickness, as shown in Supplementary Fig. 12.

The detailed solution of the dynamics is given in the Supplemen-
tary Note 4. The driving force for oil rise over the liquid marble is
capillary force (F.). Drag offered by the nanostructures in the oil-
infused surface (Fy) and weight (W) of the oil are the resistive forces
acting against the oil rise (Supplementary Fig. 12a). At a small scale,
capillary and drag forces are much stronger than the weight of the oil*.
Thus, the balance of the forces can be given as

Fe=Fy @

The effective surface energy of the LM and LMOI can be derived
by considering individual contributions from water, particle, oil, and
interactions between them. Considering n number of spherical solid
particles with radius R, covering the droplet with radius R. The sche-
matic representation of process dynamics is given in Supplementary
Fig. 12b. As represented in Supplementary Fig. 12b, the whole system
can be divided into three major parts, the base, LMOI (up to which oil
rise happened; up to height y), and LM (where still oil covering has not
happened; height (h-y), where h is the initial height of the LM). During
the oil rise, the LMOI settles, and the contact angle with the surface
changes; thus, the dynamic contact angle, 64 is defined. The effective
interfacial energies (E) of these individual parts can be defined as

nmR20
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Where the Ey v, £ morn and Epgse are the interfacial energies of LM, LMOI,
and base parts respectively. These energies were calculated by adding
the interfacial energies of individual components (oil, particles, air).
Surface areas of the individual parts are the base (Spase), LMOI (Symon),
LM (S, m), and total surface area (S;or). Here nyy, 1y mor, and npase are the
total number of particles on the LM, LMOI, and base, respectively.
Additionally, Oy, Vp,, Vpw.00w- and y,,, are the contact angle of the water
interface with the particle, the surface energy of the particle-air
interface, the surface energy of the particle-water interface, the
contact angle of the oil-water interface with the particle, and the
surface energy of the particle-oil interface, respectively (Supplemen-
tary Fig. 12¢, d).
Thus, the total energy variation with y is given by

E(Y)=EpaseY) + Eppoi ) + ELm(y) 5)

The total energy is observed to vary linearly. Hence, the energy
difference between the initial and final state (4, poy) drives the oil rise
(Supplementary Fig. 13). The initial state is £; = £(0), and the final state
is E; = E(h). Therefore, the driving capillary force can be given by

_ dE_Ajyo _E0)—E(h)
Fe==%""n — hn ©

The viscous drag can be approximated using Poiseuille’s law. The
velocity gradient in the oil-infused surface is in the order of n, V p*
where V and p are the velocity of oil, and the pitch between the
nanostructures, respectively. The dissipation occurs over the area = Dy;
thus, the viscous drag force is given by

VD
Fy="e @)

Balancing the capillary force with the viscous drag force and
putting the velocity of the oil rise as V=y £ where t is the time instance
of rise, gives the rise height (y) as

05
y= PA Lo ¢ 8)
n,Dh

Figure 2a, b represents the rising height of oil over an LM with
time. The clear difference is present according to the viscosity of the
oil utilized in making LMOI. The nondimensionalization of Eq. (8)
reveals the time scale responsible for the oil rise in the LMOI system
(tumon)- Thus, normalizing the rise height (y) by the LMOI height (h)
gives Eq. (9)

r]oDh3
PAvor

0s
y_ ( t ) _
Z=c ,where 7,0 = 9)
h T[_MO[ LMOI

Where c is the constant of proportionality. As shown in Fig. 2c, the
normalized data collapses into a single curve. Additionally, the slope of
the data is approximately 0.5, which further validates Eq. (9). Fitting of
Fig. 2c data with Eq. (9) reveals the value of ¢c=0.323.

Apart from the dynamic rise, the final and initial energy of the
LMOI configuration also gives the necessary static condition for oil
rise. For successful cloaking, the 4;y0>0 conditions should be
satisfied. For silicone oil case with 35 um PTFE particles, the value of
Apnvor = 0.351 py, confirming complete cloaking of the LM. For similar
conditions, mineral oil has 4, yo; = 0.286 pJ. In comparison, for bare
droplet cloaking, the A, =4mRS,,, values for silicone and mineral
oil are 0.242 and 0.007 pJ, respectively. Liquids with higher positive
Apmor values spread (or rise) more easily on the LM surface compared
to those with lower Ay values. This should result in a stronger
driving force for cloaking and a faster spreading (rise) over the LM
surface. Due to its higher 4, o) value, silicone oil has a greater affinity
for cloaking the LM surface than mineral oil. Additionally, higher
values of 4;y0; compared to 4, for both silicone and mineral oil
suggest a stronger affinity of oil to rise in the case of LM than the bare
droplet.

Resistance to evaporation

The microscale thick layer of oil on the droplet drastically reduces the
droplet’s evaporation rate. The temporal evolution of normalized
droplet mass is represented in Fig. 3a, where liquid marble over an oil-
infused surface (LMOI) shows an increased lifetime. We can control the
evaporation rate through the thickness of the cloaking layer. It also
depends upon the oil used. By using mineral oil, the lifetime of a 10 uL
droplet can be increased up to 12 days, which is about 200 times more
than a bare droplet. Silicone oil (7,=5cP) results in a lifetime of
approximately 26 h for a similar volume droplet (Fig. 3a). Even with
relative humidity as high as 95%, the bare droplet evaporates in
10 h, while LMOI takes nearly 300 h even at low humidity (50%) (Sup-
plementary Fig. 3). The reduction in evaporation rate can be attributed
to three effects. First, the water vapor must pass through a layer of oil
to evaporate. Second, the constriction of the diffusion path due to
submerged particles. And third, the reduction in the effective surface
area for evaporation because of the particle at the interface. However,
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Fig. 2 | The dynamics of oil-cloaking. a The snapshots of oil rise in 10 pL LM with
35 um PTFE particles and 50 cP silicone oil. Scale bar = 1mm. b The evolution of

normalized rising height (y/h) with time for different silicone oil viscosity (10 cP -
black color, 20 cP - red color, 50 cP - blue color, and 100 cP - green color). Mea-
surements were carried out on n =3 independent samples, and data are presented

t/Timor

as mean values + SD. ¢ The scaled graph collapses into a single curve with a slope of
0.5 (black line) for all viscosity. Measurements were carried out on n =3 indepen-
dent samples, and data are presented as mean values + SD. Source data are pro-
vided as a Source Data file.

as the particles are oleophilic, most of the particle is submerged in oil,
while a tiny part touches the oil-water interface. Hence, only the first
two effects play a major role in controlling the evaporation rate.

The position of the particle with respect to the oil-water interface
is decided by the contact angle of the oil-water interface with the
particle (Bow). If 6,,>90°, a larger particle area is submerged in the
oil, and if 6,,<90°, most of the particle area is submerged in the water.
The value of 8,, is found to be 170°, confirming less than 10% of
the particle area is submerged in the water (Supplementary Fig. 8).
Thus, the interfacial area covered by particles can be neglected for
simplicity in the calculation. However, the constriction factor due to
the reduced diffusion path should be considered in the calculations. As
shown in Fig. 3b, the water diffuses across the oil layer driven by a
concentration gradient of dissolved water vapor. It varies from C, at
the water-oil interface to C, at the oil-air interface. For a transport-
limited process, the value of C, can be considered as the solubility of
water in oil. However, C, is unknown and is determined by assuming a
steady-state process (refer to Supplementary Note 5 for detailed
derivation). The temporal evolution of volume loss in the droplet is
given by

dm _ 2nM,D,(Cs — C..) BV +W)
dr K W_ 4 Do (10)
s 5)

Here, 8% =3[n(1 — cos HLMO,)2(2+ cos ¢9LM0,)]71 where 0, is the
contact angle of LMOI with the surface, m is the mass of the droplet,
M, is the molecular weight of water (= 18 g mol™), D, is the diffusivity
of water in oil (m? s™), C, is the solubility of water in oil (silicone oil =
40 mol m™* mineral oil = 2.95 mol m=*%), C, is the concentration of
water vapor at the oil-air interface, C_, is the concentration of water
vapor in the air (= 50% RH = 0.567 mol m™ at 25 °C), p is the density of
water (= 997 kg m™), W is the width of the oil layer (= 35um) and D, is
the diffusivity of water in the air (= 3x107> m?s™), and « is the diffu-
sion path correction factor (O to 1).

Solving Eq. (10) numerically and fitting it with the experimental
data suggests that the value of diffusivity of water in silicone oil (D) is
= 5.7x107° m? s and in mineral oil = 9x107° m? s for the k=1

(negligible constriction from particle). Even for the k = 0.2, the value of
Do=1.1x107° m?s7 for silicone oil and 2.5 x 1071° m? s for mineral oil.
These values are in the same order as reported in previous literature
(Fig. 3¢)***°. Interestingly, the diffusion coefficient of both mineral and
silicone oil are in the same range; still, mineral oil-based LMOI has
nearly 10 times a lifetime than silicone oil-based LMOL. It is because the
solubility of water in mineral oil is significantly less than in silicone oil,
which is responsible for an increase in a lifetime in mineral oil LMOI.
The Eq. (10) is further tested for a bare droplet without any oil coating
(W=0 mm, k=1 and C,=1134 mol m™ at 25°C), which results in a
value of water diffusion in the air (D,) as = 3x10™> m? s7, that is
approximately the same as reported in the literature (Supplementary
Fig. 15a)*. Thus, by choosing the appropriate particle size and oil with
lower diffusivity and water solubility, the current limit of 12 days can be
further increased.

Effect of temperature

Most biological and chemical syntheses require higher temperatures
to complete the process. Thus, the higher temperature stability of
LMOlI is also of utmost importance. Figure 3d shows the evaporation
time of LMOI at various temperatures. According to the Stokes-
Einstein relation, diffusivity D « T 3, !, where T is the temperature and
1o is the viscosity of the oil. At higher temperatures, water diffusivity in
oil increases due to an increase in temperature and a decrease in the oil
viscosity. Thus, the droplet evaporates faster. Bubble evolution in oil at
higher temperatures also plays a crucial role in deciding droplet life-
time. Bubbles disrupt the particle coating, and the oil film cannot be
stabilized. Specifically, in mineral oil, bubble evolution at higher tem-
peratures (> 90 °C) is very significant, probably because of the
moisture content and lower bubble inception temperature, which
decreases the lifetime significantly, as shown in Fig. 3d*.

Effect of oil viscosity

As predicted by the Stokes-Einstein relation, diffusivity should
decrease as viscosity increases (D o Tn, ™). Therefore, an increase in
droplet lifetime should be observed with an increase in oil viscosity.
Fig. 3e represents a similar outcome where up to 500 cP, anincrease in
lifetime is observed. The decrease in diffusivity with viscosity can be
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Fig. 3 | Control of evaporation rate. a Comparison of the temporal evolution of
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Such configurations are droplet on SHP (red) and Ol surface (silicone - green and
mineral - cyan), LM on SHP surface (black), and LMOI based on silicone (blue) and
mineral oil (magenta). The volume of the LM and droplet is 10 uL. All experiments
were repeated n =3 times independently, and the mean is plotted. b Schematic of
LMOI defining various parameters important in the evaporation process where red
color represents the oil layer and blue color region represents the water.

¢ Comparison of the temporal evolution of normalized mass with the theoretical
model. d High-temperature stabilization of 10 uL LMOI with mineral (blue color)
and silicone (red color) oil. Measurements were carried out on n =3 independent
samples, and data are presented as mean values + SD. e Effect of silicone oil
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viscosity on evaporation time of the 10 uL LMOL. The green dotted line divides the
full and partial cloaking of LM (inset for schematic) based on viscosity. Measure-
ments were carried out on n=3 independent samples, and data are presented as
mean values + SD. f Tunability of evaporation rate by changing the oil and particle
coating density/mass loading. In the horizontal axis, Si and Mi prefixes indicate the
LMOI with silicone oil (purple color) and mineral oil (blue color); the suffix number
represents the mass loading of the particle on LMOI in ug mm™ Insets represent the
confocal images of the different mass loaded LMOI. Scale bars = 200 um. Mea-
surements were carried out on n =3 independent samples, and data are presented
as mean values + SD. Black dots represent individual data points. All experiments
are performed at 25 + 2 °C and (50 + 3)% relative humidity. Source data are provided
as a Source Data file.

further confirmed by Supplementary Fig. 15b. However, a further
increase in viscosity results in a steep reduction in a lifetime. This
behavior can be explained in terms of the time scale of cloaking. As per
Eq. (9), the time required for the complete cloaking is given by
t =T moiC 2. For lower viscosity (10 cP and pitch p=100 nm) silicone
oil, the =107, which is significantly shorter than the bare-droplet
evaporation time scale (= 10> s). Thus, full cloaking is possible. How-
ever, for the high-viscosity oils (= 5000 cP), the cloaking time 7 ~10*s,
which is one order of magnitude higher than the bare droplet eva-
poration time scale (= 103 s). Thus, the LM evaporates before it is fully
covered by oil. Hence, a decrease in lifetime is observed.

Effect of oil layer thickness

Changing the particle size would change the cloaking layer thickness.
Based on the model, the variation in evaporation time with respect to
the particle size can be deduced. Supplementary Fig. 15c represents
the tunability of the droplet’s lifetime from the 1 um to 200 um range.
Moreover, the lifetime can also be tuned by changing the mass loading
of the particle coating. We have prepared a variable mass loading LM
by coalescing LM with bare droplets with a final volume fixed at 10 uL
(Supplementary Fig. 5a and Supplementary Table 2). This approach
leads to variable surface fraction LM. The thickness of oil coating varies
with the surface fraction (Inset Fig. 3f and Supplementary Fig. 5b, c).
Such variation in oil coating thickness provides a variable evaporation
rate and, thus, the variable lifetime of the droplet. By employing

variable coating, the lifetime of the droplet can be tuned from several
hours to several days (Fig. 3f). Other methods of tuning the lifetime of
LMOI and their resolutions are described in Supplementary Table 4.
Moreover, Supplementary Table 5 compares the different techniques
of evaporation prevention with the LMOI, where LMOI can be seen to
outperform other methods.

Single crystal growth in droplets

Several applications, such as crystal growth and evaluating reaction
kinetics, need a controlled evaporation of the droplets. Control
of evaporation is of utmost importance in single crystal growth
as it ensures the optimum growth rate. Previously reported methods,
such as submerging LM or droplets inside an immiscible phase, cannot
tune the evaporation rate”. Further, submerging is unsuitable
for many applications as it segregates the droplet from the atmo-
sphere and hinders basic operations such as gas exchange and mixing.
In biochemical assays, external forces are necessary to merge sub-
merged droplets”. In micro-bioreactors, submerged droplets require
frequent changes in droplet liquid for successful cell growth®.
In crystal growth, submerging causes very low evaporation rate
(>1000 h lifetime); thus, the time taken to form a single crystal is very
long**. Very slow evaporation creates problems in the initial screening
and process optimization®. In detail comparison of the various tech-
niques of single crystal growth has been enlisted in Supplementary
Table 6.
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Fig. 4 | Crystal growth in tunable LMOI liquid shell. Photograph of the crystals
made from LMOI. Scale bar = 1 mm. a Pentahydrate copper sulfate b Rochelle salt
¢, sodium nitrate, and d, lysozyme protein. For lysozyme, the Scale bar = 100 pm.
e Variable size crystals of copper sulfate were prepared by changing the volume of
LMOI from 5 to 60 pL. Scale bar = 1 mm. The XRD plot confirms a single crystal of
f, pentahydrate copper sulfate, g Rochelle salt, and h, sodium nitrate crystals
produced from LMOIL. Insets represent XRD of the crystals produced from the
droplet evaporation on OI, where the polycrystalline structure is evident.

i Polarization-electric field (PE) hysteresis loop at 20 °C for the single crystal

Rochelle salt crystal produced from LMOI. The data confirms ferroelectric behavior
of the Rochelle salt crystal. Inset: a Rochelle salt crystal attached to a printed circuit
board (PCB) for PE measurement. Scale bar = 2 mm. j Schematic and k, photograph
of the automated setup for the large number fabrication of LMOI. Where the dro-
plet is formed via a syringe and then rolled onto a slant powder/particle bed. Due to
the rolling of the droplet, the hydrophobic particle settles at the interface of the
droplet and forms an LM. Then, the prepared LM falls gently on the oil-infused
surface. The surface is mounted on the automated X-Y stage. Scale bar = 8 mm.
Source data are provided as a Source Data file.

As shown in Fig. 4a, b, ¢, we demonstrate the growth of three
different crystal types (i.e., copper sulfate, Rochelle salt, and sodium
nitrate) inside LMOI. Apart from various salt crystals, we successfully
produced a single crystal of lysozyme protein (Fig. 4d) inside LMOI

(with carbon soot-based oil-infused surfaces). The LMOI allows us to
tune the evaporation rate to an optimum value, ensuring single-crystal
growth. Additionally, uniform coating in LMOI ensures minimum var-
iation in evaporation rate around the surface area of the droplets as

Nature Communications | (2023)14:6445



Article

https://doi.org/10.1038/s41467-023-41977-1

Fig. 5| LMOI as a biological reactor. Hanging LMOI configuration as a, schematic
and b, photograph. Scale bar =1 mm. ¢, The cluster of ovarian cancer cells after 18 h
of LMOl incubation at 37 °C and 5% CO,. Scale bar =50 um. d Comparison of ovarian
cancer cell viability in hanging LMOI (blue) and hanging droplet (red). Measure-
ments were carried out on n =3 independent samples, and data are presented as
mean values + SD. e Fluorescence photomicrographs were acquired at different
time points for ovarian cancer cells, where cyan color represents live cells (due to
staining with calcein acetoxymethyl ester), and magenta color represents the dead
cells (due to staining with propidium iodide). Scale bar = 50 um. f Yeast cell growth
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inside an LMOI at different time points. Scale bar = 50 um. g Normalized yeast cell
count variation with time where the number of yeast cells at a particular instance
was normalized by the initial number of cells (at O h). The exponential growth can
be seen for up to 20 h (green dotted line). However, after that, stabilization in
growth is observed. Measurements were carried out on n = 3 independent samples,
and data are presented as mean values + SD. Inset: glucose levels of the yeast
solution tested by Benedict’s solution. Red, yellow, and green colors indicate glu-
cose levels of more than 2%, 1%, and 0.5%, respectively. Scale bar = 1 mm. Source
data are provided as a Source Data file.

variation in evaporation rate along different locations results in pre-
cipitation and fractal growth (Supplementary Note 9). The crystal size
is controlled by changing the LMOI volume. Fig. 4e represents copper
sulfate single crystals of different sized obtained by varying LMOI
volume from 5 to 60 pL. The obtained crystals were analyzed with XRD,
which confirms the single-crystal formation (Fig. 4f, g, h). In contrast,
crystal growth within bare droplets results in polycrystalline structures
due to fast evaporation (Inset of Fig. 4f, g, h). Additionally, the possi-
bility of single crystal growth inside various drop-based methods with
required time frames is given in Supplementary Table 7. Rochelle salt
crystals are ferroelectric. To check the functionality of prepared
crystals, we carried out a polarization-electric field (PE) hysteresis loop
measurement on Rochelle salt (Fig. 4i), which confirms the ferro-
electric behavior of Rochelle salt produced in LMOL.

The LMOI process can be scaled up easily to fabricate a large
number of crystals. Figure 4j, k show the automated setup to fabricate
the LMOI (Supplementary Movie 4). Supplementary Fig. 17a shows the
fabrication of many single crystals based on LMOI with the help of the
automated setup. A similar concept can be extended to create arrays of
microreactors for various chemical and biological applications.

Allowing the LMOI to completely dry during crystal growth gives
rise to crystals with particles attached to the surface (Supplementary
Fig. 17b). This is undesirable for many applications. Thus, early har-
vesting of crystals is required so that particles do not stick to crystals.
As shown in Supplementary Fig. 18, a small amount of oil is dispensed
on the LMOI from the top. The oil flow drag takes the particle along,

allowing the LM to uncoat. Subsequently, the crystal is harvested. Such
a method of particle uncoating also helps in tuning the lifetime of
the LMOL

LMOI in biological applications

Contrary to droplets on oil-infused slippery surfaces, LMOI does not
roll off once the oil covers the LM. The jamming of the particles at the
three-phase contact line is the reason behind such strong adhesion. It
stays stable even in hanging configuration, making it a useful alter-
native to the hanging drop methodology (Fig. 5a, b). Hanging LMOI can
be used for the 3D culture of cells. Additionally, hanging LMOI pos-
sesses many advantages compared to its conventional counterparts
(Supplementary Table 8). We investigated the formation of cell clus-
ters by growing cells inside the hanging LMOI. Fig. 5c shows the 3D
culture of ovarian cancer cells (OVCAR-3) inside the hanging LMOL. The
cell clusters are formed after 18 h of incubation at 37 °C, 5% CO, and
without any media reservoir.

Under similar conditions, hanging LMOI outperforms the hanging
droplet configuration as cell viability is much higher in the case of
hanging LMOI (Fig. 5d, e). Almost all cells died within the first 6 h in
case of hanging droplets because of evaporation. In comparison, more
than 65% of cells were alive even after 18 h in LMOI without replacing
cell culture media. This can be improved with a mechanism to sample
and replace media. The functionality of LMOI as a bioreactor is further
tested by growing yeast cells. As shown in Fig. 5f, yeast cells were
grown in an LMOI at room temperature without any humidity control.
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As shown in Fig. 5g, the normalized cell count of yeast cells increases
exponentially up to 20 h. However, after that, the growth slows,
probably due to the depletion of nutrients in the culture®e,

Accessing the inner fluid in LMOI without disrupting the particle
coating is challenging as cracks in LMOI are not self-healing. This is,
however, necessary for replenishing nutrients and sampling liquids for
analysis. We enable access to the fluid inside LMOI by making a hole in
the nanostructured surface prior to oil infusion. The LMOI is stabilized
on such surfaces, and the inner liquid can be sampled through the hole
by using a syringe (Supplementary Fig. 19 and Supplementary
Movie 5). Sampling was done from the LMOI with yeast culture. Ben-
edict’s test was performed on the sampled liquid to check the glucose
level in yeast media. As shown in the Inset of Fig. 5g, the sampled liquid
shows a drop in glucose level from more than 2% (red color) to less
than 0.5% (green color) in 50h, further confirming observations
reported in Fig. 5g.

Capsules

Solid-based encapsulation of the droplets has also been reported
for many critical applications, such as the industrial formulation of
pharmaceutical drugs and agricultural chemicals®*. However,
such encapsulations suffer mainly due to diffusion of the inner
liquid, especially for porous polymeric shells”*". Hard non-porous
materials can be used for encapsulations; however, such encapsula-
tions are difficult to engineer for stimuli-responsive release of the inner
liquid. Recently, a paraffin wax-based encapsulation has been
explored for hermetically sealed capsules with the ability to release
material upon the application of temperature stimuli'®”’. However,
previously explored methods of preparing wax-coated capsules do not
possess the ability to tune the thickness of the shell. The thickness
tunability is desired for making capsules with variable strength and
controlling the release time of the inner liquid. Detailed comparisons
of various capsule-making techniques are given in Supplementary
Table 9.

A particle-enhanced cloaking can be utilized for making thickness-
controlled stimuli-responsive capsules. For this purpose, a
temperature-responsive oil-infused surface based on paraffin wax is
used. Below the melting point of wax (T;,, = 55 °C), the wax is solid, and
the surface is hydrophobic (Fig. 6a); thus, the LM retains its shape.
However, above melting temperature, wax is in a liquid state, which
turns the surface slippery (Fig. 6b). Owing to lower viscosity at higher
temperatures (5.84 mPa s at the coating temperature of 70 °C) (Sup-
plementary Fig. 20), the molten wax driven by the capillary forces rises
and cloaks the entire LM. After the complete cloaking of LM, the
temperature is again reduced below T, solidifying the wax, and a solid
capsule is produced. Half-cut capsule after complete drying is repre-
sented in Inset Fig. 6g. The wax infuses inside the porous structure of
LM particles without displacing them.

The critical rupture pressure was measured using a motorized
stage to press a capsule on a weighing balance (Supplementary Fig. 21).
Fig. 6¢ shows the critical pressure for the breakage of the capsule with
variation in particle size. Higher shell thickness offers a higher strength
against rupture. A methylene blue (MB) encapsulated capsule was
placed inside a water bath to test the diffusion of hydrophilic dye
through the wax coating. Fig. 6d shows the absorption spectra of the
water bath under different conditions. Even after two months of
incubation, no traces of MB were found in a water bath (Fig. 6e),
confirming the hermetic sealing of the inner liquid.

The prepared capsules show a stimuli-responsiveness to the
temperature. As temperature increases, the wax layer on the capsule
melts and releases the inner liquid (Fig. 6f). Moreover, the release time
can be tuned by modulating the shell thickness. Fig. 6g shows the
release time when the bath temperature is raised to 90 °C. An increase
in capsule thickness results in a delay of rupture. The same is further
shown in Fig. 6h, where two capsules with different shell thicknesses

were put in a hot water bath (Supplementary Movie 6). It is worth
mentioning that the mechanism of delayed release is not driven by
melting time difference. Both the shells melt within = 100 ms. We
believe that the difference in release time is due to the thinning of the
molten wax shell under the influence of Marangoni flow inside the bath
(Supplementary Note 13).

The substrate attachment of the capsules can be an issue for many
applications. The substrate is removed by wet etching the nanos-
tructured surface with an ammonium persulfate solution (Fig. 6i). This
solution etches copper away but does not affect the wax capsule. Thus,
LMOI-based solid encapsulation allows us to tune the shell thickness,
strength, and on-demand release behavior.

Optical and mechanical properties of LMOI

One of the crucial aspects of all the mentioned applications is the
transparency of microreactors. It is well known that due to the PTFE
particle layer, LM is opaque in nature (Fig. 7a)*. The roughness of the
particle coating is responsible for scattering and, thus, less transpar-
ency. In comparison, oil infusion in the particle layer makes LMOI
transparent. The oil layer reduces the scattering of light, and trans-
parency is increased (Fig. 7b)*’. Fig. 7c represents the transmission
efficiency of LMOI compared to LM, where transparency of LMOI can
be seen to increase by 2 to 3.5 times compared to LM.

Merging and mixing are two basic operations of any bio-chemical
microreactor. Due to the particle and oil layer, it is difficult to merge
two LMOIs. Fig. 7d represents the critical normalized deformation
(AL/L) of LMOI before merging. A significant amount of strain (>0.15) is
required to merge two LMOI, while two bare droplets merge instan-
taneously as soon as they are brought into contact. Thus, LMOI has
much higher mechanical stability compared to droplet-based reactors.
By using the functional oils, the LMOI can be made stimuli-responsive.
The LMOI prepared from the ferrofluid-infused surface (LMOI - ferro-
fluid) also shows responsiveness to the magnetic field. Fig. 7e repre-
sents the opening of LMOI upon application of a magnetic field
(Supplementary Movie 7). Such on-demand opening helps in the
removal of particle coating for accessing the inner solution. Similarly,
magnetic field-based manipulation of LMOI can also help in merging
LMOI on-demand. Fig. 7f reports the two LMOI-ferrofluid in contact
with each other without merging. However, upon application of a
magnetic field, the coating of LMOI ruptures, and merging happens
(Supplementary Movie 7). Thus, the LMOI platform can also be
implemented for the on-demand manipulation of droplet-based
reactors. Additionally, the cloaking process is not limited to droplets
only. The same process can be extended to low curvature and flat
surfaces as well (Supplementary Notes 14 and Supplementary
Movie 8).

In summary, we report a concept of LMOI, which results from the
enhanced cloaking of a droplet. The presented technique overcomes
the fundamental problem of flow-induced particle disruption in
encapsulating particle-coated droplets using an immiscible liquid. The
encapsulation by liquid and solid shells was demonstrated for 5 pum to
200 um shell thickness with droplet volume ranging from 14 nL to 200
uL. Additionally, liquid shell encapsulation enhances the lifetime of 10
HL droplets up to 200 times with the tunability from 1.5 h to 12 days.
Such an enhanced droplet lifetime enables cell growth and spheroidal
culture applications such as multi-organ system-on-chip for drug dis-
covery and personalized care. Thus, LMOI can substitute the hanging
droplet method for many lab-on-chip applications without any special
arrangements. Tunability of evaporation rate helps in growing single
crystal materials. LMOI platform for crystal growth outperforms its
conventional counterparts in terms of better stability, providing
optimum growth conditions, initial screening, and easy process opti-
mizations. Additionally, cloaking-assisted encapsulation is also
demonstrated to be suitable for solid shells, thus, expanding its
applications to chemical and material storage. Besides storage, the
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Fig. 6 | Solid shell temperature-responsive encapsulation. A wax-infused
nanostructured surface and stabilization of LM ata, T< T,,and b, 7> T,,,, Scale bar =
200 pm. ¢ Required critical pressure to break the capsule. Inset: photograph of a
capsule. Measurements were carried out on n=3 independent samples, and data
are presented as mean values + SD. Scale bar= 2 mm. d, The absorbance spectra of
the water in which the MB capsule was placed for e, 2 months at 7 < T, (blue color)
and f, T> T, (red color). The absence of an absorbance signal at 664 nm suggests
no diffusion of MB into water even after 2 months of immersion. Scale bar =2 mm.
g The time to dissolve the wax shell if the temperature of the fluid bath increases
above melting temp (7= 90 °C). Measurements were carried out on n=3

independent samples, and data are presented as mean values + SD. Inset: ruptured
capsule under SEM. Scale bar = 200 um. h, The tunability of release: two capsules
with different shell thickness and filled with dye were placed in water at 7= 90 °C.
Encapsulated dye placed in water where lower thickness (= 35 um, red color)
capsule ruptures early, releasing the inner liquid. In comparison, a higher thickness
(= 200 um, purple color) capsule ruptures after a prolonged duration. Scale bar =
2 mm. i, Removal of the capsule from the substrate by etching the surface in
ammonium persulfate solution. Scale bar = 2 mm. Source data are provided as a
Source Data file.

tunability of the solid shell helps in controlling its strength and on-
demand release, extending the LMOI applications to drug and pesti-
cide delivery. Scalable production of LMOI ensures its applicability for
low-cost fabrication and industrial usage. The LMOI shell can be made
stimuli-responsive using functional oils, which can be further utilized
for various open-chip droplet manipulation platforms.

Methods

Liquid marble fabrication

A PTFE powder of 35 um, purchased from Sigma-Aldrich, was used to
prepare LM. The liquid droplet of the desired volume was gently rolled
several times for the preparation of LM*°, Control of the mass loading
was obtained by fixing the initial volume of the LM and subsequently
increasing its volume to 10 pL by merging it with the bare water dro-
plet (Supplementary Fig. 5a)’. The initial volume for the LM prepara-
tion is determined by the geometric relation S* = V2, Where S and Vare
the surface area and the volume of the liquid drop, respectively. The
whole process was carried out on a superhydrophobic surface to
prevent LM from breaking.

Apart from PTFE, LM can also be fabricated by other hydrophobic
particles such as Lycopodium, Zein, and hydrophobic glass beads.
Except for glass beads, all other particles were used as received with-
out any further processing. The glass beads were hydrophobized with
the help of Glaco mirror coat solution. The glass beads were first
washed with acetone, isopropyl alcohol (IPA), and deionized (DI)
water. Then, they were submerged inside the Glaco solution. After that,
the entire solution was evaporated at 110 °C for 30 min, and hydro-
phobic glass beads were collected.

Oil-infused surface fabrication

The nanostructured surface for the oil infusion was prepared from
copper surfaces. First, the copper surface (3cm x 2.cm) was cleaned
with acetone, IPA, and DI water, followed by a 30 s cleaning with sulfuric
acid. The cleaned copper surface was then immersed in an aqueous
solution of sodium hydroxide (2.5 mol L™, 98% purity) and ammonium
persulfate (0.1 mol L™, > 98% purity) for 20 min at room temperature.
This solution etches the copper surface and produces nanowires on the
surface of copper. The etched copper surface was then cleaned multiple
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Fig. 7 | Functionalities of the LMOI platform. a LM on a structured surface where
the bottom pattern is invisible. b Transparency of LMOI (silicone oil) where a clear
pattern is visible through LMOIL. Scale bar = 2 mm. ¢ Comparison of transparency
between water droplet, LMOI (silicone oil), and LM for two different laser wave-
lengths, i.e., 633 nm (dark orange) and 532 nm (dark cyan). Measurements were
carried out on n =3 independent samples, and data are presented as mean

values + SD. Black dots represent individual data points. d Critical normalized
deformation (AL/L) before merging for different configurations. L represents the

bare liquid droplet, and OL represents the liquid droplet covered with an oil layer.
LMOI (silicone oil) has been used throughout the experiments. Inset: merging

photographs for different configurations. Measurements were carried out onn=3
independent samples, and data are presented as mean values + SD. Black dots

represent individual data points. Scale bar =2 mm. e Ferrofluid-based LMOI, where
uncoating of the particle layer can be performed with the help of a magnet. Scale
bar =2 mm. f, Merging occurs when a magnet is brought closer to the non-merging
LMOI - ferrofluid. Scale bar = 2 mm. Source data are provided as a Source Data file.

times with DI water and dried with nitrogen. Then the surface was
dipped into the stearic acid solution in ethanol (5 % w/v) for 3 h. After
that, the surface was rinsed multiple times with ethanol and dried with
nitrogen. The prepared surface behaves as a superhydrophobic surface.
However, it still allows oil to be infused. Several oil droplets were
dropped down on the surface for oil infusion, and then nitrogen drying
was performed to remove excess oil. The LM was then gently placed
over the oil-infused surface for the preparation of LMOI. The etched
surface can also be coated with Teflon instead of stearic acid. However,
due to the high repellency of the Teflon-coated surface, higher surface
tension liquids such as mineral oil are difficult to be infused in such
surfaces. The stearic acid, sodium hydroxide, ammonium persulfate,
paraffin wax, and silicone oil were purchased from Sigma-Aldrich. The
paraffin mineral oil was purchased from SRL Chemicals.

The oil-infused surface can also be fabricated using soot particles
deposited on the surface®. This methodology was specifically
employed for protein crystallization due to the surface’s non-reactivity
in acidic environments. Initially, soot particles were deposited onto a
pristine glass surface by directly positioning it above a wax candle.
Subsequently, a mixture of polydimethylsiloxane (PDMS) and hexane
(>96% purity) was created in a 1:1 ratio, supplemented with a 10% w/w
crosslinker. The resulting solution was subsequently spin-coated onto
a soot-coated glass surface. Once the deposition process was com-
pleted, the surface was subjected to a temperature of 110 °C for a
duration of 3h to facilitate the solidification of the PDMS. Upon
achieving solidification, the surface was infused with the desired oils.

LMOI preparation
First, the mass-loaded LM required for the experiment was prepared.
To ensure that the LM with lower mass loading remains intact, it was

handled with a superhydrophobic surface. Subsequently, the LM was
carefully placed onto the desired oil-infused surface. It is advisable to
wait for a few min before initiating any further procedures, allowing
sufficient time for the oil to cloak the LM completely. It should be
noted that the preparation of LMOI can be accomplished using various
hydrophobic particles (Supplementary Fig. 24).

Evaporation experiments

The evaporation experiments were performed in a custom-made
sealed chamber. The humidity of the chamber was maintained at (50
+ 3)% at 25 + 2 °C by using the saturated salt solution of magnesium
nitrate unless conditions are specifically mentioned. The imaging of
evaporating LMOI (10 pL) was captured via a camera. The subsequent
image analysis was performed to find the instantaneous volume of
LMOL. All experiments were repeated for 3 times independently and
the mean was plotted.

Confocal imaging

Coumarin 6 (98% purity), a hydrophobic fluorescent dye, was pur-
chased from TCIL. The oil was labeled with Coumarin 6 with a con-
centration of 50 pg g™ and sonicated for 1 h. The labeled oil was then
infused into the nanostructured surface, and LMOI was prepared from
it. The oil layer was visualized by a Zeiss LSM 880 microscope.

Crystal Growth

The copper sulfate (99.5% purity), Rochelle salt (99% purity), and
sodium nitrate (99% purity) were purchased from Sigma-Aldrich in a
powder form. The solution was prepared by dissolving copper sulfate
(0.3gmL™), Rochelle salt (1.5gmL™), and sodium nitrate (0.9 g mL™)
in DI water. The desired volume droplet of such solution was then used
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for preparing silicone oil based LMOI. The crystal structure was elu-
cidated through rocking curve 6/20 parallel beam XRD measurements
using a high-resolution monochromator source (Cu-Ka, 1=1.5406 A°)
in Rigaku Smart lab High-Resolution X-Ray Diffractometer. The
authors referred to the ICDD database and VESTA software for all
crystal studies for the powder diffraction database.

The protein crystals were prepared using lysozyme powder (egg
white, Muramidase, molecular biology grade) obtained from SRL Che-
micals. To create the crystal, an acetate buffer solution (0.1 M, pH 4.4)
was prepared by combining sodium acetate (5 mg mL™, 99% purity) and
acetic acid (5.7 mgmL™, >99 % purity). 6.5% w/v NaCl was then added to
the acetate buffer as a precipitant. In a separate step, 75mgmL™ of
lysozyme powder was dissolved in DI water through gentle mixing. A 1:1
mixture of the lysozyme solution and the buffer solution was employed
to generate an LM. To make an LMOI, the LM was subsequently stabi-
lized over a carbon-soot-based oil-infused surface. It is important to
note that a copper-based oil-infused surface is unsuitable for protein
crystallization due to the reactivity between copper and the buffer.

Polarization-electric loop measurement

The Rochelle salt single crystal was first prepared by slow evaporation
of LMOL. Then the prepared crystal was thinned down to 357 pm with
the help of mechanical polishing. The thinned crystal was pasted over a
customized PCB with the help of silver paste to make connections for
measurements (inset of Fig. 4g). The polarization-electric (PE) loop
measurement was carried out at 1kHz and 20 °C, which is below the
Curie temperature of Rochelle salt (T, =24°C).

Cell culture and early cluster formation

OVCAR-3, an ovarian cancer cell line obtained from ATCC, was used for
early cluster formation. Early passage cells were thawed from frozen
vials and cultured for two to three passages to relieve the cryogenic
stress and attain healthy cellular morphology. At each passage, the
cells were trypsinized at around 70% confluency and maintain a split
ratio of 1:4; cells were reseeded in 60 mm dishes with 3 mL of media
and kept inside the incubator at 37 °C and 5% CO,. For spheroid cul-
ture, a cell suspension of density 85,000 cells mL™ was used to prepare
LMOIs and hanging droplets, which were then kept inside an incubator
and imaged at 3, 6, 12, and 18 h time points.

For assessing cell viability, Calcein acetomethoxy (AM) ester and
propidium iodide (PI) staining was performed at every time point.
Calcein AM is a non-fluorescent derivative of Calcein that gets trans-
ported across the membrane into live cells, where the intracellular
esterases remove the AM group. Consequently, the molecule gets
trapped inside, emitting a strong green fluorescence (excitation
495 nm, emission 515 nm) throughout the cell. Dead cells lack active
esterases, thereby labeling affects only live cells. Pl is a fluorescent
agent that can only cross compromised or damaged cell membranes.
Therefore, it predominantly enters dead cells and binds to DNA by
intercalating between bases, emitting a strong red signal (excitation
493 nm, emission 636 nm) from the nucleus. For imaging the spher-
oids at different time points, brightfield, as well as epifluorescence
microscopy, has been performed at 10x magnification.

Yeast growth

Yeast cells were grown from baker’s yeast. 10 mg of yeast and 60 mg of
glucose were mixed in 1 mL of DI water. Mineral oil-based LMOI was
prepared from 20 L of the yeast cell solution. Imaging was performed
at several intervals via an optical microscope.

Liquid sampling from LMOI and Benedict’s test

The hole was made on a clean copper surface by a 0.5 mm drill bead.
Then the surface was etched and made superhydrophobic by the
technique mentioned above. The mineral oil was infused in the pre-
pared surface to make the oil-infused surface, and subsequently, the

LMOI was prepared from yeast solution and placed at the center of the
hole. The sampling (= 1 pL) was done via a syringe in a hanging LMOI
configuration at different time intervals. After every sampling, the hole
was filled with PTFE particles to avoid unwanted evaporation.

Benedict’s reagent was purchased from OBA Chemie PVT.LTD. A1
pL sample from LMOI was mixed with 2 pL Benedict’s reagent on a
Teflon-coated glass substrate. The sample was then heated at 70 °C for
1min, and the color change was noted, which indicated the level of
glucose in the sample. Red, yellow, and green colors indicate glucose
levels of more than 2%, 1%, and 0.5%, respectively.

Preparation of wax-infused surface and measurement of critical
pressure

The copper surface was first etched with the technique mentioned
above. Then the surface was dipped into a molten wax container and
gently taken out. The surface was then placed at room temperature for
some time until the wax solidifies. During capsule preparation, the
surface was placed on a hot plate with a temperature above the melting
point (T,,,) of wax. After the liquefication of the wax, the LM was placed
on the surface. After ensuring the complete cloaking of the wax on an
LM, the hot plate temperature was brought down to room temperature
to solidify the wax, resulting in a capsule.

The critical pressure for rupturing the capsule was determined by
the in-house developed setup using a motorized stage, weighing bal-
ance, and high-speed camera (Supplementary Fig. 21). First, the cap-
sule was placed on a weighing balance. Then, the squeezing plate,
attached to the motorized stage, was brought down at a constant
speed (50 pms—1) from the top. The high-speed camera was set up on
the side to record the process. The reading from the weighing balance
was recorded constantly during the process™. The final mass during
the rupture process was taken into account to calculate the critical
pressure. The pressure is calculated by P. = mgA~!, where P_, m, g, and
A are the critical pressure of rupture, mass recorded by the weighing
balance at rupture, gravitational acceleration g, and area of contact of
the tablet with the surface, respectively.

Dye diffusion measurement

A MB capsule was dropped into a water bath at room temperature and
incubated for 2 months. The UV-vis-NIR spectrometer was used to
check the concentration of dye in the water bath. The absorbance
spectra was taken after correcting the background with DI water. The
sample size was fixed at 3 mL. Similarly, after the thermal bursting of
the capsule, the absorbance was measured, in which a peak at 664 nm
is observed, confirming the release of MB. However, even after
2 months of incubation, no absorbance signal was observed, sug-
gesting no diffusion of MB through the wax shell.

Capsule release from the substrate

Wax capsules were removed from the substrate surface by etching the
bottom copper surface. For this, a capsule with the substrate is drop-
ped inside an ammonium persulfate solution (15mg in 50 mL of DI
water). After the complete dissolution of the substrate, the wax cap-
sule was floating on the water. The released capsule was taken out by
using a porous mesh.

Transparency measurements

Transparency measurements were carried out using 532 and 633 nm
laser sources. The laser source was first filtered through a natural
density filter to reduce the intensity and then allowed to fall over the
sample (droplet/LM/LMOI). A power meter was placed opposite to the
laser to measure the transmission efficiency.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

The data that support the findings of this study are available from the
corresponding author upon request. Source data are provided in
this paper.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Lathia, R. et al. Advances in Microscale Droplet Generation and
Manipulation. Langmuir 39, 2461-2482 (2023).

Garstecki, P., Kaminski, S. T. S., Garstecki, P. & Kaminski, T. S.
Controlled droplet microfluidic systems for multistep chemical and
biological assays. Chem. Soc. Rev. 46, 6210-6226 (2017).
Baccouche, A. et al. Massively parallel and multiparameter titration
of biochemical assays with droplet microfluidics. Nat. Protoc. 12,
1912-1932 (2017).

Bansal, S. & Sen, P. Electrowetting based local sensing of liquid
properties using relaxation dynamics of stretched liquid interface.
J. Colloid Interface Sci. 568, 8-15 (2020).

Nightingale, A. M. et al. Monitoring biomolecule concentrations in
tissue using a wearable droplet microfluidic-based sensor. Nat.
Commun. 10, 1-12 (2019).

Maayani, S., Martin, L. L. & Carmon, T. Water-walled microfluidics
for high-optical finesse cavities. Nat. Commun. 2016 717,1-4 (2016).
Tona, R. M., McDonald, T. A. O., Akhavein, N., Larkin, J. D. & Lai, D.
Microfluidic droplet liquid reactors for active pharmaceutical
ingredient crystallization by diffusion controlled solvent extraction.
Lab Chip 19, 2127-2137 (2019).

Shang, L., Cheng, Y. & Zhao, Y. Emerging Droplet Microfluidics.
Chem. Rev. 117, 7964-8040 (2017).

Brown, K. A. Scanning probes as a materials automation platform
with extremely miniaturized samples. Matter 5, 3112-3123 (2022).
Lathia, R., Sagar, N. & Sen, P. Multi-droplets non-coalescence on
open-chip electrowetting platform. Eur. Phys. J. Spec. Top. 2022
1-7. https://doi.org/10.1140/EPJS/S11734-022-00661-Z (2022).
Tung, Y. C. et al. High-throughput 3D spheroid culture and drug
testing using a 384 hanging drop array. Analyst 136, 473-478 (2011).
Hattori, S., Vandendriessche, S., Koeckelberghs, G., Verbiest, T. &
Ishii, K. Evaporation rate-based selection of supramolecular chir-
ality. Chem. Commun. 53, 3066-3069 (2017).

Cranston, R. R. & Lessard, B. H. Metal phthalocyanines: thin-film
formation, microstructure, and physical properties. RSC Adv. 11,
21716-21737, https://doi.org/10.1039/d1ra03853b (2021).

Jiao, L. et al. Mosaic Patterned Surfaces toward Generating Hardly-
Volatile Capsular Droplet Arrays for High-Precision Droplet-Based
Storage and Detection. Small 2206274. https://doi.org/10.1002/
SMLL.202206274 (2023).

Bansal, S. & Sen, P. Mixing enhancement by degenerate modes in
electrically actuated sessile droplets. Sensors Actuators B Chem.
232, 318-326 (2016).

Ryu, S. A. et al. Biocompatible Wax-Based Microcapsules with
Hermetic Sealing for Thermally Triggered Release of Actives. ACS
Appl. Mater. Interfaces 13, 36380-36387 (2021).

Goertz, J. P., Demella, K. C., Thompson, B. R., White, I. M. &
Raghavan, S. R. Responsive capsules that enable hermetic encap-
sulation of contents and their thermally triggered burst-release.
Mater. Horizons 6, 1238-1243 (2019).

Senthil Pandian, M., Boopathi, K., Ramasamy, P. & Bhagavannar-
ayana, G. The growth of benzophenone crystals by
Sankaranarayanan-Ramasamy (SR) method and slow evaporation
solution technique (SEST): A comparative investigation. Mater. Res.
Bull. 47, 826-835 (2012).

Zhang, C. Y. et al. An investigation on the effect of evaporation rate
on protein crystallization. J. Cryst. Growth 418, 45-51 (2015).

Lee, M. H., Kim, J. H., Park, Y. C., Hwang, J. H. & Kim, W. S. Control of
crystal density of e-hexanitrohexaazaisowurzitane in evaporation
crystallization. Ind. Eng. Chem. Res. 46, 1500-1504 (2007).

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Dowling, M. B., Bagal, A. S. & Raghavan, S. R. Self-destructing
‘mothership’ capsules for timed release of encapsulated contents.
Langmuir 29, 7993-7998 (2013).

Wang, H. C. et al. Trigger chemistries for better industrial for-
mulations. ACS Appl. Mater. Interfaces 7, 6369-6382 (2015).

Lee, A. et al. Fabrication of slender elastic shells by the coating of
curved surfaces. Nat. Commun. 7, 1-7 (2016).

Mou, C. L. et al. Trojan-Horse-Like Stimuli-Responsive Micro-
capsules. Adv. Sci. 5, (2018).

Payne, E. M., Holland-Moritz, D. A., Sun, S. & Kennedy, R. T. High-
throughput screening by droplet microfluidics: perspective into
key challenges and future prospects. Lab Chip 20,

2247-2262 (2020).

Chen, P. W., Erb, R. M. & Studart, A. R. Designer polymer-based
microcapsules made using microfluidics. Langmuir 28,

144-152 (2012).

Bansal, S. & Sen, P. Axisymmetric and Nonaxisymmetric Oscilla-
tions of Sessile Compound Droplets in an Open Digital Microfluidic
Platform. Langmuir 33, 11047-11058 (2017).

Ge, Q. et al. Condensation of Satellite Droplets on Lubricant-
Cloaked Droplets. ACS Appl. Mater. Interfaces 12,

22246-22255 (2020).

Roy, P. K. et al. Manufacture and properties of composite liquid
marbles. J. Colloid Interface Sci. 575, 35-41 (2020).

Liu, M. et al. Improvement of wall thickness uniformity of thick-
walled polystyrene shells by density matching. Chem. Eng. J. 241,
466-476 (2014).

Anachkov, S. E. et al. Particle detachment from fluid interfaces:
theory vs. experiments. Soft Matter 12, 7632-7643 (2016).

Fujii, S., Yusa, S. |. & Nakamura, Y. Stimuli-Responsive Liquid Mar-
bles: Controlling Structure, Shape, Stability, and Motion. Adv.
Funct. Mater. 26, 7206-7223 (2016).

Daniel, D., Timonen, J. V. ., Li, R., Velling, S. J. & Aizenberg, J.
Oleoplaning droplets on lubricated surfaces. Nat. Phys. 13,
1020-1025 (2017).

Modak, C. D., Kumar, A., Tripathy, A. & Sen, P. Drop impact printing.
Nat. Commun. 1, 1-11 (2020).

Tang, Y. & Cheng, S. Capillary forces on a small particle at a liquid-
vapor interface: Theory and simulation. Phys. Rev. E 98,

032802 (2018).

Randall, G. C. & Doyle, P. S. Permeation-driven flow in poly(-
dimethylsiloxane) microfluidic devices. Proc. Natl. Acad. Sci. USA.
102, 10813-10818 (2005).

Rodriguez-Ruiz, |I., Hammadi, Z., Grossier, R., Gdmez-Morales,
J. & Veesler, S. Monitoring picoliter sessile microdroplet
dynamics shows that size does not matter. Langmuir 29,
12628-12632 (2013).

Satyro, M. A., Shaw, J. M. & Yarranton, H. W. A practical method for
the estimation of oil and water mutual solubilities. Fluid Phase
Equilib. 355, 12-25 (2013).

Watson, J. M. & Baron, M. G. The behaviour of water in poly(-
dimethylsiloxane). J. Memb. Sci. 110, 47-57 (1996).

Gerecsei, T. et al. Characterization of the Dissolution of Water
Microdroplets in Qil. Colloids Interfaces 6, 14 (2022).

Armstrong, S., McHale, G., Ledesma-Aguilar, R. & Wells, G. G.
Evaporation and electrowetting of sessile droplets on slippery
liquid-like surfaces and slippery liquid-infused porous surfaces
(SLIPS). Langmuir 36, 11332-11340 (2020).

Perkasa, C. Y., Lelekakis, N., Czaszejko, T., Wijaya, J. & Martin, D. A
comparison of the formation of bubbles and water droplets in
vegetable and mineral oil impregnated transformer paper. IEEE
Trans. Dielectr. Electr. Insul. 21, 2111-2118 (2014).

Liu, Z. et al. Electrocontrolled Liquid Marbles for Rapid Miniaturized
Organic Reactions. Adv. Funct. Mater. 29, 1901101 (2019).

Zhao, Z. et al. Liquid Marbles in Liquid. Small 16, 2002802 (2020).

Nature Communications | (2023)14:6445

13


https://doi.org/10.1140/EPJS/S11734-022-00661-Z
https://doi.org/10.1039/d1ra03853b
https://doi.org/10.1002/SMLL.202206274
https://doi.org/10.1002/SMLL.202206274

Article

https://doi.org/10.1038/s41467-023-41977-1

45. D’Arcy, A., Elmore, C., Stihle, M. & Johnston, J. E. A novel approach
to crystallising proteins under oil. J. Cryst. Growth 168,

175-180 (1996).

46. Stahl, G., Salem, S. N. B., Chen, L., Zhao, B. & Farabaugh, P. J.
Translational accuracy during exponential, postdiauxic, and sta-
tionary growth phases in Saccharomyces cerevisiae. Eukaryot. Cell
3, 331-338 (2004).

47. De Geest, B. G. et al. Polyelectrolyte microcapsules for biomedical
applications. Soft Matter 5, 282-291 (2009).

48. Nguyen, N. K. et al. Digital Imaging-based Colourimetry for Enzy-
matic Processes in Transparent Liquid Marbles. ChemPhysChem
22, 99-105 (2021).

49. Yao, X. et al. Adaptive fluid-infused porous films with tunable
transparency and wettability. Nat. Mater. 12, 529-534 (2013).

50. Lathia, R. & Sen, P. Sol-gel-derived nanoparticles coated liquid
entities: liquid marbles, liquid plasticine, and flat interface. J.
Micromech. Microeng. 33, 024002 (2022).

51. Lathia, R., Dey Modak, C. & Sen, P. Suppression of droplet pinch-off
by early onset of interfacial instability. J. Colloid Interface Sci. 646,
606-615 (2023).

52. Luo, Y. Q. et al. Lubricant-Interface Induced Mobile Crystallization
for Hypersaline Wastewater Management. Adv. Funct. Mater.
2301086. https://doi.org/10.1002/ADFM.202301086. (2023).

53. Gao, N. et al. How drops start sliding over solid surfaces. Nat. Phys.
14, 191-196 (2017).

Acknowledgements

The authors thank Sayanta Goswami and Prof. Ambarish Ghosh for
helping us in setting up the transparency experiments. The authors also
thank Pooja Punetha, Upanya Khandelwal, and Prof. Rajeev Ranjan for
their help in experiments related to ferroelectricity. The authors
acknowledge the National Nanofabrication Centre and the Micro/Nano
Characterization Facility at CeNSE, IISc, for providing us with the fabri-
cation and characterization facility. All the authors thank the Department
of Science and Technology and the Ministry of Education, Government
of India, for financial support. P.S. is supported by DST Indo-Korea Grant.
R.B. is supported by the Wellcome Trust/D.B.T. India Alliance Fellow-
ship/Grant [IA/1/17/2/503312] and the Department of Biotechnology,
India [B.T./909PR26526/G.E.T./119/92/2017]. R.L., S.M. and D.S. are
grateful to Prime Minister’s Research Fellowship for the research
support.

Author contributions

R.L. and S.N. contributed equally to this paper. R.L., S.N. and P.S. con-
ceived the idea. R.L. and P.S. wrote the paper. R.L. and P.S. developed
the theoretical model. R.L., S.N. and C.D.M. performed experiments
related to the characterization of evaporation. S.M., R.L. and C.D.M.

performed experiments and measurements related to cell culture. R.L.
and S.N. conducted the yeast growth experiments. D.S., S.N. and R.L.
performed the experiments and measurements related to crystal
growth. R.L. and B.S.R. conducted experiments related to wax capsule
formation and ferrofluid LMOI. P.S., P.N. and R.B. acquired the funding
and supervised the project.

Competing interests

The patent related to this paper has been awarded by the Indian patent
office (Application no. 202241047688, Patent no. 445807, Submitted by
Indian Institute of Science, Bangalore). R.L., S.N., C.D.M. and P.S. are the
inventors of the patent. The remaining authors declare no competing
interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41977-1.

Correspondence and requests for materials should be addressed to
Prosenijit Sen.

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

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

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

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

© The Author(s) 2023, corrected publication 2024

Nature Communications | (2023)14:6445

14


https://doi.org/10.1002/ADFM.202301086
https://doi.org/10.1038/s41467-023-41977-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Tunable encapsulation of sessile droplets with solid and liquid shells
	Results and Discussion
	Composite droplet structure
	Condition for LMOI stability
	Control of encapsulation thickness
	Nanostructured surface coating
	Dynamics of cloaking
	Resistance to evaporation
	Effect of temperature
	Effect of oil viscosity
	Effect of oil layer thickness
	Single crystal growth in droplets
	LMOI in biological applications
	Capsules
	Optical and mechanical properties of LMOI

	Methods
	Liquid marble fabrication
	Oil-infused surface fabrication
	LMOI preparation
	Evaporation experiments
	Confocal imaging
	Crystal Growth
	Polarization-electric loop measurement
	Cell culture and early cluster formation
	Yeast growth
	Liquid sampling from LMOI and Benedict’s test
	Preparation of wax-infused surface and measurement of critical pressure
	Dye diffusion measurement
	Capsule release from the substrate
	Transparency measurements
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




