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The Potential of Liquid Marbles for Biomedical

Applications: A Critical Review

Nuno M. Oliveira, Rui L. Reis, and Jodo F. Mano*

Liquid marbles (LM) are freestanding droplets covered by micro/nanoparti-
cles with hydrophobic/hydrophilic properties, which can be manipulated as a
soft solid. The phenomenon that generates these soft structures is regarded
as a different method to generate a superhydrophobic behavior in the liquid/
solid interface without modifying the surface. Several applications for the LM
have been reported in very different fields, however the developments for bio-
medical applications are very recent. At first, the LM properties are reviewed,
namely shell structure, LM shape, evaporation, floatability and robustness.
The different strategies for LM manipulation are also described, which make
use of magnetic, electrostatic and gravitational forces, ultraviolet and infrared
radiation, and approaches that induce LM self-propulsion. Then, very distinc-
tive applications for LM in the biomedical field are presented, namely for
diagnostic assays, cell culture, drug screening and cryopreservation of mam-
malian cells. Finally, a critical outlook about the unexplored potential of LM
for biomedical applications is presented, suggesting possible advances on

it was also reported that hydrophilic parti-
cles can be used on LM production, spe-
cifically graphite and carbon black.”® LM
make easier the manipulation of liquids
which combined with other intrinsic prop-
erties justify the growing interest of the
scientific community.

Widely range of applications were
found for LM, such as oil adsorption and
separation,”®l pH and gas sensing,®
chemical reactions,'*®  synthesizing
microparticles,'®! revealing water pollu-
tion on the water/vapor interfacel’’” and
manipulation of small amounts of liquids
(micro-reactors, micro-pumps).1*1819 The
LM use in cosmetics has been also sug-
gested, due to the non-oily feel imparted
to skin by marbles.?% Several studies and

this emergent scientific area.

1. Introduction

Liquid marbles (LM) consist in liquid droplets coated with
a hydrophobic powder, according Aussillous and Quéré that
reported for the first time this concept.!] LM production is
achieved by simply rolling a liquid droplet over hydrophobic
micro or nanoparticles. Where the encapsulated material is pro-
tected by the hydrophobic shell, preventing the physical contact
between the liquid and the external environment.'*) However,
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applications for LM have been published
in different scientific fields, but only very
recently biomedical applications have been
reported.

Some excellent reviews targeting LM topic exist in literature.
The scopes of these reviews cover general properties, manipu-
lation and applications of LM.?>*#21-2] In contrast, the aim of
the review presented here was to focus on the emerging field
of biomedical applications for LM. Based on the most recent
progress, we intended to show how the properties and manipu-
lation of LM were explored to develop the reported biomedical
applications. This review is finalized with a critical view of the
latent potential of LM for new applications on the referred field.
Therefore, this paper is composed by three sections: a) compi-
lation of LM properties and developed methodologies for LM
manipulation, b) illustration of the most recent progress in the
biomedical applications for LM, and c) discussion of the LM
potential for new biomedical applications based on the recent
progress.

2. Liquid Marbles

2.1. Properties
2.1.1. Shell Structure

LM are non-stick droplets covered by micro and/or nanomet-
rically scale particles with hydrophobic (and few hydrophilic)
properties which enable to manipulate the marbles like a soft
solid — Figure 1A. This soft solid is regarded as an alternative
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approach to superhydrophobicity, once also inhibits the wetting
of liquid droplets on solid surfaces. The original superhydro-
phobicity concept postulated that the anti-wetting properties
were achieved by physical and/or chemical modification of a
solid surface.?6-28] In the case of LM the approach is opposite,
the modification is performed on the liquid droplet interface
with the external environment instead of the supporting sur-
face. Due to the non-wetting/non-sticking property, LM present
very low friction with a wide diversity of solid and liquid sup-
ports. This low-friction characteristic allows LM to move easily
and reveals to be crucial on both manipulation and develop-
ment of numerous LM applications.[142429:30]

Hydrophobic particles can be loosely fixed over flat surfaces
to prepare moldable superhydrophobic surfaces.>!! For the case
of LM, it was reported that the encapsulating layer of particles
can present a structure from a loosely packed monolayer to a
multilayer structure. Generally, LM coating has a non-uniform
thickness, consisting in an arrangement of mono- and multi-
layers of particles — Figure 1B.13233] Morphologically, LM wall
presents significant roughness and porosity in appearance
and is composed by particle aggregates separated by liquid
region spacing (liquid clearings) — Figure 1B.*3°] Due to the
roughness and the porosity, air remains entrapped on LM
shell creating “air pockets”, providing an analogous outcome
to the “lotus effect” on rough surfaces.’3 The air pockets
give also to the LM the interesting ability to float in liquids —
Figure 1A.3%3437] The absence of direct contact between the
encapsulated fluid and both solid and liquid supports was
experimentally confirmed.?* However, it was clearly demon-
strated that the powder shell coating LM is permeable for gases,
allowing their use in gas sensing and biological applications
(reviewed ahead).[113:38-41]

2.1.2. Liquid Marble Shape: Static, Rolling and Floating Conditions

The shape of LM is determined by the equilibrium between
the effects of gravity and surface tension.>3] As marbles are
soft, they deform in a way to minimize their potential energy.
Increasing their size, LM tend to lower their center of mass
and consequently increase the contact area with the supporting
surface.[¥] Wherein, small LM present a quasi-spherical shape,
due to the negligible effect of gravity. On the other hand, in
large LM the gravity force predominates on the shape forma-
tion, originating marbles with flattened puddle shapes.[3 The
classification of small and large is performed by comparison
to the capillary length, classifying as small marbles the ones
that present a height significantly less than the double of the
capillary length.[*21]

Due to the very low friction between the LM and the sup-
porting surface, LM can easily move down a tilted substrate.l!
Here, LM do not slide but roll, and larger marbles roll more
slowly comparing with smaller LM.[*# Moreover, it was
shown that rotating marbles can deform into doughnut and
peanut shapes, due to the centrifugal force influence combined
with LM coating flexibility — Figure 2.1

Recently, Ooi et al. suggested a model to characterize the
deformation of LM floating in a liquid surface.*”! A floating
oblate spheroid model was developed from the floating solid
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Figure 1. A) A LM resting on a glass slide and floating on the surface of glycerol. Reproduced
with permission.[l Copyright 2015, American Chemical Society. B) Image of a LM and view of
a cross section of the LM coated with a fluorescein O-methacrylate based powder. Reproduced

with permission.3l Copyright 2015, American Chemical Society.

sphere model.*?! Additionally, they reported that the developed
model is different than the model proposed by Whyman and
Bormashenko, for a sessile droplet resting on a solid surface.[*’]
This was justified by the fact that for the floating LM case a
deformation occurs in both the marble and the liquid surface.
These models may be important for improving the models
of LM evaporation, since the exposed surface area to air may
change for the different cases.

2.1.3. Evaporation Phenomenon

The evaporation of LM is one of the most important param-
eters for long term applications (e.g. biomedical applications),
because with the evaporation LM loose their shape and
collapse.[?32448] Several works have studied the evaporation
phenomenon in LM, analyzing the effect of different types of
coating particles and layer organizations.>**- The encapsu-
lated liquid is also important and, as expected, for more volatile
liquids the evaporation rate is higher.!

Dandan and Erbil reported that graphite-coated LM pre-
sented lower evaporation rates comparing with bare water

Figure 2. Different shapes taken by a liquid marble in the inertial regime. A) Peanut and
B) doughnut shapes of a rotating marble. Arrow indicates direction of the motion; scale bar:
1 cm. Reproduced with permission.['l Copyright 2001, Macmillan Publishers Ltd.
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droplets in the same conditions, presenting
the LM a lifetime twice longer than the
water droplets.’! However using hydro-
phobic polytetrafluoroethylene microparticles
(LPTFE) on the water-air interface of LM, the
water marbles just presented 5 to 35% more
of lifetime than of the pure water droplets.>"
Bhosale et al. compared uPTFE with fumed
silica nanoparticles chemically modified
with two different hydrophobic molecules:
hexamethyldisilazane and dimethyldichlo-
rosilane.’! The obtained results showed that
the water diffusion through LM shell was
not related with the particle size. Instead,
the authors suggested that the higher resist-
ance to water loss of LM coated with hex-
amethyldisilazane-modified =~ nanoparticles
may be attributed to the lower aggregation
of this particles. Recently, Laborie et al. also
suggested that the rate of water evaporation
is independent of the particle size.’3l How-
ever, unlike Bhosale et al., they associated
the slower drying of LM with the presence of
multilayer coatings and they suggested that
the multilayers may be formed by aggregates
of nanoparticles. This work indicated that LM
covered with a monolayer of hydrophobic particles dried faster
than bare liquid droplets. On the other hand, multilayer coated
LM dried slower than water droplets. Additionally, it was found
that the evaporation rate of LM is directly related with the ratio
between shell thickness and LM diameter.>3 Ooi et al. also sug-
gested that the coating density could be an important factor
driving the liquid evaporation in LM.P?!

Despite the several studies on this subject, more studies
seems necessary to fully understand the relationship between
the evaporation behavior in LM and the coating structure.

3mm

0.07 cm

2.1.4. Floating Ability

In literature several works studying and exploring the ability
of LM to float can be found — Figure 1A.[911:17:34.37:4245,5056-63]
Taking advantage from this LM property, applications were
developed on sensors field for pH-sensing,®11°7>% to reveal
water pollution,'”! and also on development of floating self-
propelling devices.[*20 Generally, pH-sensing LM were coated
with pH-responsive particles that change their wettability from
hydrophobic to hydrophilic with pH variations. These LM usu-
ally exhibit long-term stability floating in
solutions with a pH above or below a defined
value. With the addition of an acid®”°® or a
basel®11:5%63] to the supporting liquid, the LM
immediately disintegrate due to the increase
of the coating hydrophilicity. The pH changes
can be visually detected by LM destruction
and/or by colorant release. For the detection
of water pollution the mechanism is similar,
but instead of a change on LM shell the
alteration occurs on the supporting liquid.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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As an example of this application, LM were able to successfully
recognize the water contamination by organic compounds.!’]
With these contaminants, the water surface tension decreased
and the floating LM lost their integrity, revealing the water
contamination without water sampling. On the same topic of
responsive floating LM to external stimuli, Nakai et al. reported
a thermoresponsive LM that lost their integrity when the tem-
perature increased and reached 46.5 °C.°* This temperature
corresponded to the melting point of the material used in the
LM coating. The authors suggested that these marbles can be
used for chemical reactions between the LM interior and the
supporting liquid, being the reaction triggered by heating.

2.1.5. Effective Surface Tension

Encapsulating a liquid with nano/microparticles, the surface
tension of the pure liquid is altered to form the marble.
The corresponding surface tension of the LM is defined as
the “effective surface tension’, which is the specific energy
of the liquid coated with the particle/vapor interface.[?23"]

Essentially, five different techniques have been suggested
for the establishment of the effective surface tension of LM:
i) the pendant marble method; ii) methods using the vibra-
tion of marbles; iii) capillary rise and Wilhelmy plate methods;
iv) analysis of the LM shape; and, v) the puddle height method
that is the most popular and simple method. There are two
papers that summarize and explain all of these different
methods: one is from Bormashenkol®l and other from Cengiz
and Erbil.’”l However, the current experimental situation is
complex and many different values have been reported for
the effective surface tension, because physical properties of
surfaces stabilized with solid particles depend on the density
and nature (hydrophobicity of the powder, particle size) of
shell.>?237] Thus, more experimental studies are claimed to
clarify this situation and understand the influence of the phys-
ical nature and density of coating particles on the surface prop-
erties of LM.

2.1.6. Robustness/Elasticity

Understanding the mechanical robustness of LM is very impor-
tant to design applications that involve transportation and
manipulation of LM. This robustness comprises the capability
of marbles to resist to deformation, pressure and impact.

In static conditions, the resistance to deformation and pres-
sure could be assessed by quasi-static compression methods,
showing the LM high elasticity — Figure 3.l For small
mechanical compression, Asare-Asher et al. reported that LM
could sustain a purely elastic deformation of up to 30% of
their original size, using potassium chloride solution encapsu-
lated by polyethylene microparticles (53-75 um) — Figure 3.0
The elastic properties of LM are attributed to two very distinct
mechanisms.(°’l Thus, one mechanism is the interfacial force,
namely the capillary interactions between the colloidal particles
coating the marbles.®®%°] The other mechanism is common
to LM and droplets, which is the restoring “spring-like” force
driven by the surface tension that permits to LM recover their
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Figure 3. Liquid marble under compression: A) Small deformation;
B) medium deformation — cracks in the particle coating can be seen under
scrutiny; and C) breakage point — immediately before LM rupture. Repro-
duced with permission.[% Copyright 2015, Elsevier.

shape after deformation.”®’!l This same elastic behavior was
found with LM under compression conditions and during the
noncoalescent collisions of LM.I%#%] Using high mechanical
compression, Liu et al. studied the critical pressure before LM
rupture, attributing this rupture to the poor coverage of parti-
cles on marble surface when highly stretched.”” They found
that the mechanical robustness of marbles was influenced by
the hydrophobicity and size of the coating particles.

Regarding to particles hydrophobicity, Liu et al. found that
fumed silica particles with a apparent water contact angle
(AWCA) of 118° created more robust LM comparing with par-
ticles presenting 145° — AWCA was measured by placing a
water droplet over glass slides spin coated with a layer of fumed
silica particles.l”?l They attributed this result to the fact that the
AWCA of particles was closer to 90°, because at this AWCA par-
ticles are more strongly bound to the liquid surface.*”? This
explanation was corroborated from other works that experi-
mentally demonstrated higher mechanical robustness for a
layer at the liquid-air interface using particles with an AWCA
of 90°.7%1 Zang et al. also confirmed this results, showing that
a coating using particles with properties in limit of the hydro-
phobic to hydrophilic regime presented the highest mechanical
robustness for LM.4 For this study, silica-based nanoparticles
(=20 nm) with different relative SiOH content and an AWCA

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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in the range of 80-135° were used.l’”>7%] However, Zhou et al.

found higher mechanical stability for the LM produced using
particles with an AWCA of 132°, from a studied AWCA range
of 84-132°."% For the coating, acetylated cellulose powders
(average size of =40 um) with different degrees of acetylation
were used. This unexpected result may be owing to the very
irregular shape of the coating powders.”®l Once the theoret-
ical explanation for the AWCA of 90° such as the best for the
highest LM robustness is based on particles with smooth and
spherical shape,* this explanation may do not fit in the specific
case of Zhou et al. More meticulous studies aiming this subject
are indispensable.

As previously mentioned, it was reported that the particle
size also plays an important role regarding to marble robust-
ness. Several reports stated that smaller particles generate
more stable LM.333751.72] Tt has been found that nanoparticles
behave like an “elastic membrane”, creating very robust mar-
bles in comparison with microparticle coatings.”"7? A possible
explanation is that increasing the particles size also increase
the liquid clearings on the layer of particles, weakening the
LM shell.?*-3>72] Using nanoparticles, the shell is strengthened
due to a more uniform deposition and a better network created
between nanoparticles based on the attraction imposed by lat-
eral capillary forces.17277]

The mechanical robustness of LM sur-
prisingly allow procedures such as inject
and extract liquid from the LM core without
destroy them.[*#7879 Bajwa et al. reported
a deeply study to characterize the behavior I
and the operational limits of LM upon liquid

www.advhealthmat.de

integrity of LM stabilized by charged polystyrene-latex particles
showed the possible use of tweezers to completely cut marbles
without destroy them. Their shape became elongated by mechan-
ical forces but can be restored again, always using the tweezers.

2.2. Liquid Marbles Manipulation

Due to transforming a liquid-solid interaction into a solid-solid
interface, LM are non-stick droplets presenting an extremely
low friction with the supporting surface, and consequently
small forces for LM manipulation are required. Several dif-
ferent manipulation strategies have been reported, namely
using magnetic, electrostatic and gravitational forces. Recently,
the use of ultraviolet, infrared irradiation and self-propelling
marbles were also reported.

2.2.1. Magnetic

One of the most common means for manipulation of LM is the
use of magnetic forces. Its popularity is owed to the simplicity
of use and the remote control (no physical contact required) —
Figure 4A.7142425293081-88] There is two means to confer

Rl

, . 0 ms 32 ms A 102 ms
exchange via external inflow and outflow./®! o —_ — —
They reported that with the liquid injec- Magnet Bar
tion a swirl motion on the marble surface 0ms 33 ms 66 ms 99 ms 132 ms
occurred. Incr(_easmg injection flow rate the ° e i = - | e
shear forces increased, consequently also k
the swirl motion and at high swirl rates LM 4 4 4 4ma | 4 4

robustness decreased. However, for mod-
erate levels of swirl an enhanced on the B
robustness was observed. Larger marbles
showed to take more liquid before disrup-
tion comparing with smaller marbles. It was
also reported that the liquid can be removed
and re-injected from the LM core and the
marbles regained their spherical shape and
non-wetting behavior. With these extraction-
injection cycles, the LM were weakening and
disrupted after three cycles.”® Finally, the
authors showed be possible simultaneously
inject and extract the liquid from the LM,
being possible to use the marbles for perfu-
sion experiments at low flow rates. Thus, LM
present high potential as bioreactors for long-
term cellular culture, since the cell culture
medium can be exchanged continuously by
perfusion. For this application, low flow rates
are important to avoid cell wash-out from
reactor and mimic in vivo conditions.

Sun et al. reported that LM can be manip-
ulated using tweezers.®% The mechanical
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Figure 4. A) Images of a LM moving vertically and horizontally driven by a magnet bar. Repro-
duced with permission.®® Copyright 2016, the Royal Society of Chemistry. B) lllustration of a
proposed device for “on-line” detection and for sample encapsulation based on magnetic LM.
Reproduced with permission. (]
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magnetic response in LM: a magnetic coating®87#8 or a mag-
netic content.[81:80)

For the coating, the used particles are hydrophobic nano-
particles of iron (Fe;0,)2°%4 or synthesized nano/microparti-
cles combining iron and other materials.”##8 Some of these
synthesized microparticles were produced using biocompatible
materials which opens the possibility to use them in biomedical
applications, being an example of the magnetic superhydro-
phobic cellulose-based microspheres developed by Lin et al.l®®!
Fundamentally, the iron is used to confer superparamagnetic
properties to the coating particles, making possible the LM
manipulation by using an external magnetic field — Figure 4A.
Since the hydrophobic coating powder can be manipulated,
these magnetic marbles allowed the hydrophobic coating to
open and to close reversibly and also the controllable merging
of two marbles.l'*2] Marbles with magnetic properties roll after
a moving permanent magnet and do not slide on the solid sur-
face, as the regular LM.I*

By taking advantage of the LM feature of being opened and
closed reversibly, it was possible to have directly access and add
a second liquid to the marble core, producing a bicomponent
LM suitable for chemical reactions.' This LM feature also
allowed to perform optical detection with a reflection mode that
enabled to probe chemical reactions taking place within mar-
bles.[®3] By exploring the easy manipulation of magnetic LM,
Zhao et al. proposed to integrate different processes in a single
device — Figure 4B. Using magnetism, the LM could be moved
along of the proposed device and the marbles could be opened
to perform electrochemical measurements, introducing an elec-
trode probe inside of LM and also through optical detection.!®!
Recently, it was also proposed a device to magnetically actuate
in floating LM, aiming the transport of aqueous solution with
minimal volume loss using a digital microfluidics platform.8°!
The authors proposed that the platform may be used in bio-
logical applications, namely as a bioreactor for growing cells.
Here, the magnetic properties of LM were provided by the iron
oxide particles added to the marbles content. These magnetic
particles showed to be biocompatible, however their biocompat-
ibility can be improved by coating the particles with surfactants
such as polyethylene glycol or sodium oleate.[#8]

2.2.2. Electrostatic

It was showed that LM can also be deformed, moved and can
experience changes in their wettability when exposed to an
electric field.>?%% Aussillous and Quéré showed for the first
time that LM can be moved by the effect of an electrostatic
field, where this field was reached by simply rubbing a stick of
Teflon on a fabric.Zl By using electrostatic interactions, it was
also showed that a liquid droplet can be spontaneously coated
with hydrophobic particles, resulting in multi-layered LM.[?
By exposing LM to an electric field provided by a capacitor,
LM could be actively deformed® and controlled their move-
ments."%! Similar behavior was also reported for “Janus”
marbles, which are droplets composed of two hemispheres
characterized by presenting different physical and/or chemical
properties. It was showed that “Janus” marbles could be rotated
with an electric field due to the difference in electric properties
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of the particles used for the coating, in this case Teflon and
carbon black that are dielectric and semiconductor particles
respectively.%!

However, there is a lack of studies showing the safety of elec-
tric fields used in LM manipulation for biomedical applications,
namely the effect of electric fields in mammalian cells needs to
be assessed.

2.2.3. Gravitational

The simplest ways to provide movement to LM is allowing it to
roll down an inclined plane, during which gravitational poten-
tial energy is transformed into kinetic energy conducting to a
descending movement.***’] The speed acquired by the LM is
influenced by the inclination angle, surface tension, viscosity
and Bond number.2**1 Smaller marbles roll faster com-
paring with larger LM.I** Two marbles can be merged in a
controlled way under the action of gravity.”®*? Based on this
method, Castro el al. presented a 3D printed platform for con-
tinuous production of “Janus” and composite LM.®? The mar-
bles were produced through the coalescence of two LM with
different coatings and the process control was performed by
adjusting the inclination angle of the designed platform. The
authors suggested that the developed device has potential appli-
cation for surface engineering with innovative functionality for
drug therapies, particles-based barcode biomarkers and smart
membranes.[’)

Taking advantage of LM ability to easily roll on a solid sur-
face, new systems may be developed to perform cellular culture
in simulated microgravity conditions. Since combining the
marbles with a simple lab rotator shaker, LM with cells inside
can roll in random directions and maybe replicate the same
conditions of the complex systems currently used for simu-
lated microgravity experiments, such as Random Positioning
Machine or Rotating Wall Vessels.

2.2.4. Ultraviolet and Infrared Radiation

Similarly to the pH-responsive coatings reviewed earlier, the
wettability of some special LM coatings can be changed by
optical irradiation, without any physical contact. Using photore-
sponsive material as the coating material, it was reported that
the LM rupture can be remotely controllable by using ultravi-
olet (UV) radiation — Figure 5A.3%100.1011 Smart LM were created
using a coating of particles that simultaneously were magnetic
and pH-responsive, whose hydrophilicity increases when pro-
tonated.?” A photoacid generator within the coating particles
was used and when irradiated with UV light generated high
concentration of H* that caused the coating particles to become
hydrophilic, breaking the LM. Nakai et al. presented a similar
photo-responsive LM, but using spiropyran powder to coat
water droplets.'%) With UV exposure an isomerization process
occurred on the coating material, increasing the coating hydro-
philicity. These authors reported to obtain LM that were stable
for more than a week in dark and humid conditions, but when
exposed to UV radiation the LM burst. Another UV-responsive
LM was created by Tan et al., by using hydrophobized titanium

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. A) LM exposed to UV radiation and after several minutes of exposition the LM collapsed. Reproduced with permission.'%" Copyright 2014,
American Chemical Society. B) Schematic illustration of remote manipulation of a chloroform (CHCl;) marble in water using a near-infrared laser.
Reproduced with permission."% Copyright 2016, American Chemical Society.

dioxide as the coating particles — Figure 5A.'%U In this case with
UV light, hydrophilic hydroxyl groups were formed on coating
surface, due to the well-studied photoresponsive behavior of
titanium dioxide.

Other way to perform the remote control of LM is by using
near-infrared (NIR) laser— Figure 5B.119271%4 One example is the
marbles coated with carbon nanotubes and fullerene, which
present high absorbance in the NIR region. Upon NIR irra-
diation, the LM immediately disintegrated due to the transfor-
mation of NIR energy into heat, triggering of the bursting of
marbles.'2 However, Paven et al. developed a more advanced
system that allowed to drive floating LM using simply a NIR
laser or sunlight.'® Comparing with other external stimuli
namely pH and temperature, the light-driven transportation
of LM showed advantages such as the control of the timing,
position, area, direction and velocity. All of them are impor-
tant parameters in applications such as the precise delivery and
release of materials, which were suggested by the authors.!*l
Moreover, the developed system works in a temperature range
suitable for biomedical applications (<40 °C), but the biocom-
patibility of the employed materials with photothermal proper-
ties needs to be assessed. Chu et al. also reported to have high
control manipulating LM with a NIR laser, but using chloro-
form marbles submerged in water — Figure 5B.1% Due to the
conversion of NIR energy into heat, vapor bubbles were formed
inside of the LM. Controlling the laser irradiation on the
marble surface, LM were able to ascend, horizontally move and
suspend in water. Authors suggested the applicability of this
system for constructing smart micro-reactors, micro-engines
or micro-robots in aqueous environment with potential appli-
cations in chemical reactions and biological analysis.['** How-
ever, this system is not compatible with cellular culture, due to
the toxicity of chloroform which is a key compound of this tech-
nology reported by Chu et al.

2.2.5. Self-Propulsion

Taking advantage of LM ability to float, a method was proposed
to create self-propelling marbles.*>% LM containing aqueous
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ethanol solutions were placed on the water surface and they
revealed autonomous motion. This motion is explained by the
Marangoni solutocapillary effect that happen due to the ethanol
evaporation and posterior condensation on the water surface.
The ethanol diffusion onto the supporting water generates a
gradient of surface tension, impelling motion to the floating
object.*2%% Tt was found that the lifetime of self-propulsion
increased with LM volume and ethanol concentration,® but
the motion velocity revealed to be independent of the marble
volume.[*2l

This self-propulsion method using ethanol seems not adjust-
able for biomedical applications. However can be inspiring for
the development of a suitable system.

3. Biomedical Applications

Due to their peculiar properties and versatility in the design,
LM are very promising candidates to be valuable in the biomed-
ical field. Very recently, this new direction on LM applications
started to be explored, such as demonstrated by some reports
that can be found in literature.[*8617985105-110] Thege few works
reported very distinctive applications, namely diagnostic assays,
cell culture, drug screening and cryopreservation of mamma-
lian cells.

3.1. Diagnostic Assays

Due to their small dimensions, the use of LM as miniature
reactors has awakened high interest for the miniaturization
of chemical processes. Such micro-reactors offer significant
advantages namely in reducing the use of chemical reagents
and solvents, providing a well-confined micro-environment
and a versatile and cost-effective platform. Taking benefit from
these LM characteristics, several potential applications have
been successfully exploited for chemiluminescence reactions,
acid-base reactions,!"l nanocomposite synthesis,[' polymeri-
zations,!"'"] silver mirror reactions,”! and heterogeneous cata-
lytic reactions.®! An obvious use of LM in the biological area
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is also the miniaturization of processes for biological reactions
and diagnostic assays.

The use of LM as micro-bioreactors for rapid blood typing
was demonstrated — Figure 6.1%°] The “blood marbles” were
produced by rolling blood droplets over hydrophobic powder of
precipitated calcium carbonate. Sets of three marbles were pre-
pared for each single test, one marble for each one of the three
antibody solutions (Anti-A, Anti-B and Anti-D). After injecting
on the respective LM the antibody solution, the ABO and Rh
blood grouping was determined by monitoring the occurrence
or not of a haemagglutination reaction. The occurrence of this
reaction resulted in a two phase separation inside of the mar-
bles, finding clearly a light-red and a dark-red color zone. The
dark zone was consequence of a precipitation of the aggluti-
nated red blood cells to the bottom of the LM, indicating the
presence of the respective antigen. In contrast, the detection
of no separation indicated the absence of the corresponding
antigen. From the combined analysis of the results obtained
for each one of the three antibodies, the blood grouping was
determined — Figure 6B. Blood type assessment is a mandatory
step before a blood transfusion to avoid the fatal consequences
of incompatibility. Besides the low-cost and disposability of the
technique, the authors also claimed that the test can be per-
formed without any special medical facilities and with reduced
biohazard due to the encapsulation of the blood samples.!'%°!

Zhao et al. also reported the applicability of LM as suit-
able platforms for biological assays.®! They established a new
method for the quantitative detection of dopamine in LM based
on electrochemical measurements. The authors proposed that

A
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this technique can be useful on the diagnosis of neurological
disorders in brain functions.®! Besides this application, a glu-
cose assay based on a colorimetric method was reported. Using
magnetic particles for the marble shell production, authors
took advantage of the ability to open the magnetic LM with a
magnet to perform both measurements. The dopamine detec-
tion was performed by immersing a miniaturized electrode in
the liquid of the partially opened marble. For the glucose assay,
the measure was achieved through the optical absorbance of the
liquid in the fully opened LM by transmission mode. Beyond the
measurement methods, an integrated approach was proposed for
the LM production and analysis using potentially a single device,
introduced briefly before — Figure 4B. The magnetic actuation
system was envisioned as the way to manipulate (move, open
and close) the LM along all of the integrated processes. Com-
plementarily to the electrochemical detection and the transmis-
sion-mode optical detection, it was proposed to integrate on the
device a reflection-mode optical detection and an encapsulation
process performed by infra-red heat-induced. Using wax-based
particles in LM preparation, a uniform film surrounding the LM
content could be formed by heating. For instance, this encap-
sulation step allows the samples preservation after analysis for
follow-up assessment or biobanking and archiving.[®°!

3.2. Cell Culture

A well-known and explored property of LM are the gas
permeable nature of their shell, demonstrate in several

B Anti A Anti D

Anti B

Figure 6. A) Schematic diagram of the stages of micro-bioreactor preparation and blood-type identification. 1) Blood (10 uL) is placed on a hydrophobic
powder bed to generate the blood marble. 2) An antibody solution (10 uL) is injected inside the blood marble to complete the micro-bioreactor prepara-
tion. 3) When the corresponding antigens are not present on the surface of red blood cells, no separation is observable. 4) When the corresponding
antigens are present, the agglutination reaction of red blood cells takes place; resulting in the separation of color into two distinct light (top) and dark
(bottom) parts. B) Overview of blood typing results after the corresponding antibodies are injected into the micro-bioreactor (20 uL). Reproduced
with permission.['%]
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reports related with gas sensing and gas
reactions.121338-40.111 The gas permeability is A
a vital feature for LM application in cell cul-
ture, allowing the oxygen and carbon dioxide
exchange between cell culture medium and
surrounding environment. Tian and co-
workers demonstrated that LM provided a
suitable environment for cell culture by cul-
turing aerobic microorganisms.*!l Besides
this work, other 3D bioreactors based on LM
have been reported, namely for formations
of cancer cell spheroids (CCS),*¥ embryoid
bodies (EB),[1%197] olfactory ensheathing cell
spheroidsl® and for in vitro maturation of
sheep oocytes.[1%8]

CCS cultured in vitro are postulated as
capable to mimic the in vivo physiology of

www.advhealthmat.de

tumors more realistically than 2D cell cul-
tures.'">114 These cell spheroids were pro-
duced by simply inoculating hepatocellular
carcinoma cells in LM.¥ The necessary cell
aggregation for CCS formation occurred due
to intrinsic characteristics of LM: the con-
fined volume that promoted a higher intercel-
lular interaction; and their non-adhesive shell
that discouraged cell adhesion — Figure 7A.

Following the same rationale, the use
of these 3D bioreactors for EB formation
was also reported, since pluripotent embry-
onic stem cells tend to form aggregates —
Figure 7B.% LM are presented as a facile
and highly efficient means for in vitro pro-
duction of EB. Additionally to EB formation,
it was reported that the LM offered a suitable
micro-environment to induce spontaneously
(without using growth factors) the EB differ-
entiation into functional cardiomyocytes.[%’]
The authors emphasized that this technology
would be highly beneficial to provide a con-
tinuous source of cardiomyocytes for regenerative medicine
applications, drug discovery and safety testing.!'%”]

Floating LM may be employed to produce spheroids of olfac-
tory ensheathing cells.®!! The choice for these LM was justified
by the fact that floating LM allowed better handling and mini-
mized the effect of evaporation, since the LM were placed over
a liquid bath that increased the humidity. Furthermore using
floating LM, the effect of gravity that forces cell aggregation at
the LM bottom was minimized, due to the motion of the marble
over the surface of the supporting liquid improving the mixing
process inside the LM. This movement revealed to be crucial to
obtain identical size spheroids. In complementary work, it was
shown that LM can also be used for co-culture trials.[®!] Olfac-
tory ensheathing cells were co-cultured with Schwann cells or
astrocytes cells. On the liquid environment provided by LM, the
olfactory ensheathing cells were able to replicate their normal
behavior of surrounding other cells, because the cells could
freely associate with the other cell types.[°!]

Recently, LM were presented as suitable micro-bioreactors to
induce the maturation of oocytes in vitro.'%l Furthermore, it
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Figure 7. A) Schematic comparison of cancer cell spheroid (CCS) formation in 1) a liquid
marble (the powder particles are not drawn) and 2) a hanging drop. Contrasting with hanging
drop method which has a strict droplet size constraint, LM can accommodate a larger amount
of liquid, allowing the formation of a large number of cell aggregates. LM size can be varied
by aspirating or dispensing fluid inside the marble using a micropipette, where nutrient and
waste exchange is permitted. LM also allows cell aggregates to be incubated inside the marble
for a long period time until complete spheroids formation. Reproduced with permission.[*8l
B) Phase-contrast and fluorescence microscopy images presenting the morphology of embryoid
bodies produced using LM. Reproduced with permission.[%]

was suggested that LM have high potential for other applica-
tions in reproductive biology, such as in oocyte fertilization and
individual embryo culture. The reduced reagent consumption
and low potential for contamination of LM have been high-
lighted as valuable characteristics.[1%®!

The use of LM was presented as a valuable alternative to the
hanging drop method that is the most common technique used
for these reviewed applications.[8:61:106-108]

3.3. Drug Screening

Taking advantage from the fact that LM allow the injection and
extraction of controlled volumes of liquid without disrupting
their structure, Oliveira et al. showed that LM could be used
for high-throughput drug screening — Figure 8A."% Simulta-
neously, the liquefied environment in the LM was designed
to accommodate the culture of anchorage-dependent cells that
require a physical support to adhere and be able to proliferate.
To accomplish this goal, microparticles were introduced in the
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Figure 8. A) Schematic illustration of the method for high-throughput drug screening. B) Relationship between relative cell viability (RCV) ratio and
Fe3* concentration determined using two different methods. A non-destructive method based on image processing is compared with a conventional
destructive MTS assay. A characteristic image of LM is shown for each condition. No significant differences were found between the two methods for

the studied range of concentrations. Reproduced with permission./’’l

liquid environment, providing the indispensable cell anchorage
sites for cell adhesion.”®! After preparing the LM with a mixture
of cells and microparticles followed by an incubation period
for cell adaptation, a drug/chemical agent was injected on the
produced micro-bioreactors. Through the injection of a reagent
that the color change against a specific cellular response, sev-
eral conditions could be analyzed and compared. Due to the fact
that the LM were translucent,”” monitoring the color change
inside of the LM was possible. This color monitoring was per-
formed by collecting images from LM, and then the final results
were obtained by image processing — Figure 8A. The repro-
ducibility of this new technique was fully validated by com-
parison with a well-known conventional method — Figure 8B.
Such technology would have impact in high-throughput drug
screening under 3D cell culture environments, where results
can be obtained through colorimetric-based and non-destruc-
tive measurements.’”!

During the assays, the volume/diameter of LM can change
due to evaporation, injection and extraction of liquid. However,
procedures to mitigate this issue can be easily employed, such
as creating an environment of saturated water vapor or man-
aging the injection/extraction procedures in way that ensures
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a constant volume of the LM. Using non-harmful biochem-
ical reagents for cells such as AlamarBlue, cells wash is not
required after biochemical reactions. Respectively, Oliveira et
al. and Zhao et al. showed the easy to use of the LM for drug/
biological screening applications — Figure 8 — and for “on-line”
electrochemical/optical detection — Figure 9.7°%] Based on
these reports, LM present high potential for high-throughput
applications. However, several advances are required on the
automatization of processes, since currently all procedures are
based on manual manipulation.

3.4. Cryopreservation of Mammalian Cells

One very interesting and promising application for LM is their
use in cryopreservation of mammalian cells — Figure 10. Ser-
rano et al. presented LM as a successful alternative tool to the
conventional methods for the cryopreservation of a mammalian
cell line, without using any cryopreservant agents.'® Most of
these agents cause cytotoxic effects requiring to be use at low
concentrations, namely dimethyl sulfoxide and glycerol.[11>116]
Two procedures inspired on the conventional protocols were
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Figure 9. Electrochemical detection: Transport (1-3) of a magnetic liquid marble on glass substrate and its opening (4) with a magnet; Moving three-
electrode probe into the droplet (5-6), recording signal (7), and moving probe out of the droplet (8); Closing (9-10) and moving away (11-12) LM

after detection. Reproduced with permission.[®]

used: the rapid freezing by immersion in liquid nitrogen
and slow cooling up to —80 °C using a standard freezing con-
tainer. LM were prepared by rolling droplets of highly concen-
trated cell suspension (prepared on fetal bovine serum) over
poly(tetrafluoroethylene) powder.'®! Then LM were main-
tained in frozen conditions for 15 days. After the thawing
procedure, the integrity of the LM was confirmed to be intact
and the following cellular parameters were evaluated: viability,
morphology, proliferation, size, complexity, and cell cycle —
Figure 10. Droplet volume and cell concentration showed to be
the critical factors for using the LM successfully on this applica-
tion. The authors found a safe range of work: 5-30 uL for the
droplet volume and (0.5-2) x 10° cells pL™" for cell concentra-
tion. Accomplishing these limits, LM showed to reach the same
level of performance of standard freezing procedures for all the
evaluated cellular parameters.[1%)

4. Critical Analysis: The Potential of Liquid
Marbles for Biomedical Applications

Due to their peculiar properties and versatility in the design,
LM are very promising candidates to be valuable in the bio-
medical field. The LM present a high versatility such as shown
in the several applications already reported in literature, mainly
on the chemistry field. Some of these applications can be just
adapted or may inspire new applications for biomedical pur-
poses. The majority of the reported data concerning evapora-
tion, floatability and robustness of LM was obtained using
water as the encapsulated liquid. Equivalent studies should
be performed using cell culture medium and human body
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fluids, because the surface tension for these fluids is different
from water.l19117118] Being the surface tension of the encap-
sulated liquid one of the crucial parameters that influence LM
behavior,?l specific studies are required to find the appropri-
ated materials to encapsulate these fluids.

LM present high potential for application in the development
of co-culture models to mimic in vivo environments, because
they can ensure a compartmentalized 3D cell culture environ-
ment.["'>14] This application for the LM started to be explored
by Vadivelu et al., where they studied the interaction of olfactory
ensheathing cells with Schwann cells and with astrocytes. They
reported that olfactory ensheathing cells wrapped the other
cells, behavior that was observed for the first time.[°!] We believe
that other co-culture models can be created using the same
method by mixing different cell types in a single LM. Alterna-
tively, we also envisage that in the first stage different 3D cell
structures (spheroids or cell/microparticle aggregates) can be
produced in separated LM. Then, by the coalescence of two or
more marbles into a larger one, the produced 3D structures can
be co-culture in the same confined environment.’®! Other
opportunity is to perform indirect co-culture of cells, using a
connecting tube between two LM with different cell types in
culture and study the paracrine signaling on cellular response.
A similar scheme was reported by Bormashenko et al., where
they connected two different LM with a capillary tube to build a
micro-pump powered by the differences on the surface tension
between two different marbles.!")

Other more complex and revolutionary co-culture scheme
can be to produce capsules with cells inside generated from
LM. Specifically the idea is that LM spontaneously become
capsules through a chemical or physical process that promotes
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Figure 10. Scheme of the developed procedure for cryopreservation of mammalian cells. Reproduced with permission.['®l Copyright 2015, American

Chemical Society.

the merging between the coating particles creating a mem-
brane.'>18119] Incubating different cell types on these cap-
sules, a kind of “organoid” structures can be produced and the
biochemical communication between them can be studied,
ensuring that the capsule membrane is permeable to both
nutrients and cellular metabolites. Such kind of compart-
mentalization of cellular microenvironments were performed
before using the layer-by-layer technology.'2%!2l] “Organoids”
produced with LM could be then cultured together in the
same culture well or integrated in a fluidic system, following
the same rationale of the “organ-on-a-chip”.l'?%123 Chin et al.
already reported a process to produce stable liquid capsules
from LM, promoting an interfacial polymerization by vapori-
zation of ethyl-2cyanoacrylate.!'”) Other works showed that
the coating particles of LM can be part of chemical reactions
happing inside of the marbles, performing a role as catalytic
particles!'® or reactive substrates.>] However, these solutions
are not suitable to be used in cell culture, but we believe that
similar processes can be found by combining different biocom-
patible materials.

Having in mind the suggestion of Zhao et al. for the inte-
gration of several processes in a single device and using the
magnetism for LM manipulation,®! a similar device can be
developed for biomedical applications. We propose the devel-
opment of an advanced high-throughput system for cytotoxic
analysis of drugs and materials. The system may incorporate
the several steps for this kind of assessment: production of
magnetic LM with cells; incubation of cells for the formation
of single cell spheroids or 3D cell/micropar-
ticle aggregates or co-culture spheroids (see
Figure 11);1*861.79.106107 gptical morphology
assessment of the 3D cell structures; drug/
material supply by injection or direct access
to the LM core;!'*#87879 cellular response
assessment by colorimetric methods or elec-
trochemical measurements;"*%°! by on-line
analysis of results, the sorting of LM can be
performed; then using the selected LM, the
cells can be maintained in culture on the
same platform or moved for other environ-
ment by LM burst; cells from the selected
conditions can also be used in more pow-
erful methods for cellular evaluation such as
flow cytometry.l'%] We believe that almost all
of these processes can be fully automatized
on the proposed device. Besides the applica-
tion in high-throughput analysis, such pro-
posed platform could also find application in
diagnostic assays.
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Here, the suggested systems allow to create 3D cellular struc-
tures in biomaterial-free environments or almost free, without
the requirement of using scaffolds to obtain 3D organization.
3D spheroids of living cells are of high interest as models for
basic science, playing a crucial role in cancer research, drug
discovery and tissue engineering.['24126] The growing signifi-
cance assumed by spheroids on biomedical research is justi-
fied by their similarity to the native 3D biological functions
present in in vivo tissues. In 3D cellular structures, cell-to-cell
interactions are amplified, better mimicking all functional and
architectural features of native tissues, as compared to 2D cell
culture.['4

Inspired by the LM, Oliveira et al. created a novel concept
termed “hydrophobic hydrogels”, consisting into coat hydro-
gels with hydrophobic particles.'' They found that similarly
to LM the created hydrogels could float. Based on this ability,
floating (bio)microdevices were developed for different appli-
cations, namely optical pH sensing, microengineering of self-
assembling floating hydrogels and construction of engineered
biological tissues.l''%1 A step forward on this technology can
be the use of these floating hydrogels to create in vitro skin
tissue, once this tissue prefer the air-liquid interface. Possibly,
a stratified structure similar to skin tissue can be obtained by
encapsulating cells on the hydrogel and other cell type cul-
tured on the hydrogel top at the air-liquid interface. To culture
cells on the hydrogel top, the surface should be free of hydro-
phobic particles and can be achieved by controlling the covered
hydrogel surfaces in the coating process. Moreover, to ensure

Figure 11. Co-culture of olfactory ensheathing cells (OECs) with Schwann cells and with astro-
cytes. Marbles were seeded with the two different cell types at a ratio of 1:1 with an overall
seeding density of 500 cells/uL and cultured for 48 h. Spheroid co-cultures of (A) OECs (green)
with Schwann cells (red) and (B) OECs (green) with astrocytes (red). Scale bar: 60 um. Repro-
duced with permission.®'] Copyright 2015, Nature Publishing Group.
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that the air-liquid interface remains at the same position (above
the liquid surface) with the same exposed area, the produced
hydrogel should have the shape of a cube or a parallelepiped.
Thus, the bottom surface of the cube/parallelepiped will ensure
the nutrients exchange with the surrounding liquid where the
hydrogel is floating. The top surface will be in constant contact
with air and the lateral surfaces should be coated by the hydro-
phobic particles to guarantee the hydrogel stability without
rotate through its horizontal axis.

Based on the published knowledge about LM, we believe
that several applications on the biomedical field can be reported
soon. Some applications seem more straightforward to reach,
such as using LM as a tool for cryopreservation of particularly
sensitive cells, namely pluripotent stem cells.'®127] Other
applications should be more difficult to reach, such as some of
the suggested applications presented here in this section.

5. Summary

This review deals with the recent advanced on LM field and the
emerging applications on the biomedical area, showing the nat-
ural evolution of some applications from other scientific fields
to the biomedical engineering.

The interfacial characteristics of LM were largely explained,
namely the shell structure that present primordial influence
on the LM properties. This relationship between the coating
and the LM capabilities was described, specifically for the capa-
bility of LM to deform and float. The evaporation phenomenon
and robustness were elucidated, because are features with high
importance for long term applications such as occasionally
required on the biological and biomedical fields. The manipu-
lation of LM is also a critical issue on this field to avoid con-
taminations. However, several methods have being reported
for LM handling without direct actuation over the marbles.
The remote manipulation can be performed by magnetic, elec-
trostatic or gravitational forces and even by using UV or NIR
light.

The biomedical applications found for the LM were reviewed,
in a perspective how the LM properties and manipulation
methods were explored for this aim. Applications on diag-
nosis, drug screening, cell culture and cryopreservation were
described. Finalizing, a critical view of the LM potential for bio-
medical applications was presented, suggesting some possible
advances on this emerging area.
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