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Abstract 

Micro total analysis systems (microTAS) provide the opportunity to create complete analytical microsystems by 
integrating various functional modules, such as sample preparation, separation and detection, into a single chip-
sized microfabricated device. Microfluidics is the enabling technology for implementing the concept of 
microTAS. Liquid marble (LM), as a promising separate digital microfluidic platform, has the great potential to 
enhance the broad applications of microTAS. LMs are small liquid droplets encapsulated by multilayered 
hydrophobic particles and have attracted a great interest from the microfluidics research community due to their 
non-wetting property. A LM maintains its integrity and exhibits low friction on various carrier surfaces, 
enabling the LM to be actuated by external electric, magnetic, gravitational and acoustic fields or other 
manipulation schemes. LMs can thus serve effectively for the storage and transportation of small liquid volumes. 
In addition, they have been widely used for the quick detection of water pollution or gas emission and, most 
importantly, micromixing and microreactions for chemical and biomedical purposes. This paper reviews the 
recent developments in the manipulation techniques and emerging applications of LMs. The review aims to 
facilitate better understanding of their use as a unique digital microfluidic platform to promote further 
advancement of microTAS. The paper begins with different manipulation schemes of LMs according to the 
nature of actuation energy. Next, it summarises the diverse applications of LMs for various chemical and 
biological assays. Finally, this paper concludes with future perspectives regarding the research on LMs in 
microTAS technologies. 
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1. Introduction 

Starting from a humble gas analysis system and microelectromechanical systems integrated on silicon chips for 

chemical analysis, the field of micro total analysis systems (microTAS), also called “lab on a chip (LOC)”, has 

developed rapidly since the establishment of microTAS concept , first proposed by Manz et al. [1]. Currently, 

microTAS has received much attention from a broad spectrum of scientific and engineering disciplines and has 

been successfully used for diverse applications in analytical chemistry [2-9] and biology [10-16]. In general, the 

most important advantage of microTAS is the possibility of creating complete analytical microsystems by 

integrating various functional modules, such as sample preparation and detection, into a microfabricated device 

and often reducing the entire laboratory room down to a single chip, Fig. 1.  
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Fig. 1. Schematic of key functional modules that can simultaneously be incorporated into microTAS. 

The enabling technology for implementing the concept of microTAS is microfluidics, which allows for 

manipulating samples and reagents within small liquid volumes [7]. According to the way how these small 

amounts of liquid could be handled and manipulated, microfluidics is classified as continuous-flow 

microfluidics and digital (droplet-based) microfluidics (DMF) [17]. In particular, DMF is an emerging liquid-

handling technology dealing with the manipulation of discrete droplets, rather than continuous flows of liquid 

[18]. In DMF, droplets on the order of microliter serve as miniaturized reaction chambers. This process has 

numerous advantages such as minimum reagent requirement, fast response rates, low cross-contamination and, 

more importantly, the capability of performing parallel tests. These advantages make DMF a perfect candidate 

for practical LOC, microTAS and point-of-care diagnostic devices for clinical use [19-23]. DMF can be further 

categorised, based on the droplet type, as droplet-based DMF and liquid-marble-based DMF [17, 24].  

 

As an individual digital microfluidic platform, liquid marble (LM) is a rapidly growing research area in 

microTAS. A LM is a relatively small liquid droplet encapsulated by a porous protective coating that consists of 

multilayered micro- or nanometer-sized powders. Most coating powders are hydrophobic, which allows a LM to 

be manipulated like a soft solid [25-31]. The porous protective coating physically isolates the liquid core from 

its surroundings but allows for the transport of gas or vapour across the coating layer [24]. Due to the non-stick 

property enabled by the air cushions between coating particles and the carrier substrate, Fig. 2, LMs exhibit 

ultra-low friction with various carrier surfaces. This feature allows LMs to move easily across solid and even 

liquid surfaces without any liquid leakage. Therefore, LMs can be regarded as a promising alternative to 

superhydrophobic surfaces in the transportation of small amounts of liquid. Compared to bare droplets on a 

superhydrophobic surface or oil-immersed systems in DMF, LMs have several significant advantages: (i) 

reduced droplet evaporation rate as compared to bare droplets [32-34]; (ii) lower possibility of cross-

contamination and more accessibility of the liquid inside LMs; (iii) no need for complicated fabrication of 
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micro-electrodes as compared to electrowetting-on-dielectric (EWOD); and (iv) low cost and great convenience 

for rapid production [35]. 

 
Fig. 2. Schematic of the structure of a LM resting on a substrate.  

A LM is formed by simply rolling a liquid droplet over a bed of hydrophobic powder, which may produce a 

random aggregate of particles, or by other methods, such as the electrostatic formation [36] and dropwise 

condensation [37]. In the conventional rolling method, the hydrophobic powders assemble on the droplet surface, 

effectively creating a protective coating. LMs thus can rest stably and roll on a solid substrate or even float and 

slide on a liquid surface for some time before dissipating via evaporation [38-41]. A large variety of coating 

materials and liquid cores have been selected to create LMs successfully and the combination of powders and 

liquids will ultimately determine the properties of LMs and the corresponding manipulation schemes. The 

stability and other performance indexes of different LM compositions  have been studied comprehensively by 

McEleney et al. [42] and Zang et al. [43].  For DMF, samples in LMs can be transported with minimal energy 

and practically zero cross-contamination.  When two LMs are placed into contact, they do not coalesce naturally, 

even though they are pressed against each other. The pronounced elastic property of LMs enables them to 

sustain a completely reversible deformation of up to 30% [44-46].  However, LMs can be forced to merge with 

each other via impact [47-49], which demonstrates the possibility of using LMs as reactors and mixers at the 

microscale by coalescing two or more LMs containing different reagents or ingredients.  

 

As mentioned above, a LM maintains its integrity and exhibits low friction on various carrier surfaces. This 

characteristics enables LMs to be actuated in various external fields, such as electric and magnetic fields [50-53], 

or even to be transported by light-driven motion [54]. In terms of practical applications of LMs, apart from 

offering controlled liquid manipulation and transportation [27, 55-57], LMs also exhibit a great potential for 

their use as miniature laboratories in microTAS, where small-scale laboratory operations such as microreactions 

and detections for analytical chemistry and biotechnology, can be performed [35, 58-60]. 

 

Based on the concept of microTAS, this paper reviews recent developments in the manipulation techniques and 

emerging applications of LMs and aims to facilitate better understanding of their use as a novel digital 

microfluidic platform to promote further advancement of microTAS. The review begins with different 

manipulation schemes of LMs according to the nature of actuation energy. A discussion follows on the diverse 

applications of LMs in microTAS for chemical and biological assays. Finally, this paper concludes with 

perspectives regarding future researches on LMs in microTAS technologies. 
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2. Manipulation schemes of liquid marbles 

The manipulation of LMs enables LM-based digital microfluidic platforms to be implemented in different 

modules of microTAS such as sample handling, reaction and mixing at microscale and sample detection. There 

have been some review papers on the fundamental physics, properties and applications of LMs [27-30] after the 

first report on the concept of LM by Aussillous and Quere [26]. However, there are few reviews on the 

manipulation of LMs except for the work of Ooi and Nguyen [25], which systematically classified the 

manipulation schemes of LMs according to the nature of actuation energy. This review paper further 

summarises the manipulation schemes of LMs proposed in recent years based on this classification method, Fig. 

3. 

 

Fig. 3. An overview of different manipulation schemes of LMs. Each scheme consists of one or several 

approaches with corresponding capabilities shown in the right column. The different outline colours of 

manipulation approaches mean different levels of manipulation ability on controlling the motion of LMs. Red 

outline indicates precise control, blue outline indicates proper control and green outline indicates poor control. 

2.1 Electric schemes 

Electric-field actuation as a means to manipulate a LM is attractive because there is no need for physical contact 

between electrodes and liquids inside LMs. Besides, accurate control can be easily achieved by varying the 

applied voltage. However, this scheme also has some drawbacks such as the requirement for high voltage and 

unavoidable charging of coating particles [25]. 

2.1.1 Electrostatic force 
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A number of researchers have demonstrated that an electric field could deform, move or change the wettability 

of a LM [27, 28, 51, 52, 57, 61, 62]. The electric energy applied to a stationery LM in an electric field causes an 

increase in surface energy that deforms the marble or an extra increase in kinetic energy that moves the marble. 

Aussillous and Quere [27] initially reported the presence of electrostatic effect by using a charged Teflon stick 

to levitate a LM against gravity. They observed a successive bounce of a lycopodium coated water marble 

between a metal plate and the charged stick. When the charged stick was displaced and kept at a distance to the 

marble, a motion of the marble was induced.  

 

Bormashenko’s group conducted a series of experiments by applying a uniform electric field to LMs [51, 52, 61, 

62]. The applied electric field generated an upward electrostatic force that opposed gravity and deformed the 

marbles to a prolate spheroid so that the contact area with the solid surface was reduced, Fig. 4(a). The group 

established a threshold value of the uniform electric field (15 cgse) for the deformation of LMs. The group 

further introduced composite marbles consisting of different polar liquids [52] and Janus marbles coated with 

dielectric/semiconductor particles [61, 62] and reported their actuation with the electric field [52, 61, 62]. Two 

prepared marbles were brought into contact and pressed to coalesce, resulting in the formation of composite 

marble or Janus marble. When the composite or Janus marble was put in a uniform electric field, one part of the 

composite or Janus marble with smaller dielectric constant would climb onto the other part of the marble. Thus, 

the whole marble was strongly polarized and the dipole moments of two parts of the marble were oriented along 

the direction of the electric field, Fig. 4(b). Liu et al. [63] focused on the coalescence of water marbles driven by 

a direct current (DC) electric field. The authors found that two contacting marbles could be forced to coalesce, if 

they were charged with a sufficiently high voltage, Fig. 5(a). The threshold voltage of the electrocoalescence 

sensitively depends on the stabilizing particles as well as the surface tension of the liquid core. In addition, it 

was found that multiple marbles in a chain could be driven to coalesce by a sufficiently high threshold voltage 

that increased linearly with the number of the marbles, Fig. 5(b). The electrocoalescence of LMs could be useful 

in microreactors for chemical and biomedical reactions involving multiple reagents or ingredients [24]. 

 

The wettability of a liquid droplet can be changed in an applied electric field, which is known as electrowetting. 

Consequently, EWOD can modify the contact angles at either sides of the droplet to different values and create a 

driving force to actuate the droplet motion. As mentioned above, LMs serving as an alternative option for bare 

droplets on a superhydrophobic surface also have an ideal non-wetting property on smooth solid substrates with 

the contact angle close to 180°. McHale, Newton and other co-workers [28, 57, 64] focused their research on the 

electrowetting of LMs and demonstrated the possibility of using a finger electrode structure to control the 

motion of LMs coated with lycopodium powders [57]. They also used a similar EWOD configuration with 

applied frequency from 1 to 250 Hz to excite the LMs into both an up-and-down motion and a resonant 

oscillation involving multiple nodes [64]. It was found that the electrowetting of LMs was completely reversible. 

Marbles could return to their initial contact angles for both alternating current (AC) and DC electrowetting and 

without the requirement of exceeding a threshold voltage. 
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Fig. 4. Schematic of the electric manipulation of LMs in a uniform electric field. Note that the coating particles 

are not illustrated. (a) Shape deformation of a LM after applying an electrostatic force. (b) The climbing 

phenomenon of a composite marble consisting of different polar liquids or a Janus LM coated with 

dielectric/semiconductor particles (with two parts shown in different colours) after applying an electrostatic 

force. The dipole moments of two parts within the composite/Janus LM align themselves in the direction of the 

electric field. 

 

Fig. 5. (a) Schematic of the coalescence of two charging LMs resting on a polydimethylsiloxane (PDMS) 

substrate. V, κ, η, γ are the volume, electrical conductivity, viscosity and surface tension of the liquid core 

respectively. The voltage U is applied through the electrodes inserted into the LMs. The current I is monitored 
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through an ammeter during the coalescence process. (b) A chain of LMs charged by a voltage and its analogous 

electric circuit. 

2.1.2 Dielectrophoretic force 

Apart from the electrostatic force, the dielectrophoretic force produced in a non-uniform applied electric field 

can also be adopted to actuate LMs. Inspired by the dielectrophoretic manipulation of cells in biotechnology 

[65-67] and droplets in DMF [65, 68, 69], the principle of dielectrophoresis has been applied for manipulating 

LMs by Nguyen’s group [49].  LMs were not only deformed but also picked by the dielectrophoretic force in a 

non-uniform electric field, Fig. 6. They linked the picking force to the electric field strength and used this 

approach in the vertical collision of two LMs, which avoids the rotation and positioning problems in the 

collision process. It is essential for better understanding the coalescence process of two LMs. This 

dielectrophoretic method provides reliable automatic handling for a wide range of existing non-ferromagnetic 

LMs without the need to modify their coatings or liquid cores. 

 
Fig. 6. Schematic of the dielectrophoretic picking of a LM coated with polytetrafluoroethylene (PTFE) powders 

in a non-uniform electric field.  

2.2 Magnetic scheme 

Magnetic force can work effectively at a relatively long range without the specific requirement of physical 

contact. Small permanent magnets are available off-the-shelf and can be easily incorporated into various 

miniaturized devices. Moreover, most importantly, they do not require external power supply. However, 

magnetic force can only be utilised for LM actuation when a LM has a magnetic coating or consists of a 

magnetic solution. A magnetic field can change the shape and wettability of a LM, which is known as 

magnetowetting [70, 71]. In these studies, a sessile ferrofluid marble coated with PTFE powders deformed 

under the influence of a permanent magnet.  

 

Dorvee et al. [47] first reported that two LMs encapsulated by magnetic amphiphilic particles could be 

manipulated to coalesce using a magnet to perform a reaction. The authors argued that the mixing process of 

chemical reagents inside LMs resulting from marble coalescence could be aided by increasing the rate at which 

the two LMs collided. Aussillous and Quere [27] further demonstrated that water marble coated with a powder 

mixture of iron and lycopodium or containing a suspension of iron particles could be transported with a magnet. 

A LM with magnetic components can be accurately positioned and moved across various solid and liquid 

surfaces under the effect of a magnetic field [35, 50, 53, 55, 56, 59, 72, 73]. Zhao et al. [50] and Bormashenko et 

al. [56] found that the threshold magnetic force needed to induce marble movement is equal to the frictional 
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force between the marble and its carrier surface. In a magnetic field, the magnetic surface particles, such as 

hydrophobised iron oxide, of LMs rearrange and thus magnetic LMs can be controlled to open and close 

reversibly, as shown in Fig. 7, for microreaction, liquid exchange, optical probing [50, 55, 59] and recently, “on-

line” quantitative electrochemical/optical detection [35]. 

 

Fig. 7. Schematic of magnetic manipulation of a LM coated with Fe3O4 nanoparticles. From left to right, the 

Fe3O4 nanoparticles concentrate downwards when a small magnet is brought into vicinity of the marble. This 

process is reversible as the magnetic nanoparticles can reassemble themselves after the magnet is removed. 

2.3 Mechanical schemes 

2.3.1 Gravitational force 

Rolling a LM down an inclined plane under the effect of gravity is one of the simplest methods to initiate its 

movement. During this rolling process, the gravitational potential energy of the LM converts to its kinetic 

energy if the friction between the LM and the inclined plane is neglected. Aussillous and Quere [74] studied the 

shape evolution of LMs rolling down a plane with a specific slope. The team observed shapes including disks, 

wheels and peanuts and interpreted the presence of different shapes based on a balance between centrifugal and 

capillary forces. Subsequently, Aussillous and Quere [27] investigated the viscous motion of LMs on a slightly 

inclined plane and summarised their behaviours and regimes. Yang et al. [75] proved the possibility of 

generating a small amount of electricity by rolling an ionic LM down an inclined layer of interdigitated 

electrodes. Furthermore, a LM-based accelerometer prototype was successfully created by Zeng and Zhao [76] 

by utilising the gravitational force. Planchette et al. [48] utilised gravity to control the speed of droplets or LMs 

that merged with much larger LMs resting on the bottom substrate. 

2.3.2 Pressure gradient 

Bormashenko et al. [77] first introduced LM-based micropumps by connecting two LMs encapsulated by 

different hydrophobic powders with a polyethylene (PE) capillary tube, Fig. 8. The difference in surface tension 

of the two marbles resulted in a difference in Laplace pressure, which allowed the liquid core to be transported 

from one marble to another until the pressures were equalised. The authors also proposed that varying the radii 

of two connecting marbles could be used to produce different Laplace pressures. This method utilising pressure 

gradient does not require external energy supply, which is easy to implement. This micropump could be used for 

precise delivery of small amounts of liquids, the design of microreactors and other microfluidic applications. 

Nevertheless, a way to sustain the pressure difference is needed before this concept could be incorporated into a 

microfluidic device for microTAS. 
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Fig. 8. Schematic of the LM-based micropump. A PE capillary tube is used to connect two water marbles coated 

with polyvinylidene fluoride (PVDF) and lycopodium powders respectively. Water flows from the PVDF-

coated marble (coloured with potassium permanganate) to the lycopodium-coated marble. 

2.4 Other schemes 

2.4.1 Temperature change 

The porous shell of a LM prevents the liquid core from coming into contact with solid and liquid supporting 

surfaces but allows gas exchange to occur. Consequently, a LM evaporates, shrinks, deforms and eventually 

collapses over time. This phenomenon and the evaporation rate of LMs have been studied in detail with LMs 

coated with various materials [32, 34, 39, 78]. The lifetime of a LM can be controlled by adjusting temperature, 

humidity and the marble volume. In high humidity, a LM may last for a few days [34, 79]. The long lifetime of 

a LM is needed for biomedical applications where cell cultures usually require extended periods of storage time 

[25]. The importance of prolonging marble lifetime was demonstrated by Shen’s research group, who grew 

various types of cells inside LMs [80-82]. 

 

In addition, a LM can also be deformed by freezing. Both Zang et al. [83] and Hashmi et al. [84] reported that 

the spherical LM could be reversibly flattened into the shape of a flying saucer at low temperatures due to the 

Marangoni convection within the marble. For a sessile LM on a cold substrate, ice usually starts to form at the 

bottom of the marble. Hashmi et al. [84] inferred that the liquid core impeded ice formation at the bottom edge 

of the marble due to the warmer coating particles. This resulted in a thermal and surface tension gradient in the 

liquid core, which drove the Marangoni convection. Zang et al. [83] concluded that the hydrophobicity of the 

coating material determined the shape of the frozen marble since the Gibbs free energy barrier was influenced 

by the wettability of the coating material. Utilising the thermally reversible phase separation properties of 

poly(N-isopropylacrylamide) (PNIPAm), Yusa et al. destroyed a LM coated with PNIPAm by lowering the 

temperature to its lower critical solution point [85]. 

2.4.2 pH change  

Fujii and co-workers [86-90] developed various LMs coated with specific particles that are responsive to pH 

changes. These coating materials are neutrally charged and remain hydrophobic in an alkaline or acidic 

environment. However, they become unstable and hydrophilic when the pH value of the carrier liquid changes 

considerably, which results in the rupture of the LMs.  

2.4.3 Irradiation 
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The wettability of LMs coated with photoresponsive particles can be changed by optical irradiation rather than 

by any physical contact. Ultraviolet (UV) radiation induces surface structure changes of the coating material, 

resulting in a significant increase in the wettability of LMs to the rupture point. Tan et al. [91] reported that 

water LMs stabilized by photoresponsive TiO2 particles were stable when shielded from UV radiation. However, 

they quickly collapsed after being irradiated with 302 nm UV light. The authors also observed similar UV-

induced collapse of oil- and organic-solvent-based LMs with oleophobic TiO2 nanoparticles. Zhang et al. [73] 

prepared LMs encapsulated by novel core/shell-structured stimuli-responsive magnetic particles (designated 

RMPs) whose hydrophilicity increased when protonated. These RMPs were in turn coated with silica loaded 

with photoacid generator (PAG). When irradiated with UV, the PAG protonated the RMPs and caused the 

coating particles to become hydrophilic, leading to the rupture of the marbles. Nakai et al. [79] also created UV 

responsive LMs with a coating of spiropyran powders. The method of UV irradiation provides the remote 

control capability to LM manipulation, but may not be suitable for manipulating LMs containing sensitive 

biological samples. Kavokine et al. [54] demonstrated the light-driven transport of floating LMs. LMs were 

deposited on a water solution containing photosensitive surfactants in the experiment. It was found that 

irradiation of the solution generated photoreversible Marangoni flows that transported LMs toward UV light and 

away from blue light when the liquid substrate was thick enough (Marangoni regime). Below a critical thickness, 

LMs moved in the opposite direction to that of the surface flow at a speed increasing with decreasing liquid 

thickness (anti-Marangoni), which was driven by the free surface deformation. Paven et al. [92] recently 

described that the motion of LMs on a water surface with a simple near-infrared laser or sunlight. They argued 

that using light rather than pH or temperature as an external stimulus allowed for precise control of the position, 

area, timing, direction and velocity of the driven motion. This approach makes the idea of transporting and 

releasing the materials encapsulated within the LMs at a specific position and time possible. The authors further 

reported that the LMs could function as light-driven towing engines to move small objects. 

2.4.4 Surfactant concentration 

Bormashenko and Musin [93] demonstrated that changing the surface tension of a carrier liquid by adding some 

organic or inorganic solutions altered the integrity of a LM floating on the surface. The authors concluded that 

surface tension of the carrier liquid should be higher than that of the LM to maintain its integrity. The argument 

is based on the fact that it is energetically more favourable for the coating particles to adhere to the fluid with 

lower surface tension. The collapse of a LM enables the water pollution to be detected with naked eyes. 

2.4.5 Acoustic levitation 

Zang et al. [94] used an acoustic levitator to manipulate LMs and thus achieved reversible opening and closing 

of the particle coating of LMs through acoustic levitation. By increasing the sound intensity, the shape of the 

levitated LM changed from a quasi-sphere to a flattened ellipsoid. Meanwhile, the particles migrated from the 

polar area of the shell to the equatorial area. It resulted in the formation of a cavity on the marble surface that 

could be healed with decreasing sound intensity. The driving force for the particle motion was attributed to the 

acoustic radiation pressure exerted on the part of the particle surface protruding into air. The revisable opening 

and closing of coating particles through acoustic levitation opens up a new possibility for non-ferromagnetic 

LMs to work as microreactors.  
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2.4.6 Self-propulsion  

The autonomous locomotion (self-propulsion) of a LM is of great interest for its use as the microreactor in DMF, 

which is attributed to the associated chaotic mixing inside the marble. Bormashenko et al. [95] reported the self-

propulsion of LMs filled with aqueous alcohol solutions and deposited on a water surface. This phenomenon 

was related to the Marangoni solutocapillary flow caused by the condensation of alcohol that evaporated from 

the LMs on a water surface. The Marangoni flow in turn enhanced the evaporation of alcohol from the marbles. 

The authors found that adding alcohol to the water supporting surface suppressed the self-propulsion motion. 

The velocity of the mass centre of the marbles increased with increasing alcohol concentration within the 

marbles, and was independent of the volume of LMs. The propulsion of LMs was finally halted by viscous drag. 

Interestingly, the self-propulsion motion was not observed when LMs were placed on a glycerol surface. 

Furthermore, Ooi et al. [41] utilised LMs containing aqueous ethanol solutions to generate the Marangoni 

solutocapillary effect. They studied qualitatively the operating conditions of these LMs in the autonomous 

motion. They also derived the scaling laws relating the dynamic parameters of the motion to the physical 

properties of the separate system such as the effective surface tension of the marble, the viscosity and the 

density of the supporting liquid, the coefficient of diffusion of the ethanol vapour, the geometrical parameters of 

the marble, the speed, the trajectory and the lifetime of the autonomous motion. 

2.5 Summary  

The various manipulation schemes of LMs ensure that LM-based digital microfluidic platforms can be applied 

in different modules of microTAS, such as sample handling, reaction and mixing at the microscale and sample 

detection. A LM maintains its integrity and exhibits low friction on various carrier surfaces, enabling the LM to 

be actuated by external electric, magnetic, gravitational and acoustic fields. In addition, LMs can be manipulated 

via pressure gradient, temperature change, pH change, irradiation, surfactant concentration and self-propulsion. 

Among these manipulation schemes, electric, magnetic and acoustic actuations are three key techniques for 

effectively manipulating a LM without physical contact. However, electric manipulation schemes require high 

working voltage and the magnetic manipulation scheme requires the LM to have a magnetic coating or to 

consist of a magnetic solution. Moreover, acoustic radiation pressure can only be simply used to levitate LMs 

and open the shell of a single non-ferromagnetic marble. The remaining challenge for researchers in this field is 

how to incorporate the concepts of mechanical manipulation techniques, such as gravitational force and pressure 

gradient, into a microfluidic device. Besides, the manipulation approaches relying on the environmental 

parameters, such as temperature, pH and irradiation, may not be suitable for manipulating LMs containing 

sensitive biological samples. Furthermore, the surfactant-based manipulation techniques would be limited in 

applications involving live cells as the surfactants are harmful to the cell culture. 

3. Practical applications of liquid marbles in micro total analysis systems 

Due to their unique properties, LMs as an emerging digital microfluidic platform have attracted a great attention 

from researchers in the past few years. To date, based on various manipulation techniques mentioned above, the 

practical uses of LMs range from, but are not limited to, the storage and displacement of a small volume of 

liquid without any leakage, detection of water pollution, gas sensing, gas-liquid reactions and microreactors for 

chemical and biological purposes. 
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3.1 Microreservoirs   

LMs have been effectively used as microreservoirs for liquid storage, offering controlled manipulation and 

transportation of small quantities of liquid [17, 27-30, 50, 54, 55, 57]. Zhao et al. [35] pointed out that a 

magnetic LM possesses a unique feature to encapsulate samples/reagents after a chemical reaction or analysis by 

hardening the particulate shell. When the shell of magnetic particles contains low melting point materials, such 

as wax, the LM shows a great encapsulation ability to form a rigid cover after heating, which facilitates the 

storage of the non-volatile ingredients to a certain extent. This characteristic can be applied in some biochemical 

assays that are required to preserve the samples/reagents after analysis. For instance, for follow-up assessment, 

biobanking and archiving. However, it is noteworthy that chemicals that are sensitive to heat or salt 

concentration (e.g., enzymes) are not suitable for the encapsulation and storage described above. Besides, the 

rigid shell cannot completely prevent the liquid inside the marble from evaporating due to the presence of small 

voids in the particle shell that are permeable to air. 

3.2 Micropumps  

Bormashenko et al. [77] presented a micropump based on a pair of LMs coated with various powders and 

connected with a capillary PE tube, Fig. 8. The working principle is based on the difference of the Laplace 

pressures between the marbles coated with different powders, which allows liquid to be transported from one 

marble to another until the pressures are equalized. They also developed a similar micropump based on a pair of 

marbles coated with the same powder but with various initial radii.  

3.3 Microsensors 

LMs have been innovatively used as microsensors for the quick detection of water pollution and gas emission in 

chemistry analysis. Bormashenko and Musin [93] proposed the idea of using floating LMs to detect water 

surface pollution. In their experiment, water marbles coated with hydrophobic PVDF particles floated stably on 

the water surface, but were destroyed when the water surfaces were contaminated with silicon oil and kerosene. 

They also investigated the floating of marbles on ethyl alcohol/water mixtures and various organic and non-

organic liquids. As a result, LMs could effectively be used for the detection of water pollution with 

contaminants that decrease the surface tension, such as oils and petroleum, with the naked eye rather than water 

sampling. 

 

The porous hydrophobic particle layer on a LM keeps the marble separate from the surrounding surfaces, but 

allows the transportation of gas or vapour. Therefore, this characteristic enables LMs to sense gas or emit gas 

[60, 87, 96, 97]. Tian et al. [96] proved LMs loaded with different indicators could simultaneously sense 

different gases or vapours via different mechanisms. When a LM was formed with an appropriate indicator 

solution and placed onto the surface of a gas- or vapour-emitting solid or liquid, the indicator solution was 

intimately close to the gas- or vapour-emitting source while having no direct contact with the source. 

Conversely, LMs loaded with water dissolvable gases could be used as a gas emitter. The experimental results 

implied that different detection mechanisms (e.g. colorimetry and fluorescence) could be employed to carry out 

simultaneous detections of different vapours or gases independently. They further presented an application of 

gas sensing using LMs in the printing industry and explored the potential to use LM for quantitative gas sensing 

by paper-based colorimetric measurements. They also mentioned porous LM shell offers possibilities for gas-
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liquid reactions in another study [60]. In addition, LMs with particulate coating particles have also been utilised 

to sense changes in temperature [84, 85], pH [88, 90, 98] and irradiation [79, 92, 99] of the surrounding 

environment through different regimes.     

3.4 Microreactors 

As one of the most important microfluidic components, the microreactor plays an essential role in practical 

applications of LMs involving LM coalescence [24] for various chemical [100-102] and biological assays [58, 

59, 80-82, 103-109]. Arbatan et al. [58] selected human blood grouping (ABO and Rh) as the biological system 

to demonstrate the use of LM as a microbioreactor in practical diagnosis involving human blood, Fig. 9. The 

authors summarized several significant advantages of a LM-based microbioreactor as follows. First, LM 

requires relatively small amounts of samples and reagents. Second, LM reduces biohazards, since the powder-

encapsulated biological sample does not come into contact with the supporting substrate. Third, the bioreactors 

can be controlled by either coalescing marbles containing different reagents or by injecting different reagents 

into one marble. Fourth, marbles are cost effective. The authors further exploited the possibility that LMs work 

as efficient miniature bioreactors inoculated with Hep G2 cells to culture cell spheroids in vitro [80]. The cell 

aggregation could be clearly observed after 24 hours, while the formation of numerous three dimensional cell 

aggregates were observed by the end of 10 days. Three major factors, which make LMs suitable for cell culture, 

are: (i) a porous shell allow O2 and CO2 exchange between cell culture medium and surrounding environment; 

(ii) hydrophobic powder particles that form the shell and provide a non-adhesive surface, which encourages the 

cells to suspend in the medium; and (iii) a confined liquid core volume that promotes effective contact between 

cells, hence leading to better aggregation. Inspired by the previous work, Tian et al. [82] demonstrated the 

possibility of using LMs to build respirable micro-biological reactors to cultivate microorganisms, which is 

attributed to the porous and superhydrophobic shell of LMs that prevents the liquid core inside from coming into 

contact with external surfaces, but allows gases to transport freely across the shell. Recently, Vadivelu et al. 

[108, 109] have demonstrated the use of LMs as a three-dimensional cell culture platform for various cells, such 

as olfactory ensheathing cells, which mainly relied on LM coalescence In addition, Lin’s research team [50, 59] 

investigated the optical detection of the magnetic LMs for possible application as a new discrete microfluidic 

system, which may form a new platform technology to use the magnetic LM as a “smart” microreactor for 

chemical analysis or exploring new chemical reactions, especially when precious, explosive or highly toxic 

reagents are used and the products need to be stored without separation. Li et al. [107] demonstrated the 

transport of electric charge and energy between LMs, showing the potential of LMs to function as micro 

electrochemical reactors. 
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Fig. 9. Schematic of the LM-based microbioreactor for blood-type identification. (a) A blood droplet (10 μL) is 

placed on a hydrophobic precipitated calcium carbonate powder bed to form the corresponding blood marble. (b) 

A droplet of antibody solution (10 μL) is then injected inside the blood marble to complete the preparation of 

the microbioreactor. (c) When the corresponding antigens are not present on the surface of red blood cells, no 

separation is visible. (d) When the corresponding antigens are present, red blood-cell agglutination reaction will 

take place, which will result in the separation of marble colour into two distinct light (top) and dark (bottom) 

parts. 

3.5 Other applications 

In addition to the  numerous studies on the function of LMs as microreactors, Lin et al. [35] demonstrated the 

“on-line” detection of liquid components in magnetic LMs by using electrochemical and optical approaches. 

These magnetic LMs have a unique magnetic opening feature. By partially opening the particle shell, 

electrochemical measurement was carried out with a miniaturized three-electrode probe. They also demonstrated 

that how to conduct the quantitative measurement of dopamine with this technique. In contrast, fully opened 

magnetic LMs make it feasible to detect the optical absorbance of the liquid in a transmission mode. With this 

optical method, a biological glucose assay was demonstrated. Considering all the mentioned features of 

magnetic LMs, they have numerous applications in clinical diagnostics, biotechnology, chemical synthesis, and 

analytical chemistry. 

 

Further to the applications mentioned above, LMs can be also used as miniature electric generators [75], 

microaccelerometers [76], microcentrifuges and miniature localized viscometers [110], as well as being used in 

the fabrication of graphene/Ag nanocomposites [111] and colour pigments [112]. Another feasible application 

of LMs is in the pharmaceutical field, where they have been exploited for drug discovery utilizing hollow 

granules formed by LMs’ evaporation [113-115]. Recently, there have been several systematic review papers on 

the practical applications of LMs in chemical, biological and pharmaceutical assays [31, 116, 117].  
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4. Conclusions and future perspectives 

MicroTAS provide the possibility to create complete analytical microsystems by integrating diverse functional 

modules, such as sample preparation, separation and detection, into a single chip-sized microfabricated device. 

The central issue of microTAS is microfluidics. As an essential component of DMF, LM provides more 

possibilities to microTAS applications. The various manipulation schemes of LMs ensure that LM-based digital 

microfluidic platforms can be applied in different modules of microTAS, such as sample handling, reaction and 

mixing at the microscale and sample detection. A LM maintains its integrity and exhibits low friction on various 

carrier surfaces, enabling the LM to be actuated by external electric, magnetic, gravitational and acoustic fields. 

In addition, LMs can be manipulated via pressure gradient, temperature change, pH change, irradiation, 

surfactant concentration and self-propulsion. In terms of practical applications of LMs in microTAS, besides 

offering controlled liquid manipulation and transportation, LMs have been extensively applied as micropumps, 

microsensors and, most importantly, microreactors for various chemical and biological assays. Considering all 

the features, LMs are envisioned as a growing research area in microTAS. LM-based microTAS could be 

potentially used in chemical and biomedical applications, as the commercial market of microfluidics was valued 

at 8.28 billion U.S. dollars (USD) in 2017 and is expected to grow at a compound annual growth rate of 22.6% 

during the forecast period (2018-2023), to reach to 27.91 billion USD by 2023 [118]. 

 

Although there is a variety of studies on the fundamental physics, properties, manipulation and applications of 

LMs, many other research aspects of LMs are still not well understood. For instance, how to produce LMs 

reliably in a continuous manner is an open question to the researchers in the field of DMF. The conventional 

rolling method of LM fabrication is simple and inexpensive. However, it may produce a random aggregate of 

coating particles, which has a significant effect on the stability and manipulation of LMs. Another focus of 

future research is how to use LMs as miniature chambers to realise more functions in a coherent process based 

on the concept of microTAS. Further, much less is known about the dynamics of LM coalescence, which is 

crucial to the wide use of LM-based microreactors and micromixers in fields of chemistry and biotechnology 

analysis.  
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Highlights 

• Liquid marbles can potentially enhance the broad applications of microTAS. 

• Various manipulation schemes can be utilised to actuate marble motion. 

• Liquid marbles can be used as reservoirs, pumps, sensors and reactors at microscale. 
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