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Abstract

:

The need for miniaturised reaction systems has led to the development of various microreactor platforms, such as droplet-based microreactors. However, these microreactors possess inherent drawbacks, such as rapid evaporation and difficult handling, that limit their use in practical applications. Liquid marbles are droplets covered with hydrophobic particles and are a potential platform that can overcome the weaknesses of bare droplets. The coating particles completely isolate the interior liquids from the surrounding environment, thus conveniently encapsulating the reactions. Great efforts have been made over the past decade to demonstrate the feasibility of liquid marble-based microreactors for chemical and biological applications. This review systemically summarises state-of-the-art implementations of liquid marbles as microreactors. This paper also discusses the various aspects of liquid marble-based microreactors, such as the formation, manipulation, and future perspectives.
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1. Introduction


The miniaturisation of reaction systems is an attractive approach that dates back to the 1930s when the idea of microscale chemical handling systems was introduced and discussed [1]. Advancements in microelectronics technology have enabled the fabrication of early microreactors in the 1990s, laying the foundation for the rapid development of various types of microreactors in recent decades [2]. Compared to conventional reactors, microreactors offer advantages such as a remarkably high surface area to volume ratio, which enhances the mass and heat transfer, thus increasing the reaction kinetics, as well as improving the yield. The small volume of microreactors also reduces the reagent and energy consumption. A miniaturised reactor also allows for more precise control over reaction parameters, as well as the safer handling of hazardous or exothermic reactions [3,4,5,6]. Owing to these advantages and the development of microfluidic devices [7,8,9], microreactors—particularly, microfluidic reactors—have attracted enormous research interests [10,11,12,13,14]. Nevertheless, these microreactors face difficulties in handling minute amounts of reactants. For instance, liquids tend to wet the reactor walls, leading to cross-contamination and a loss of mass. Furthermore, when reactions involve solid particles or precipitation, microfluidic devices can be clogged. In order to overcome this problem, the contact between the liquid and the surrounding environment should be limited. A significant number of research works have been performed with reactions in droplets on superhydrophobic surfaces. However, the rapid evaporation of solvents remains a challenge.



The idea of encapsulating liquid with hydrophobic powder to eliminate the contact between the liquid and external environment can be found in the case of gall-dwelling aphids [15]. The honeydew waste secreted from the aphid is quickly covered with a powdery wax before being rolled away, preventing it from drowning the insects. The covered honeydew can be considered similar to the first liquid marble reported in a study by Aussillous et al., where the authors encapsulated a water droplet with hydrophobic microparticles [16]. Coating particles prevent direct contact between the interior liquid and the surrounding environment, allowing liquid marbles to move around without wetting the surface and to avoid contamination. Owing to these characteristics, liquid marbles have practical applications in the field of microfluidics, such as storage, transportation, or even mechanical computation [17,18,19,20]. Most importantly, their unique properties enable liquid marbles to serve as microreactors for chemical and biological applications. The ability to be manipulated like a soft solid also enhances the feasibility of liquid marbles as microreactors [21]. Therefore, the last decade has witnessed major advances in the development and application of liquid marble-based microreactors. Figure 1 illustrates the feasibility of using liquid marbles for various applications by utilising coating particles with different properties or introducing external stimulations. This paper aims to systematically review the use of liquid marbles as microreactors for chemical and biological applications, including their advantages and drawbacks. Various aspects of liquid marble-based microreactors, including the formation, manipulation, and future perspectives, will also be discussed.




2. Liquid Marble-Based Microreactors


2.1. Formation of Liquid Marbles


A liquid marble can be created simply by rolling a liquid droplet on the surface of a hydrophobic powder bed. The particles assemble on the liquid-air interface of the droplet and form an encapsulating layer, which separates the interior liquid from the supporting substrate. This newly formed liquid marble can function effectively as a microreactor. Using this method, liquid marble-based microreactors can be generated almost instantly in an extremely facile manner. The flexibility in the fabrication options of liquid marbles is also highly advantageous. The combination of the vast range of interior liquids and coating particles can provide liquid marbles with unique characteristics, such as enhanced robustness [22,23], transparency [24], or stimulus-responsiveness [25]. These features allow for the implementation of tailor-made microreactor platforms.



While liquid marble production is easy to perform, the arduousness and the lack of consistency in the volume of liquid marbles remain challenging. Efforts have been made to develop new methods to generate liquid marbles to overcome the many drawbacks associated with the manual method. Castro et al. successfully developed a simple strategy based on gravitational force for the continuous production of liquid marbles [26]. By placing liquid droplets on a ramp with an appropriate inclination angle, the droplets can gain velocity and roll through a hydrophobic particle bed, thus forming liquid marbles. This method allowed the authors to synthesise Janus liquid marbles easily by coalescing the newly formed liquid marbles. Sreejith et al. utilised electrohydrodynamic pulling to assemble an on-demand liquid marble generator that can create submicrolitre to microlitre-sized liquid marbles with high reproducibility [27]. Wang et al. made use of centrifugal force to induce a motion of liquid droplets on a hydrophobic particle bed, effectively generating liquid marbles with a high volume consistency [28]. These platforms are able to produce a large number of liquid marbles with a consistent volume, significantly promoting the use of liquid marbles in many applications.




2.2. Manipulation of Liquid Marbles for Microreactions


One of the largest advantages of liquid marbles is that they can be easily manipulated through a variety of schemes, such as electromagnetism, mechanical means, and pH change. These manipulation schemes can induce motion, deformation, or changes of effective surface tensions. This paper only reports schemes that allow liquid marbles to perform functions such as coalescence and mixing, as well as opening and closing, which are necessary for their operation as microreactors.



2.2.1. Manipulation for Coalescence


To date, most studies on the applications of liquid marbles as microreactors were carried out by premixing and encapsulating all the reagents in a single liquid marble, owing to the convenience of this method [29]. Nevertheless, performing reactions in a system with multiple liquid marbles has gained more interest. By containing different reactants in separate liquid marbles and triggering the reaction via coalescence, this strategy can provide a safer noncontact initiation for hazardous or highly exothermic reactions and better monitoring for rapid reactions [30]. These advantages drive the development of a remotely controllable initiation for reactions via coalescence. Numerous manipulation schemes were investigated for the coalescence of liquid marbles by introducing external actuation forces, such as electromagnetic and gravitational forces [31,32,33]. Xue et al. first reported the introduction of a magnetic field to move and coalesce magnetic liquid marbles containing different reagents into a larger liquid marble, where chemiluminescence reaction took place (Figure 2a) [34]. However, this manipulation strategy lacks versatility, as it is applicable to magnetic liquid marbles only. The possibility of coalescing nonmagnetic liquid marbles via acoustic levitation was investigated by Chen et al. [35]. The authors observed that, by introducing the acoustic field, two adjacent liquid marbles were able to move and coalesced into a larger liquid marble before being levitated. The reaction between phenolphthalein and the NaOH solution was successfully demonstrated using this strategy (Figure 2b). This method benefitted from the oscillation during the coalescence due to a greatly enhanced mixing of reactants. Luo et al. added carbon dioxide-sensitive particles into the patch-to-patch contacts of different liquid marbles to provide them with the ability to change from being hydrophobic to hydrophilic with the presence of carbon dioxide [30]. These liquid marbles could then be merged effectively when carbon dioxide was introduced to the environment. The authors utilised this mechanism to conduct a range of reactions, including redox, complexation, substitution, and chemiluminescence reactions. Electrocoalescence is another promising approach that has been reported in recent studies [36]. Zhang et al. reported the use of electrode plates embedded beneath a dielectric layer to perform electrocoalescence [37]. The authors also measured cell metabolic activities, further driving liquid marble applications in chemical and biological fields.




2.2.2. Manipulation for Mixing


Mixing plays a vital role in reactions, because it ensures homogeneity within the system. Good mixing can significantly increase mass and heat transfers. Furthermore, mixing can enhance dispersion if the reaction involves multiple-phase reactants. However, mixing in liquid marbles remains a challenge, and the lack of an effective mixing method can considerably limit the potential of liquid marble-based microreactors. Moving a liquid marble could induce mixing [39]. This manipulation scheme is easy to conduct, as there are numerous strategies to move the marbles, such as electromagnetic, optical, or acoustic actuations [40]. Xue et al. placed two droplets containing reagents into a single magnetic liquid marble and moved it under a magnetic field to mix its contents and trigger a chemiluminescence reaction [34]. The same method was employed by Zhao et al. to mix the reagents of the glucose assay [41]. However, this method requires manual control of the liquid marble, leading to noncontinuous and inefficient mixing. Li et al. observed that the continuous flow of solutions under an electric field in a Daniell cell can lead to mixing in a liquid marble [42]. The idea of applying an electric field to induce mixing was further developed by Liu et al. [36]. The authors reported that, by introducing an adequately large electrical field, the liquid marbles could be rapidly mixed (Figure 2c). The reaction of 2-methylindole and aldehydes in a highly viscous glycerol solution was demonstrated, proving that electromixing can deliver higher reaction yields. In addition, this manipulation scheme is applicable to many types of coating particles.




2.2.3. Manipulation for Opening and Closing the Liquid Marbles


The capability of introducing reagents and withdrawing products is crucial for liquid marbles to operate effectively as microreactors. Previous studies have reported the use of micropipettes to add and extract interior liquids without damaging liquid marbles [43,44,45,46]. However, this method requires the micropipette tips to penetrate the coating shell of liquid marbles, making the interior liquids susceptible to contamination. Several manipulation schemes of liquid marbles allow the coating shell to be opened and closed for the addition of reactants and the collection of products. Many studies have reported the use of magnetic force to open and close magnetic liquid marbles for chromatographic [34], optical, and electrochemical analyses [41]. Acoustic levitation was also demonstrated as a feasible manipulation scheme for opening and closing the liquid marbles, as the acoustic field can create a hole at the top of the marble [38]. The authors then inserted KMnO4 into the liquid marble via the opening and decreased the sound intensity to close the hole without tampering the liquid marble (Figure 2d). These results paved the way for a method of opening and closing liquid marbles that can be applied to a wide range of nonmagnetic coating particles.





2.3. Lifetime of Liquid Marbles


One of the most important concerns of liquid marbles is to ensure an adequate lifetime for liquid marble-based microreactors. Many biological and chemical reactions require high temperatures and extended lifetimes, thus the need for a stable platform. The evaporation of the interior liquid significantly impacts the shape and eventually leads to the collapse of the liquid marble. Efforts have been made to minimise the evaporation of liquid marbles. For example, the evaporation effect of water droplets and liquid marbles coated with 5–9-µm polytetrafluoroethylene (PTFE) particles was investigated, demonstrating that PTFE can function as an effective barrier, as it can reduce the evaporation rate of water up to 45% [47]. Furthermore, the relative humidity showed a remarkable influence, as the evaporation resistance of the PTFE particles increased from 0.365 to 0.627 sm−1 when the relative humidity increased from 5% to 74%. Dandan et al. investigated the evaporation rate of water droplets and graphite liquid marbles, concluding that the graphite coating particles remarkably enhanced the evaporation resistance [48]. However, under high temperature conditions, relative humidity did not play an important role as at room temperature, because the high vapour saturation concentration at the liquid-gas interface was the main driving force for the gradient of the vapour concentration [49]. Aberle et al. investigated the evaporation of liquid marbles coated with graphite particles at high temperatures, up to 465 °C, where the liquid marbles exhibited strong thermal robustness, as they took a long time, of around 100 s, to evaporate [49]. This could be explained by the Leidenfrost effect—a vapour film produced between the hot surface and liquid marbles hindered the heat transfer, which reduced the evaporation rate. To summarise, by modifying the coating layer and surrounding environment, the lifetime of liquid marbles could be extended up to a desired duration. Chu et al. reported a reaction at the elevated temperature of 80 °C that led to the collapse of the liquid marbles as the water inside rapidly evaporated. Therefore, the authors developed a robust coating layer from superhydrophobic Fe3O4/C microsheets and conducted the reaction in a high-humidity environment to protect the liquid marbles for a period of 50 min [50].





3. Liquid Marbles as Microreactors for Chemical Applications


3.1. Advantages of Liquid Marble-Based Chemical Reactors


Continuous-flow reactors have outstanding advantages that make them widely used in industries. However, batch reactors are preferable for small-scale operations, owing to their flexibility and versatility. Various reactions with a broad range of reaction times and reaction phases can be performed conveniently in batch reactors. While there are many attempts to miniaturise continuous-flow reactors, only a few studies about miniaturised batch reactors have been investigated to date [51,52,53]. These reactors still require volumes in the order of millilitres, as well as sophisticated manufacturing processes. The emergence of liquid marbles has provided an ideal platform for microscale batch reactors. Liquid marbles have small volumes from hundreds of nanolitres to hundreds of microlitres and can be easily adjusted depending on the demand. The coating layer of a liquid marble can function as a barrier to mitigate the effect of evaporation and avert contamination. When handling corrosive or highly exothermic reactions, the lack of contact with the interior liquid can protect the external environment from being damaged, thus reducing the hazards. Liquid marble-based microreactors can avoid problems such as clogging or the inefficient mixing of solvents with viscosity higher than 40 MPa·s [54]. The high surface-to-volume ratio of liquid marbles also provides a suitable platform to accommodate catalytic microreactions. The gas permeability of the shell allows reactions involving gas-phase reactants. To summarise, the numerous advantages of liquid marble-based reactors make them strong candidates as a microscale batch reactor platform.




3.2. Practical Applications of Liquid Marble-Based Chemical Reactors


The feasibility of liquid marbles to serve as microreactors was demonstrated in early studies [34]. The reported reactions mainly took place in the liquid phase and in mild conditions. To date, tremendous efforts have been made to develop a wide range of reactions in liquid marbles, including multiphase, catalytic, or electrochemical reactions. These studies demonstrate the feasibility of liquid marbles as universal microreactors for chemical applications.



3.2.1. Microreactors for Gas-Phase Reactions


The outer coating layers of liquid marbles are generally permeable to gaseous substances, enabling the liquid inside to absorb and react with the gas. This feature allows liquid marbles to function as miniature reactors involving liquid-gas phase reactions. Many studies have utilised this ability to use liquid marbles as gas sensors. Tian et al. introduced different approaches with liquid marbles as gas sensors for the detection of ammonia and hydrochloric acid based on colourimetry and fluorescence methods [55]. Phenolphthalein, CoCl2·2H2O, and CuCl2·2H2O solutions were used as indicators for the detection of NH3 vapours. The colour change due to NH3 vapours of the above solutions was observed (Figure 3a). Liquid marbles derived from 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt were also used as fluorescent pH indicators, as their colour changed from green to blue under UV light after being exposed to HCl vapours. The authors also developed a quantitative method for NH3 gas sensing with liquid marbles using a NH3 solution with different concentrations to construct a calibration curve of the colourimetric measurements. This method was further validated by the same authors using ultraviolet–visible spectrophotometry (UV–VIS) [56]. The colourimetric measurements were confirmed to be more suitable for detecting NH3 at low concentrations. Recently, Li et al. developed a rod-shaped liquid plasticine-based gas sensor that indicated gas distribution along its length [57]. The phenolphthalein solution was coated with a superhydrophobic sol-gel film to form liquid plasticine, which could easily be shaped into a rod. A droplet of NH3 solution placed at one end of the rod-shaped sensor evaporated and diffused into the sensor along its length. Therefore, the colour of the sensor would change, and the diffusion rate of NH3 could be observed. While inorganic gases only took a short time to react, their organic counterparts required a longer duration to have any visible effect. Bormashenko et al. demonstrated the feasibility of liquid marbles as microreactors for the Hantzsch reaction to detect organic contamination via colourimetric measurements [58]. A small liquid marble constructed from a solution of ammonia acetate, acetic acid, acetylacetone, and polyvinylidene fluoride powder was used to detect formaldehyde vapours. The emergence of a yellow colour due to the formation of diacetyl-dihydro-lutidine effectively indicated the existence of formaldehyde. In summary, liquid marbles can serve as an effective sensing platform that is extremely cost-effective and easy to perform for the detection of inorganic and organic gases.



The potential of liquid marble-based microreactors was also extended to organic synthesis involving gas-phase reactions. Chin et al. introduced a simple method to synthesise the liquid marble encapsulating layer by exposing a water liquid marble coated with NH2-MIL-53(Al)–Al2O3 composite microparticles to an ethyl-2-cyanoacrylate vapour in a closed container [59]. The vapour condensed on the outer layer of the liquid marble and polymerised into poly(ethyl-2-cyanoacrylate) (Figure 3b). Sato et al. investigated the copolymerisation of a 1,3-dienemonomer with a gaseous monomer in liquid marbles [60]. The author used 2-hydroxyethyl sorbate (HES) and oxygen as comonomers to demonstrate the copolymerisation reaction to synthesise a polyperoxide of HES (PP-HES) (Figure 3c). The conversion of HES to PP-HES in liquid marbles was significantly higher when compared to the one conducted in a test tube, reaching 47.7% and 1.8%, respectively. The authors argued that the remarkably high liquid-gas interfacial area of the liquid marble-based microreactors plays an important role in the improvement of the absorbance and diffusion of oxygen, which, in turn, leads to a higher copolymerisation efficiency. Interestingly, a good yield was obtained without oxygen bubbling and stirring, which are commonly used in a conventional reactor, suggesting that the liquid marble reactor can be more efficient and require less energy. The liquid marbles containing PP-HES could then be utilised as pressure-sensitive adhesives by squeezing to release the contained polyperoxide and subjecting it to UV irradiation or high temperatures [61]. The obtained adhesives possessed an approximate 180° peel strength of commercial pressure-sensitive tape and could be further fine-tuned. In summary, a high interfacial surface area and good gas permeability are the main advantages that make liquid marbles a good reactor platform involving gases. Future studies on the gas absorption efficiency of liquid marbles and its reaction parameters, such as temperature and pressure, are essential to have precise control over reactant and product concentrations.




3.2.2. Microreactors for Solid Material Synthesis


Solid-phase reactions are conveniently performed in liquid marbles, because this platform can avoid clogging, which usually occurs in microchannels. Solid-phase products can also be easily separated from liquid marbles and collected through different material-release mechanisms. Chu et al. demonstrated the use of liquid marbles as miniature reactors for the synthesis of a graphene/Ag nanocomposite (Figure 4a) [50]. The dispersion of graphite oxide and silver nitrate was coated with Fe3O4/C microsheets to form a liquid marble and reduced into graphene/Ag at 80 °C. After the reaction, the synthesised solid was separated from the coating layer simply by placing it in water. The obtained graphene/Ag nanocomposite was used as a catalyst for the reduction of 4-nitroaniline and exhibited good catalytic characteristics. Gu et al. studied the synthesis of colour pigments in liquid marbles (Figure 4b) [62]. Colloidal crystal solutions of silica nanoparticles in poly(ethylene glycol) diacrylates were encapsulated by hydrophobic microparticles. These silica nanoparticles self-assembled into a loose colloidal crystal array, which enabled them to deliver iridescent colours. The marbles were then exposed to UV light to polymerise the liquid inside. Next, the outer layer was removed to obtain noniridescent structural colour pigments. The possibility of using liquid marbles for solid material synthesis also extends to the coating particles. Sheng et al. successfully developed a method to fabricate Janus particles by asymmetrically depositing polydopamine on the surfaces of coating silica particles (Figure 4c) [63]. In these studies, the authors reported that it was easy to separate the synthesised solid material simply by placing them in water or solvent, followed by collecting and drying the solid. Although only a few studies have been performed, these works demonstrated the potential of liquid marbles for solid synthesis.




3.2.3. Microreactors for Heterogeneous Catalytic Reactions


Catalysts are used extensively in the chemical industry, owing to their ability to significantly increase reaction kinetics. Catalysts are commonly divided into homogeneous or heterogeneous categories. Heterogeneous catalysts can be easily separated from reaction products and reused through regeneration processes. However, heterogeneous catalytic reactions take place in different stages, including the diffusion, adsorption, and desorption of reactants in and out of the catalyst surfaces, thus requiring a large surface area to achieve a high reaction efficiency. For reactions in an aqueous environment, hydrophobicity directly affects the catalytic activity, as it leads to poor dispersibility in water, which, in turn, limits the surface area. Numerous studies have attempted to overcome this challenge by adding hydrophilic ligands [64] or encapsulating the catalyst with micelles, dendrimers, polymeric capsules, and nanoparticles [65]. Recent studies have suggested that improvements in the dispersibility of hydrophobic catalysts can be achieved by growing a hydrophilic nanoporous shell [66]. Nevertheless, these methods require additional chemicals and complex procedures for the treatment of catalysts, which limit their potential to be widely used. Therefore, liquid marbles are attracting substantial interest, since they can provide a simple and effective platform for catalytic reactions. Recent studies have shown that, by coating liquid marbles with hydrophobic catalyst particles, it is possible to create a microreactor with a large catalyst surface area in a simple manner without additional modifications.



In previous studies, the coating layer is usually made of inert hydrophobic particles. Carter et al. first utilised Ru/Al2O3 as coating particles that effectively catalysed the hydrogenation of maleic acid to succinic acid on a dry water platform (Figure 5a) [67]. The dry water-based microreactors delivered a substantially higher conversion in comparison to a bulk mixture of maleic acid and coating particles. Interestingly, the dry water droplets still maintained their size and flow properties, despite the high pressure and the elevated temperature, indicating that this platform is applicable for reactions under harsh conditions. However, a much longer heating duration is required for the conversion in a dry water droplet to approach the conversion rate of a stirred reactor, suggesting that dry water or liquid marble platforms could be more suitable when applied to reactions conducted at lower temperatures. Miao et al. investigated the feasibility of using large surface area silver nanowires to form catalytic liquid marbles for the reduction of methylene blue in the presence of sodium borohydride (NaBH4) (Figure 5b) [68]. The catalytic activity of silver nanowires remained almost stable after five cycles of reduction. These results clearly indicate that the silver nanowires can catalyse the reduction of methylene blue. The authors also found that larger liquid marbles led to a reduction in the reaction rate because of the decrease in the area of the liquid-air interface, where the catalyst resides. It is worth mentioning that the treatment with 1H,1H,2H,2H-perfluorodecanethiol is necessary to make the silver nanowire hydrophobic.



Sheng et al. investigated hydrophobic silica particles as the coating layer, which directly participates in the silver mirror reaction [69]. A diamminesilver(I) solution was added to liquid marbles constructed from a glucose solution and fumed silica with different concentrations of silanol to investigate the silver mirror reaction on the surfaces of coating particles (Figure 5c). Bare droplets and partially coated droplets made from the same solution were also studied as references. A colour change was seen in all the liquid marbles, but reflective silver mirrors only appeared on fully coated marbles, proving that the silica coating layer plays an essential role in the formation of the silver mirror. The authors suggested that the H30 silica particles provided a reactive surface for the free silver ions to bind and convert into elemental silver atoms, which function as nucleating sites for the formation of silver mirrors [70]. The authors also utilised the deposition of silver only on one face of the silica particles at the liquid-gas interface to fabricate Janus particles, proving the potential use of liquid marbles as microreactors for the fabrication of nanoparticles. In a recent study, Wei et al. combined synthetic polymer particles from cyclomatrix polyphosphazene and silver to obtain Ag/PZAF composite particles, which exhibited high hydrophobicity and catalytic activity (Figure 5d) [71]. The reduction rate of methylene blue by NaBH4 was significantly higher in liquid marbles coated with the Ag/PZAF composite particles when compared to conventional bulk solutions with a catalyst or bare droplets. Moreover, silver nanoparticles can be dispersed onto PZAF particles and immobilised there, effectively preventing the aggregation that potentially reduces the catalyst surface area. In conclusion, high versatility and the ability to increase the surface area of a hydrophobic catalyst are the characteristics that make liquid marbles a promising platform for heterogeneous catalytic reactions. However, the need to hydrophobise catalysts remains the main drawback of this platform.



The study on catalytic liquid marbles also extended to photocatalysis. Yb3+/Er3+/Gd3+-doped NaYF4 is a promising material for photocatalytic applications, as it is capable of converting two or more photons into one photon with a higher frequency. This material is also magnetically susceptible, owing to the doping of Gd3+. By bonding the surface of the aforementioned upconversion nanoparticles (UCNPs) with hydrophobic polyhedral oligomeric silsesquioxane (POSS), Wang et al. successfully developed a bifunctional coating material for photocatalytic liquid marbles [72]. Liquid marbles constructed from this material were responsive to magnetic forces and capable of performing upconversion luminescence. These liquid marbles functioned effectively to induce near-infrared irradiation to excite protoporphyrin IX (PpIX) into a reactive oxygen species (ROS). This application has great potential in the photodynamic therapy of cancer cells, which will be reported in the microbioreactors section.




3.2.4. Photothermal Microreactors


Gao et al. introduced a mechanism for heating liquid marbles based on the photothermal effect using laser irradiation (Figure 6) [73]. The authors utilised graphene as the coating layer for liquid marbles, because it can deliver the highest surface temperature under irradiation compared to other materials. The degradation of methylene blue by NaBH4 using photothermal heating was reported, showing that remarkably higher reaction kinetics can be achieved. Compared to reactions conducted at room temperature, heating can enhance the reaction rate constant up to 12 times and the reaction efficiency up to seven times. Based on this mechanism, it is possible to engineer a remotely heatable microreactor that can precisely control the temperature for a wide range of reactions.




3.2.5. Electrochemical Microreactors


The idea of combining liquid marbles and electrochemistry is attractive, because it opens up a broad range of applications for this platform, such as analytical chemistry, as well as the production of chemicals, batteries, and fuel cells. Zhao et al. conducted the electrochemical detection of dopamine in a magnetic liquid marble that can be opened for the three-microelectrode probe to penetrate the liquid (Figure 7a) [41]. Koh et al. reported the use of the liquid marble itself as the working electrode for electrochemical reactions and spectroelectrochemical analysis (Figure 7b) [74]. The authors utilised the HCl-treated silver nanocube shells of plasmonic liquid marbles as a working electrode for a one-electron redox reaction of Ru3+ to Ru2+ and a heterogeneous electroreduction of methylene blue. Cyclic voltammetry results confirmed the electroreduction of Ru3+ to Ru2+ in plasmonic liquid marbles, whereas no significant responses were observed with the reaction conducted in silica liquid marbles. Furthermore, the three-dimensional metallic plasmonic shell was considerably robust and could deliver a higher peak current of up to 1.5 times as compared to the planar working electrodes. The electroreduction of methylene blue was also investigated. The results demonstrated the formation of leucomethylene blue in the final reduced product through a multistep reduction and oxidation process. Interestingly, this platform is reported to be the first working electrode that is miniaturised, three-dimensional, and is also the smallest spectroelectrochemical microreactor. These results prove that liquid marble-based microreactors are a promising candidate for microscale reactions and analyses.




3.2.6. Other Applications


Plasmonic liquid marbles are promising microreactors, because they not only provide suitable platforms for electrochemical reactions but, also, enable real-time and in situ monitoring by surface-enhanced Raman scattering spectroscopy (SERS) [74,75]. Han et al. implemented the concept of performing multistep reactions via coalescing different liquid marbles and monitoring azo-dye synthesis using SERS [76]. The synthesis consists of two reactions, which are the diazotisation of aromatic amine and azo coupling. The first reaction was performed by coalescing liquid marbles containing a solution of nitroaniline and HCl with another liquid marble containing NaNO2. The second reaction was initiated by coalescing another liquid marble encapsulating a bisphenol A (BPA) solution with the previous marble. Interestingly, this plasmonic liquid marble platform allows the SERS detection of BPA to be very sensitive, as the detection limit can be 50,000 times lower than the safety limit of BPA.



In addition to gas sensing and electrochemical analysis, which have been discussed in previous sections, other applications of liquid marbles in quantitative analyses were also demonstrated. Zhao et al. performed a glucose assay in liquid marbles using a colourimetric enzyme-kinetic method [41]. The formation rate of the violet colour from the reaction of glucose and its detection reagent was measured to determine the correlation coefficient between the reaction rate and glucose concentration. By using liquid marbles containing test reagents, Tyowua et al. were able to identify cations and anions, as well as conduct acid-base and redox titrations without introducing any external actuation fields [77]. These tests were done simply by merging droplets of test reagents with liquid marbles and observing the colour change of the indicators. The authors were able to reduce the amounts of reagents and waste, owing to the small volumes of the liquid marbles.



Belousov–Zhabotinsky (BZ)-type reactions are oscillatory chemical reactions that can generate patterns of oxidation wavefronts and be applied in many unconventional computing devices. Fullarton et al. attempted to perform BZ reactions in liquid marble-based microreactors by encapsulating a BZ reaction mixture consisting of malonic acid, bromate ions, and an acid catalyst with polyethylene (PE) or PTFE hydrophobic powders [78]. Oxidation waves through the coating layer and between contiguous liquid marbles could be observed to study the reaction. It is also feasible to control the wave transfer by modifying the BZ liquid marbles system. These results make provisions for the further development of BZ liquid marbles in robot control [79] and photosensors [80].






4. Liquid Marbles as Microreactors for Biological Applications


4.1. Advantages of Liquid Marble-Based Microbioreactors


Numerous inherent characteristics of liquid marbles make them promising candidates for a novel microbioreactor platform. First, liquid marbles can provide a three-dimensional medium that is more similar to the actual environment, thus delivering a better understanding of how biological phenomena take place in reality. The volume of the interior liquid, which spans multiple orders of magnitude, suits applications such as a microscale biological assay or cell culture. The porous shell also permits the exchange of essential gases such as oxygen and carbon dioxide between the liquid marble and its surroundings, which is necessary for aerobic cell culture applications. Furthermore, the hydrophobic shells of liquid marbles can eliminate any contact with surrounding substrates, reducing the risk of biohazard exposures and cross-contaminations. The small volumes of liquid marbles allow for better control of reaction conditions and promote better aggregation for cell cultures. Finally, this platform allows experimental handling to be conducted in a facile manner that is cost-effective and disposable. Therefore, liquid marble-based microbioreactors are a promising platform for diagnostic assays, cell cultures, drug screenings, and polymerase chain reactions [81,82].




4.2. Practical Application of Liquid Marble-Based Microbioreactors


4.2.1. Microbioreactors for Blood Typing


The first use of liquid marbles as a microbioreactor was reported in a study of Arbatan et al. The authors utilised liquid marbles for blood typing (Figure 8) [83]. Blood liquid marbles coated with hydrophobic precipitated calcium carbonate power were injected with antibody solutions to test for haemagglutination. The positive results could be observed immediately, as the red colour of the liquid marbles was separated into light and dark-red colours. Otherwise, a uniformly dark-red colour would be exhibited. Subsequent tests with other antibody solutions were conducted to determine the ABO and Rh blood groups. The liquid marble could also be safely disposed by burning. Therefore, liquid marble-based microbioreactors have the potential to be a safe and cost-effective platform for rapid medical tests.




4.2.2. Microbioreactors for Cell Culture and Treatment


Liquid marbles provide an ideal platform for cell and microorganism cultures, which are essential for biomedical applications. Arbatan et al. first reported the use of liquid marbles to culture Hep G2 hepatocellular cancer cell spheroids in vitro to study how cancer cells aggregate to form tumour spheroids [43]. The authors coated the liquid marbles with inert PTFE particles to have a nonadhesive encapsulating layer that can promote the suspension of the cells. The aggregation of the cancer cells could be observed after one day, whereas three-dimensional cell aggregation appeared after 10 days of incubation, proving that a liquid marble-based microbioreactor could provide a three-dimensional environment for the formation of cell spheroids. These results paved the way for future developments in cancer therapy, as Wang et al. investigated the use of a liquid marble-based microbioreactor as a model for photodynamic therapy (Figure 9a) [72]. Liquid marbles coated with UCNP-POSS can significantly reduce the viability of cancer cells in the presence of PpIX, as these coating particles can catalyse the excitation of PpIX under NIR laser irradiation into ROS, which can lead to cancer cell apoptosis and necrosis [84]. However, liquid marbles covered with microparticles such as PTFE and UCNP-POSS are generally opaque, which hinders the optical analysis of interior liquids [24,85]. The emergence of transparent liquid marbles coated with fumed silica nanoparticles provides a valuable tool for the real-time monitoring of cell growths in this platform. Li et al. investigated the growth of lung cancer stem cells in transparent liquid marbles and conveniently recorded the growing process of spheroids [86]. The authors also studied the effects of various anticancer drugs and RNA on tumour spheroids, reporting that the spheroids cultured in liquid marbles were more resistant to those treatments compared to cells and spheroids cultured in a multiwell plate. These results proved that the liquid marble is a promising platform for the study of cancer treatments.



The study of liquid marbles as a culture media for embryoid bodies is also attracting many research interests, owing to their importance in tissue regeneration therapy. Embryonic stem cells are characterised by continuous proliferation and their capability to differentiate into various cell types. Sarvi et al. first reported the use of a liquid marble-based microbioreactor for the formation of three-dimensional embryoid bodies from murine-derived embryonic stem cell lines (Oct4b2) [87]. The formation of embryoid bodies in liquid marbles could be observed on the third day, proving that liquid marble-based microbioreactors can function effectively for this application. A large liquid marble size and high density of cell seeding were shown to promote aggregation. The authors then further studied the feasibility of differentiating the formed embryoid bodies in liquid marbles into cardiac lineages [44]. Murine embryonic stem cell (ESC) (Oct4B2-ESC) suspension was first cultured in liquid marbles coated with PTFE. After five days, the formed embryoid bodies were then plated in gelatine-coated plates for further differentiation. The embryoid bodies differentiated into contractile cardiomyocytes, which can be used in cell replacement therapy. Lin et al. utilised transparent liquid marbles covered with silica nanoparticles for the growth of embryoid bodies from Oct4B2-ESC and their differentiation into cardiomyocytes without transferring the embryoid bodies into another culture platform (Figure 9b) [45]. The transparency of liquid marbles allows for continuous and real-time monitoring of the formation of embryoid bodies and, eventually, the differentiation into contractile cardiac cells. Ledda et al. also extended the use of liquid marbles for the in vitro maturation of an oocyte, which is an important technique in the livestock field [88]. Cumulus-oocyte complexes were reported to mature well in liquid marbles, showing the potential of liquid marble-based microbioreactors for this application.



The floating liquid marble was investigated as a potential cell culture platform for olfactory ensheathing cells (OECs), as it exhibits various advantages when compared to sessile liquid marbles [89]. The results indicated that OECs in floating liquid marbles were able to form more and larger spheroids than in sessile liquid marbles, owing to the buoyancy that can induce internal flow and mitigate gravitational effects, thus preventing the OECs from sedimenting and aggregating at the bottom, as in sessile liquid marbles. Novel behaviours of OECs were also observed in this study using floating liquid marbles and further reported in a later study [90] The authors demonstrated the interactions of different cell types by the fusion of spheroids and coalescence of liquid marbles, suggesting that liquid marbles can be a suitable platform for the study of cellular behaviours in three-dimensional environments.



The porous shell allows the exchange of oxygen and carbon dioxide between the liquid marble and its surroundings, thus promoting an aerobic respiration process. Tian et al. studied the growth of Lactococcus lactis ssp. Cremoris, which is an aerotolerant anaerobe, and Saccharomyces cerevisiae, which is a facultative aerobe [91]. The results showed that, while the oxygen absorbed by the liquid marble can hinder the growth of L. cremoris, it encourages the proliferation of aerobic S. cerevisiae. Interestingly, there were more viable cells of S. cerevisiae in liquid marble-based microbioreactors than in shaken McCartney bottles, owing to the better diffusion of essential gases for the respiration process into the liquid phase. These results indicated that, while the oxygen absorbed through the porous shell of liquid marbles promoted aerobic processes, it inhibited the viability of anaerobic microorganisms.



Drug screening is also an important application of a liquid marble-based microbioreactor, as reported by Oliveira et al. [46]. The authors introduced surface-modified microparticles into the liquid marble interior to provide adhesion sites for anchorage-dependent cells. Cytotoxic screening tests on these cells were performed and monitored using a digital imaging-based colourimetric method, showing the feasibility of nondestructive tests for monitoring reactions in liquid marbles.




4.2.3. Microbioreactors for Polymerase Chain Reaction


Polymerase chain reaction (PCR) is the quintessential technique for the amplification of DNA [92]. In order to overcome problems associated with conventional methods, including contamination and a large amount of plastic waste, Sreejith et al. attempted to use a liquid marble-based microbioreactor as a platform for this application [85]. First, a PCR mixture was prepared by extracting DNA from human faecal samples and conducting a primary amplification. This mixture was then coated with PTFE powder to form liquid marbles and put in a thermal cycler to perform PCR. Although the results showed that liquid marbles provided a suitable platform for the PCR, the evaporation of the liquid marbles significantly limited the number of thermal cycles that could be performed. In a recent study, the same authors successfully developed a core-shell bead synthesised from a photopolymer liquid that can effectively mitigate the effects of evaporation [93]. This core-shell bead microbioreactor allows the authors to perform up to 30 thermal cycles of PCR, obtaining good DNA amplification results that are comparable to conventional methods. However, this method suffers from a difficulty in retrieving samples due to the hardened polymerised shell, suggesting that materials with a tuneable degradation such as reversible polymers can be a potential solution to overcome this drawback.






5. Future Perspectives


Liquid marbles have found applications in many different fields, as reported in previous sections. However, these studies only used aqueous solutions to construct liquid marbles, which limited the ability of liquid marbles to be used in chemical and biological applications. The introduction of new liquids for this platform can expand the range of applications of liquid marble-based microreactors. This remains a challenge, as liquids with low surface tensions such as organic solvents tend to wet the coating powder. Until now, studies have focused on overcoming this challenge by using modified hydrophobic particles that are able to confine low surface tension liquids. Most studies use magnetic nanoparticles to act as coating powders for liquids marbles, because these particles are easily modified to have low surface energies and can be used for later magnetic manipulations. For instance, Xue et al. developed a coating powder from fluorinated decyl polyhedral oligomeric silsesquioxane (FD-POSS) that effectively formed a series of robust liquid marbles from water and numerous organic solvents, ranging from dimethyl sulfoxide (DMSO) to heptane [34]. Other modifications on Fe3O4 nanoparticles enabled the authors to encapsulate a wide range of organic solvents, including toluene, dichloroethane, ethanol, or even high-viscosity solvents like polydimethylsiloxane, to form liquid marbles [94,95]. These results can provide future applications of liquid marble-based microreactors in organic synthesis.



A new approach for this reactor platform is constructing liquid marbles from novel liquids, such as ionic liquids, which are room-temperature liquid organic salts [96]. Owing to their outstanding properties, such as very low vapour pressure and thermal stability, ionic liquids have attracted significant research interests in the field of green chemistry, as they are considered safe and environmentally benign [97]. Ionic liquids can dissolve numerous types of inorganic, organic, and polymeric compounds [98], enabling their uses as extractions and reaction media [99,100,101,102,103,104]. Ionic liquids also exhibit a tremendous potential to serve as microreactors. For instance, Zhang et al. demonstrated the use of an ionic liquid droplet microreactor for the enzymatic enantioselective transesterification of alcohols and the catalytic cycloaddition reactions [105]. Higher catalysis efficiencies and reaction kinetics were observed with the ionic liquid microreactor, achieving more than a 25-times increase compared to the conventional batch reactors. These results prove that ionic liquids could be promising microreactor platforms. Gao et al. reported the feasibility of constructing liquid marbles containing various kinds of ionic liquids by coating them with oligomerictetrafluoroethylene (OTFE) particles [96]. These findings could allow the use of ionic liquid marbles as microreactors for organic reactions. However, there has been no research on the reactions using ionic liquid marble platforms thus far.



Liquid metals such as Galinstan, eGaIn, and Field’s alloy show great potential as microreactor platforms. Owing to special characteristics such as low viscosity and high electrical and thermal conductivity, liquid metals have found their place in applications such as soft electronics [106], stretchable devices [107], and microswitches [108]. To date, liquid metals have also been extensively investigated in chemistry, mostly for syntheses within bulk liquids and on liquid metal interfaces, as well as catalysts [109,110,111]. Liquid metals can also be used in the synthesis of nanostructures [112,113] or hydrogen production [114,115]. Despite the tremendous advantages, liquid metals have many drawbacks, as they tend to corrode metal substrate surfaces very quickly. Therefore, it is necessary to eliminate the contact between the liquid metals and external substrates. Sivan et al. proposed an effective solution by forming liquid metal marbles by coating liquid metal with different hydrophobic powders, resulting in robust liquid metal marbles [116]. These promising results showed that liquid metal marbles can be used as microreactors for the synthesis of nanostructures. However, the ability to perform reactions on liquid metal marble platforms has not yet been explored. The use of novel liquids such as ionic liquid marbles and liquid metal marbles is attractive, because it can considerably expand the temperature range and extend the applications of liquid marble-based microreactors into different fields.




6. Conclusions


This review systematically summarises the current studies on the use of liquid marbles as microreactors. Liquid marbles are reported to function effectively as microreactor platforms for both chemical and biological applications. The highly flexible combination between core liquids and coating particles enable us to tailor a suitable liquid marble-based microreactor for different applications. The studies reported in this review presented encouraging results that can be further developed. New liquids and particle coatings can further extend the working window of liquid marble-based microreactors.
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Figure 1. Applications of liquid marble-based microreactors. (a) Properties of coating particles and microreactor applications. (b) Stimulation schemes and microreactor applications. SERS: by surface-enhanced Raman scattering spectroscopy. 
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Figure 2. Manipulation of liquid marble-based microreactors. (a) Coalescence-driven chemiluminescence reaction of magnetic liquid marbles [34]. (b) Coalescence of liquid marbles containing NaOH and an indicator via acoustic levitation [35]. (c) Electrocoalescence and electromixing of liquid marbles [36]. (d) Opening, closing, and adding KMnO4 into a liquid marble via acoustic levitation [38]. 
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Figure 3. Gas-phase reaction in liquid marbles. (a) Colour change of liquid marbles containing an indicator when interacting with a NH3 vapour [55]. (b) Polymerisation of ethyl-2-cryanoacrylate on the surface of coating particles [59]. (c) Copolymerisation of 2-hydroxyethyl sorbate (HES) and oxygen to produce pressure-sensitive adhesive using liquid marble-based microreactors [60,61]. 
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Figure 4. Solid material synthesis in liquid marble-based microreactors. (a) Synthesis of graphene/Ag nanocomposite [50]. (b) Synthesis of colour pigment [62]. (c) Synthesis of polydopamine/silica Janus particles in liquid marble reactors [63]. 
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Figure 5. Reactions in catalytic liquid marble-based microreactors. (a) Hydrogenation of maleic acid in dry water with a Ru/Al2O3 catalyst [67]. (b) Reduction of methylene blue in catalytic liquid marbles covered by silver nanowires [68]. (c) Silver mirror reaction and Janus particles synthesised with silica-based liquid marbles [69]. (d) Catalytic reduction of methylene blue in liquid marbles covered by silver nanoparticle-decorated poly(cyclotriphosphazene-co-4,4′-(hexafluoroisopropylidene)-diphenol) particles (Ag/PZAF) [71]. 
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Figure 6. Photothermal heating of a liquid marble for the reduction of methylene blue [73]. 
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Figure 7. Electrochemical microreactor based on a liquid marble platform. (a) Liquid marble opened by magnetic force for the electrochemical detection of the oxidation of dopamine [41]. (b) The shell of plasmonic liquid marbles was used as a working electrode for the redox reaction of Ru3+ and electroreduction of methylene blue [74]. 
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Figure 8. Blood typing using liquid marble-based microbioreactors [83]. 
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Figure 9. Cell cultures and treatments in liquid marble-based microbioreactors. (a) Photodynamic therapy treatment of a cancer cell in liquid marbles [72]. (b) Formation of embryoid bodies and differentiation into cardiac cells in liquid marbles [45]. NIR: near infrared. UCNP-POSS: upconversion nanoparticles-polyhedral oligomeric silsesquioxane. 
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