
 

 

Microbioreactors for 3-dimensional tissue 

 

 

 

Mr. Raja Kumar Vadivelu 
BSc (Genetics & Molecular Biology) 

MSc (Cell biology) 

 

 

 

 

 

School of Natural Sciences 

Griffith University 

 

 

 

 

 

Submitted in fulfillment of the requirements of the degree of  

Doctor of Philosophy 

 April 2017



 

ii 
 

 

 

 

 

 

 

 



 

iii 
 

Microbioreactors for 3-dimensional tissue 

by 

Raja Kumar Vadivelu 

Submitted to the School of Natural Sciences on April 30th, 2017, in partial fulfillment of the 

requirements for the degree of Doctor of Philosophy in Bioengineering. 

 

ABSTRACT 

 

Three-dimensional (3D) cell culture and tissue engineering offer a unique avenue for 

therapeutic interventions. A 3D tissue model potentially revolutionizes the challenges to 

mimic the in vivo physiological conditions. Recent advances in microfluidic technology have 

accelerated the development of 3D tissue models. For instance, droplet-based microfluidics 

allows tiny droplets to serve as bioreactors. This thesis introduces for the first time a new 

approach using liquid marble, which is generated by encapsulating an aqueous liquid droplet 

with a hydrophobic powder. This platform is reliable for 3D scaffold-free tissue engineering. 

This technology is more versatile and more adaptable than existing hanging-drop systems and 

other scaffold-based microfluidic systems. The use of liquid marble as a bioreactor has led to 

a number of interesting applications. 

The first application is culturing multiple cell spheroids.  For this purpose, a novel cell culture 

protocol with floating the liquid marble was developed. As a proof of concept, spheroids of 

olfactory ensheathing cells (OECs) were grown in a liquid marble. The liquid marble was 

generated simply by encapsulating a droplet of medium containing cells with hydrophobic 

powder. The powder coating creates a robust, porous and apparently elastic shell, which 

allows gas exchange. The liquid marble was then floated by placing it on a liquid bath. The 

interfaces between the hydrophobic coating and the supporting liquid bath are separated by an 

air layer. This air layer contributes to the low friction and facilitates liquid marble to move. 

The mobility enhances internal flow and allows cell-cell interaction. Further, the liquid bath 

also helps to increase relative humidity and minimize evaporation. This protocol provides an 

opportunity to explore the interaction of different cell types to form co-culture spheroids. 
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The second application is the use of  liquid marble as a 3D in-vitro model for cell-cell 

interactions. Liquid marbles create a distinct microenvironment for cell growth and 

interaction. The insertion of a second cell type was modeled by coalescence of the two liquid 

marbles. The merged liquid marble serves as an environment for the interaction between two 

distinct cell types. As a model of the hostile environment, nerve debris and meningeal 

fibroblast were grown to generate co-cultured spheroid that mimics the features of spinal cord 

injury (SCI). We then assessed the potential of Olfactory Ensheathing Cells (OECs) to 

interact with the nerve debris within an fibroblastic tissue. Altogether, the results indicate the 

feasibility of a liquid marble for studying the survival and adherence of transplanted cells. 

This liquid marble is achievable for developing the test model for cell-based therapy. 

The third application is the use a liquid marble as the bioreactor for slow-release of drugs and 

factors as well as minimizing evaporation. A spherical agarose gel was loaded with growth 

factor and embedded within a liquid marble.  The release of growth factor showed a 

significant increase in cell aggregation and subsequent production of larger spheroids. This 

model promises a wide range of studies that requires sustained release. Generally, liquid 

marbles are subjected to evaporation. Thus, the evaporation rate in the presence of the 

agarose gel was evaluated. The experiments showed that there was no obvious trend in the 

volumetric changes due to both water absorption and water loss due to evaporation. The 

results indicate that liquid marbles can be used to study the efficacy of drug delivery. 

The final application is the use of slow release growth factor to form a toroid tissue. The 

embedded agarose gel inside a liquid marble releases a growth factor to attract and assemble 

cells into a tissue with the shape of a toroid. The harvested toroid tissue was placed on non-

adherence well plate and treated with the growth factor to investigate its closure. The 

geometric growth during the closure process was then measured and modelled. The 

application is promising for high-throughput screening of drugs on 3D wound healing. 

All four applications provides a proof of concept for the use of liquid marbles as bioreactors 

and further expansion towards 3D tissue models for drug discovery. 

 

Thesis Supervisor: Prof. Dr Ing. habil. Nam-Trung Nguyen 
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Chapter 1: Introduction 

 

1.1 Cell Culture 

 

Cell culture is the fundamental and indispensable technique to maintain and grow cells in 

vitro, outside of their native environments. Dr. Ross Granville Harrison developed the earliest 

cell culture in 1907 in an effort to grow frog embryos to observe the growth of nerve fiber [1]. 

Further development of this system led to improvements in terms of culture contamination 

and breakthroughs such as establishing immortal cell lines. For instance, the HeLa cell line 

has been adopted by numerous laboratories for cancer therapeutics [2]. Cell cultures serve as a 

model for elucidating complex cellular processes and tissue functions. Using cells as a model 

system has obvious advantages. Therefore, it is not surprising that various cell culture 

techniques have emerged and applied across the disciplines of drug development, molecular 

genetics, tissue engineering, cellular therapeutics, and immunotherapeutics. Culturing an 

immortalized cell line is vital for cell-based assays, drug discovery and drug development. 

Cell-based screening allows researchers to explore the drug mechanisms and interactions at a 

higher throughput. Most importantly, an ideal in vitro culture system should be user-friendly, 

inexpensive and suitable for miniaturized analysis. The development of in vitro culture 

systems that are user-friendly, inexpensive platforms and miniaturized screening are highly 

desirable for high-throughput screening. Recently, the integration of microfluidic technology 

has enhanced in vitro cell culture system. The key advantages over a conventional culture 

system include the requirement for low sample volume of consumption per data point of bio-

analysis. Cell-based screening can be carried out by the multiplexed nanoliter array, allowing 

drug screening by including multiple combinations of different test compounds. Furthermore, 

the advance in microfluidic technology offers cell culture systems the capability of full 

automation. Integrating cell culture devices with sensors and actuators leads to an automated 

process for cell seeding and nutrient. The automated process minimizes the experimental time 

for large-scale, industry-relevant applications. 
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In the past decades, numerous in vitro studies ranging from cell/tissue biology to drug 

development have been relying on culturing single cells as monolayer on a two-dimensional 

(2D) flat surface. Advances in cell culturing techniques led to tools that are suitable for 

imaging and screening cells in a two-dimensional (2D) manner. Various customized multiwell 

plates are available for automated operation. These platforms are cost effective and easy to 

operate for large scale drug screening. However, reliable and conclusive preclinical in vivo 

models with a high degree of clinical and biological relevance are lacking. Cells attached and 

spread on a flat plastic surface have their limitations. Because cells grown on 2D flat surfaces 

behave differently, their cell-cell and cell-matrix interactions are limited [3,4]. 

Conventionally, biomaterials such as matrigel are coated on the surface to enhance cell 

adhesion. Yet, this approach affects the interactions between the matrix and the cells. 

Furthermore, a 2D system does not mimic the real in vivo environment of the cells. Thus, a 

2D model loses native morphology and impedes tissue specific responses. Three-dimensional 

(3D) culture models are more promising as they are useful for understanding in vivo events. 

Within these 3D systems, cells are surrounded by other cells. Thus, they increase the 

assembly of extracellular matrix (ECM) and enhance cell-cell interactions to establish cell-

ECM interactions closer to the native tissue [5]. Furthermore, 3D systems are constructed by 

the spatial organization of the surface receptors, which promotes protein interactions at the 

cell surface within the surrounding cells. This feature ultimately influences the signal 

transduction, gene expression and cellular behavior similar to what occurs in vivo [6]. The 

efficiency of drug target response is dependent on spatially arranged surface receptors [7]. 

This feature indicates the value of the 3D culture system for drug development. Moreover, 2D 

cultures erroneously predict drug response compared to cells grown in 3D cultures. For 

instance, cells in 3D showed increase drug resistance [8]. Such chemoresistance in 3D is also 

observed in the in vivo environment. Furthermore, by co-culturing cells within a 3D system 

allows predicting the side effects of a drug [9]. In addition to that co-cultured endothelial cells 

and glia provide a useful model to recapitulate in vivo blood brain barrier responses against 

test drugs [10]. In summary, 3-D cultures are superior to mimic their native physiological 

function as an ideal platform for drug response study. However, 3D culture systems have 

some limitations as they are more complex and non-homogeneous and prevent the detection 

of specific cellular activity. 
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1.2 Microfluidic based 3D bioreactor 

 

Microscale bioreactors are widely used to provide fast and efficient prediction of in vivo drug 

interaction or performance. Brader et al. pioneered the development of small-scale bioreactors 

to study drug metabolism [7]. An ideal microfluidic bioreactor should hold an attractive 

feature to function with a much smaller amount of liquid and cells. An ideal microfluidic 

bioreactor would function as a conventional bioreactor, but requires a much smaller amount 

of liquid and cells. Recently, microfluidic based 3D bioreactors have been gaining 

momentum, offering advantages for the manipulation and observation of cells in a 3D 

environment that closely matches in vivo physiology. The design of a microfluidic bioreactor 

emphasizes on engineering a biocompatible artificial microenvironment within a confined 

space. Microfluidic technologies possess the ability to precisely control such 

microenvironment in both spatial and temporal aspects. Most bioreactors are constructed by 

soft lithography using polydimethylsiloxane (PDMS) material, which is translucent and 

allows high resolution imaging of cellular events in real-time. 

 

There are two different formats of microfluidic bioreactors: (i) perfused microfluidic system 

and (ii) static microfluidic system. The static system is widely used for high throughput 

screening and feasible for integrating robotic automation. However, this system does not 

support long-term culture due to evaporation. It is critical to control liquid evaporation to 

maintain the optimal growth of cells. Perfusion microfluidics acts as a circulatory system to 

continuously deliver the medium to cells or tissue, and also overcomes evaporation-associated 

problems. In a living system, the vascular network is microfluidic in nature. Thus, 

physiological relevant microfluidic systems can be established in a device with 

microchannels. The microchannels can actively supply nutrients and excretion of waste. Apart 

from that, a perfusion system allows a drug delivery mechanism similar to physiological 

conditions such as establishing a concentration gradient. Moreover the system ensures low 

shear forces acting on cells. However, liquid handling can be complicated and requires 

automated software. Overall, this system can mimic the two in vivo like structure: a 3D tissue 

and blood vessels.  
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1.3 Scaffold-free tissue engineering  

 

 A major challenge in tissue engineering is the construction of large tissues without the use of 

scaffolding. The scaffold can be either derived from living organisms (natural scaffold) or 

produced by biocompatible materials (synthetic scaffold). The scaffolds can be coated with 

extracellular matrices (ECM) that promotes cell growth [11] and cell differentiation [12]. 

Scaffolds provide artificial mechanical support for the tissue formation with respect to its 

anisotropic nature [13]. The anisotropic structure mimics natively aligned tissues and can be 

fabricated by bioprinting [14]. However, scaffolds are subjected to degradation and interfere 

with cell-cell and cell-matrix interaction [15]. Thus, cells are not able to sense the orientation 

of the scaffold texture.  

 

Recently, scaffold-free tissue engineering has emerged to produce functional tissues. The 

scaffold-free approach does not require cell adherence within an exogenous material. 

Construction of scarfold-free tissue mimics the natural development processes of organisms, 

including self-organization [16] and self-assembly [17] of cells. The organization of cells is a 

thermodynamic process, which requires external energy to drive cell dynamics [18]. This is an 

entropy reduction system. Energy transformations from external force is used to promote 

order for cells to self-organize into a pattern. External forces or thermal input is used to 

manipulate cell positioning to give rise to highly biomimetic constructs. The self-organization 

technique possesses the ability to construct large structure such as bioprinted tissue sheets. 

The self-assembly process appears to be an entropy balancing system.  Metabolic energy is 

conserved as free energy by cells as building blocks to initiate cell-cell interaction. Cells are 

attached with the support of cell-cell and/or cell-ECM interactions to form aggregates [19]. 

These processes occur spontaneously without the requirement of external forces. Cells in 

aggregate follow the sequence of cell physiology such as cellular condensation, proliferation 

and differentiation to form mature tissue.  Spheroids are functional tissues formed by self-

assembly of cells. Despite this advantage, scaffold-free tissue engineering is still not reliable 

for constructing tissues with customized shapes. This approach requires millions of cells per 

construct, which is necessary to produce a large amount of ECM. A sufficient amount of 
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ECM components is essential for promoting cell adhesion to provide mechanical strength and 

to form a structurally stable construct. Since the self-assembly process of this technique 

requires highly viable cells, it limits the scalability for high-throughput production. However, 

the self-assembling process has been successfully used to generate complex shapes such 

toroids and rods [20]. Both self-organization and self-assembly have potential to reach clinical 

translation [21]. 

 

1.4 Spheroid cultures 

 

Spheroids are sphere-shaped multicellular cultures formed by self-assembly of suspended 

cells. The cells aggregate and assemble into 3D tissues, which are better structurally as well as 

functionally compared to monolayer cultures [22]. These tissues are ideal for conducting 

various growth and functional studies, because they mimic the relevant in vivo physiological 

condition. Spheroids are used as physiological cancer models because they mimic a vascular 

tumor and micro-metastases and provide a more reliable platform for drug screening [22]. 

Spheroid formation occurs spontaneously in conditions, where cell-cell interaction dominates 

and hinders cell-substrate attachment. Therefore, the generation of spheroids requires non-

adherent surfaces. The main criterium for spheroid formation is the maintenance of well-

controlled size and geometry because the topology of ECM affects cell morphology due to the 

tight cell-cell contact. Currently, the emerging micro/nano fabrication technology allows the 

mass production of spheroids on non-adhesive surfaces and scaffolds. The state-of-the-art 

techniques for spheroid generation are micro molding technique [23], hanging drop culture 

[24], and spinner culture [25]. Many of these techniques, however, suffer from problems such 

as low efficiency, high time consumption, dispersed spheroid size, and non-uniform 

distribution of co-culture cell types. The hanging-drop culture was initially developed and 

commercialized. Although this technique allows generating spheroids with well-defined sizes 

and cell numbers and composition, the technique is expensive for large-scale production. 

Low-cost, microfluidic techniques have been used previously to form spheroids of the 

embryoid bodies [26]. Application and optimization of this technique may be useful for 

generating heterogeneous co-culture spheroids of cells, such as olfactory enhesthing cells 

(OECs) and Swan cells (SCs) as a model of the niche microenvironment for glial cell 

interaction. 



 

19 
 

 

1.5 Toroid tissue engineering 

 

A significant challenge in tissue engineering is to maintain the viability of a large tissue. A 

thick tissue limits oxygen supply and contributes to hypoxia. Furthermore, the thick tissue 

impedes the transport of the nutrients and wastes to maintain its viability.  Thus, engineering 

toroid tissues can be an excellent in vitro model and provide advancement in the field of 

biotechnology. A scaffold-free approach has been successfully used to generate complex 

shapes such as toroids [27]. Biofabrication of the tissue with toroidal geometry have the added 

advantage of providing a larger surface area. A toroid-shaped microtissue is composed of 

high-density cells containing lumen. The open lumen space of a toroid allows diffusion of 

oxygen and nutrients. Furthermore, toroid tissues align by stacking each toroid units perfectly 

as building units. These tissue units are then fused to form a rod shaped tissue, which consists 

of interconnected lumen [20]. Toroid tissues are engineered by seeding of monodispresed 

cells into a non-adhesive micro-moulded hydrogel. The mould was designed in the shape of a 

toroidial geometry. Mould design and cell positioning are critical for the production of toroid 

tissues. Upon seeding, the cells undergo self-sorting and self-assemble into a toroid-shaped 

microtissue. Cells do not adhere onto the mold and therefore allowing maximum cell-cell 

interaction to form aggregates in a toroid shape [28]. The fabrication of the mold is useful to 

control the outer circumference and the size of the lumen. Furthermore, the width of toroid 

tissue can be controlled by the number of cells. Thus, toroid size can be controlled with a 

larger diameter and thickness that may compromise cell viability. Additionally, a 3D tissue 

with toroidal shape can provide new possibilities to overcome the diffusion limits of oxygen 

and nutrients. Other approaches for engineering toroid tissue include using spheroids as basic 

units and print in a circular fashion. As spheroids fuse, they form toroid structures [29]. 
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1.6 Liquid marble 

 

Liquid marbles (LM) are formed by enveloping a drop of liquid with hydrophobic powder 

particles [30]. The hydrophobic coating creates a elastic hydrophobic shell which posses a 

non-adhesive properties. Fig. 1.1A. Thus, it creates a non-adhesive surface. Apart from that, 

the hydrophobic powder forms fine pores that allow the marble to freely exchange gases. Tian 

et al. described a liquid marble as a repairable micro reactor and demonstrated its feasibility to 

support the growth of living microorganisms [31]. There are several key properties of liquid 

marbles that provide a suitable condition for cell culture: (i) adjustable volume that permits 

flexibility for desired cell density, (ii) applying small volume as microliter, (iii) the marbles 

do not mix with each other, however it’s possible to merge by forcing two (or more) liquid 

marbles to coalesce. Recently, liquid marbles have been exploited for growing cells. Arbatan 

et al. performed immunohaemotological assays [32] and culture of tumor [33]. There are 

some advantages of liquid marbles compared to the hanging drop technique, as exchange of 

media is permissible [34] and multiple spheroids can be generated [35]. The structure of a 

liquid marble with various volumes is described in Fig. 1.1B. 

 

 

 

 

 

 

Figure 1.1 Structure of liquid marble (a) of liquid marble (b) liquid marble with 

various volumes. 

 

 A B 



 

21 
 

1.6.1  Sessile liquid marble 

 

A sessile droplet is a stationary water droplet with a  static contact angle on a solid 

surface. On a hydrophilic surface, the intramolecular interaction is weaker and droplet has a 

“wetting” property. Thus, a sessile droplet spreads and display a contact angle smaller than 90 

degrees. A LM positioned on a solid surface is called a “sessile liquid marble”. As the 

hydrophobic coating prevents the liquid to contact the solid surface directly, the contact angle 

of a LM appears to be that of a liquid droplet on a hydrophobic surface [36]. The hydrophobic 

coating exhibits an non-wetting property and inhibits direct contact between liquid and the 

solid surface. Moreover, the hydrophobic coating at the liquid–air interface can effectively 

reduce evaporation as compared to a sessile droplet on a hydrophobic surface. These 

advantageous features allow a LM to be easily actuated to exert linear, rolling and spinning 

motion without leaving a liquid trail and losing its liquid content. These attractive features are 

important for mixing inside the LM [37]. For instance, a sessile liquid marble can be 

coalesced to form a larger marble by collision [32]. This allows the exchange of liquid and is 

suitable for studying chemical reactions and growing cells. 

 

 

 

Figure 1.2 Structure of sessile liquid marble 
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1.6.2  Floating liquid marble 

 

A LM can be easily floated when it is placed on the surface of an aqueous media. The 

hydrophobic coating exhibits non-wetting properties and alow the LM to float. This 

phenomenon has been already reported [38]. Additionally, the hydrophobic coating does not 

form a monolayer and usually show up areas of aggregated PTFE particles. This makes an 

inhomogenous hydrophobic coating and possibly allows air to trap between the gaps of the 

PTFE particles [39]. The trapped air creates a thin air layer that separates the LM from the 

supporting liquid surface [40]. This thin air layer allows the LM to float and to resemblance 

the behavior of a Leidenfrost drop [41]. In this case, the thin air layer overcomes the friction 

between the contacting interfaces and allows the LM to easily move horoziontally or to roll on 

the supporting liquid surface. Moreover, upon floating, the weight of the LM is balanced by 

the  force. The supporting carrier liquid exerts upward buoyancy force and surface tension 

that act in a direction opposite to the gravitation force [42]. In addition, the supporting liquid 

also increases the humidity,  reduces the evaporation rate and increases the life time of the 

LM [43]. Overall, these insights makes a floating LM a favorable platform that may enhance 

cell-cell interactions. 

 

  

 

Figure 1.3 Structure of floating liquid marble 
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1.7 Overall research objectives 

 

 

The present study aims to introduce an approach to manipulate LM to function as a 

microbioreactor platform. The most significant contribution of this study is accumulating a 

body of knowledge of 3D cell culture. The thesis also highlights how LM facilitates 3D cell 

growth by promoting self-assembly of the cells in a discrete environment with minimum 

evaporation. The present thesis also provides an overview on manipulation of LM to facilitate 

a 3D cell culture by promoting self-assembly of cells in a discrete environment with minimum 

evaporation. This study utilizes liquid marble for culturing 3D cell spheroids and toroids. The 

same liquid marble platform was used for understanding the interaction of cells from two 

distinct microenvironments. This facilitated the development of the 3D in vitro model for 

testing the efficacy of cell-cell interactions. 

 

1.8 Research questions, hypotheses and specific aims 

 

Research question 1 (Chapter 3) 

Recently, liquid marbles demonstrated the ability to exchange gas and to grow cells [36]. 

Thus, this liquid marble opens significant and novel avenues for generating 3D cell spheroid. 

However, the use of  liquid marble for cell culture was not optimized for a microbioreactor 

and high-throughput drug screening. Furthermore, it is not clear whether a liquid marble 

provides a suitable microenvironment that allows cells to interact freely or cell sedimentation 

occurs due to gravitational force. It is critical to promote cell-cell interaction as a result to 

produce yields of spheroids. Liquid marble evaporates and gradually loses its mass and 

properties. Thus, can liquid marble maintain humidity and support long-term cell culture? 

Hypothesis 1 (Chapter 3)  

Floating  liquid marble in a small volume maintains its lifetime and maximizes cell-cell 

interaction.  
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Specific aim 1 (Chapter 3) 

The study aims to design a reliable and scalable approach to generate high yield of viable 

spheroids. It also helps to maintain the stability and spherical geometry of the floating liquid 

marble over an extended time. The study intends to generate liquid marbles with a small 

volume, which is suitable for the use in 96-well plates as medium-throughput assay. Then 

investigation of the correlation between volumes vs spherical surface integrity was designed. 

This research is critical for maintaining a robust spherical shape. Next, the floating and sessile 

LM condition was compared to elucidate the effect of gravitational force and evaporation rate 

on spheroid generation.  

 

Research question 2 (Chapter 4)  

The liquid marble has been proposed for growing anchorage-dependent cells. The 

applicability of floating liquid marble to grow cells in a distinct microenvironment can be 

useful for the study of cell-cell interaction. The study intended to demonstrate that a liquid 

marble can serve as a functional 3D cell culture system for assessing the dynamics of cell 

aggregation. This may indicate the use of floating liquid marble for understanding the 

effectiveness of cell-cell interaction. Also to extend the application as a tool for in vitro cell 

based assay. Transplantation of olfactory ensheathing cells (OECs) has been trialed for the 

repair of the paralyzed spinal cord, with promising but variable results, indicating that this 

therapy needs improvement. Degenerating cell debris within the transplantation site could 

reduce the survival of transplanted OECs diminishing the beneficial effects. Improving 

biological activity of OECs benefits their therapeutic use as cell-based therapy in spinal cord 

injury. Taking advantage of the floating liquid marble, the complex interactions between 

OECs and nerve debris can be assessed. Furthermore, it is crucial to understand the behavior 

and function of OECs after exposure to debris in a 3D environment.  
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Hypothesis 2 (Chapter 4)  

A floating liquid marble creates a microenvironment to elucidate drug induced interaction 

between OECs and nerve debris. OECs can retain their biological activity, including 

migration and fusion in the presence of nerve debris.  

 

Specific aim 2 (Chapter 4)  

The study intends to test the potential of liquid marble to improve the biological activity of 

OECs in a 3D environment. For that purpose, experiments were designed (i) to evaluate the 

effect of nerve debris on the aggregation of OECs to form 3D tissue and (ii) to evaluate the 

spreading and fusion of tissue spheroid that consists of OECs and nerve debris. 

 

Research question 3 (Chapter 5) 

Since liquid marble is suitable for mimicking the three-dimensional (3D) in vivo niche, does 

this platform allows controlled release of drugs and growth factors? Agarose hydrogel has 

pores and is known for storing solutes. Hydrogel has been used to release epithelium growth 

factor (EGF) for the wound healing purpose. Thus, it is crucial to identify whether a slow 

release from the hydrogel can be achieved simply by embedding liquid marble with hydrogel 

spheres containing soluble factors. Next, can the release of soluble factors influence the cell-

cell interactions and promotes the use of cells for tissue engineering?  

Although liquid marble showed the feasibility as a functional candidate for cell-based assay,  

it has drawbacks, particularly due to evaporation. Naturally liquid marble coated with 

hydrophobic powder is exposed to evaporation. The half-life of a liquid marble is 26-60 min 

under atmospheric condition. Liquid marble loses its spherical shape over time, dries out and 

shrinks. This behavior is not favorable for cell culture. Furthermore, cultivation of the 3D 

cells from liquid marble is limited for a short term. Although the humidity of LM is increased 

by floating, it still suffers from unwanted evaporation after 24 hours. To overcome this 

drawback, agarose hydrogel is used inside the liquid marble as a strategy to prevent 

evaporation. The agarose hydrogel contain pores which facilitate absorption and storage of  
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water. This material has been used to increase the lifetime of protein crystals subjected to 

evaporation. It is unknown whether the encapsulating agarose hydrogel sphere inside a liquid 

marble has a desirable merit. It is also important to know whether agarose hydrogel sphere 

serves as a microreservoir to store water and minimizes evaporation rate. If water absorption 

takes place inside agarose hydrogel, then can it significantly control the evaporation and 

extend the life of a liquid marble? 

 

Hypothesis 3 (Chapter 5) 

A fusion LM containing agarose hydrogel sphere can minimize evaporation and retain the life 

of the LM.  Ideally, this platform can be used for slow release of soluble factors and promote 

cell aggregation.  

Specific aim 3 (Chapter 5) 

In this chapter, the study aims to fabricate a composite liquid marble containing agarose 

hydrogel sphere. We intend to investigate the role of an agarose sphere inside a liquid marble 

to affect the evaporation process. For that purpose, experiments were designed to quantify the 

effect of agarose concentration and liquid marble volume on the mass loss. Next, the 

experiment was designed to simulate the agarose behavior inside a liquid marble for 

quantifying the mass changes and understanding the water absorption rate of the agarose. For 

the use of the slow-release of soluble factors, the experiment was designed to load agarose 

with Epidermal Growth Factor (EGF) and evaluated its release on the formation of Olfactory 

Ensheathing Cells (OECs) spheroids.  

 

Research question 4 (Chapter 6) 

Recently, monodispersed cells were reported to self-assemble into a non-adhesive mold to 

form a toroidal tissue. Success in scaffold-free tissue engineering is limited to cell sorting and 

assembly. Drug or growth factor induced tissue engineering has not been explored fully. The 

agarose gel can function as a microreservoir to store the solvents or the growth factor for slow 

release. Thus, it is a novel approach to generate a liquid marble based microbioreactor to 
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release growth factor by the inclusion of agarose. The research question here is whether 

growth factor can promote cell aggregation and assembly to form a toroid tissue. As the toroid 

tissue has a lumen, it can be placed on a non-adherence surface and examined for the closure 

rate of the inner opening. This closure rate can be modeled as a 3D cell migration.  

 

Hypothesis 4 (Chapter 6)  

The agarose releases growth factors inside a LM. The agarose creates a radial chemotaxis 

gradient and attracts cell to assemble and form a toroid shaped tissue. The toroid tissue can be 

applied as a model to study 3D cell migration based on the closure of the inner circumference.  

Specific aim 4 (Chapter 6)  

The study investigated whether a composite liquid marble with agarose hydrogel can act as a 

scaffold free microfluidic bioreactor to engineer toroid tissues. Experiments were designed to 

developed liquid marble with agarose hydrogel containing growth factors. This platform 

creates a confined 3D space between the agarose hydrogel and the inner wall of the liquid 

marble, allowing the agarose hydrogel to generate a concentrated gradient for chemotaxis. 

The study is intended to understand how the chemotaxis interacting influences the self-

assembly of cells to form tissues with toroidal geometry. The study modeled the dynamic 

behavior of cells with the radial chemotaxis gradient using the Fick’s diffusion law. 

Furthermore, the study quantifies the optimal number of cells for generating the right toroid 

shape with a higher surface area to volume ratio.  To validate that the agarose hydrogel is not 

just acting as a mold, the experiment was designed to evaluate the formation of toroid tissue 

with different concentration of agarose hydrogel. Finally, the study examines whether the 

toroid tissue can be applied as a 3D model to study cell migration. The study modeled the 

effect of GDNF on the closure of the inner circumference of a OECs toroid. 
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Chapter 2: Microfluidic Technology for the Generation of Cell Spheroids and Their 

Applications 

 

Abstract 

 

A three-dimensional (3D) tissue model has significant advantages over the conventional two-

dimensional (2D) model. A 3D model mimics the relevant in-vivo physiological conditions, 

allowing a cell culture to serve as an effective tool for drug discovery, tissue engineering, and 

the investigation of disease pathology. The present review highlights the recent advances and 

the development of microfluidics based methods for the generation of cell spheroids. This 

chapter emphasizes on the application of microfluidic technology for tissue engineering 

including the formation of multicellular spheroids (MCS). Further, the chapter discusses the 

recent technical advances in the integration of microfluidic devices for MCS-based high-

throughput drug screening. The review compares the various microfluidic techniques and 

finally provides a perspective for the future opportunities in this research area. 

 

This chapter has been published as: 

Raja K. Vadivelu, Harshad Kamble, Muhammad J.A. Shiddiky and Nam-Trung Nguyen. 

Microfluidic technology for the generation of cell spheroids and their application. 

Micromachines 2017, 8(4), 94  
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2.1 Introduction 

 

In the past decade, cell-based assays have undergone a noticeable transition from two-

dimensional (2D) to three-dimensional (3D) cell culture. A cell culture is the basic tool for 

drug discovery, investigation of the mechanism of diseases, and tissue engineering. A 3D cell 

culture maintains the significant physiological relevance of cell-based assays [1]. A 3D cell 

culture mimics the sophisticated in-vivo environment which is crucial for efficiently 

predicting the mechanisms of drug action before clinical trials. Traditionally, 2D cell cultures 

on a flat substrate are employed as in-vitro models, because they are inexpensive and more 

accessible than animal models. However, 2D culture models may not be able to mimic the in 

vivo systems in terms of cellular physiology, metabolism and protein expression (e.g., 

membrane proteins). Current literature indicates that the spatially confined 2D cultures 

attribute to the forced inhabitation of cells grown on a flat and rigid surface [2]. The flat 

surface requires cytoskeleton to establish contact between neighbouring cells and exert 

artificial polarity [3]. Thus, 2D cultures cannot provide adequate extracellular matrix (ECM) 

formation and promote cell–cell and cell–matrix interaction to form a complex 

communication network within a tissue-specific architecture [4]. ECM is a critical cellular 

factor for structural support and biochemical cues that regulate cell proliferation, adhesion and 

migration. Furthermore, cells in a monolayer are exposed to the bulk of media with sufficient 

oxygen and nutrients, whereas the response of cells in a 3D tissue to nutrient and soluble 

factors depends on their diffusion and the corresponding concentration distribution [5, 6]. 

 

The limitations of 2D culture systems motivate the development of 3D culture. In contrast to 

the flat 2D culture, a 3D culture consists of multi-cellular layers, which are critical for both 

biochemical and mechanical characteristics of a tissue. Thus, a 3D construct allows for the 

optimal transport of nutrient, gas, growth factors and cellular waste similar to in vivo 

processes. To date, countless efforts have been reported on the production of more 

biologically relevant 3D tissue models using both scaffold-based and scaffold-free strategies. 

Microtissues constructed with scaffold rely on supporting materials, which raises issues of 

biocompatibility and cell–material biorecognition. Biodegradable scaffold substitutes a large 

amount ECM, resulting in tissue that is composed of less densely packed cells [7]. 
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Furthermore, biodegradable scaffolds exert sensitivity to standard sterilization method when 

used as an implant in the surgical site. In contrast, scaffold-free approaches initiate 

interactions between cells and substrate to maximize cell–cell interaction with self-generated 

ECM. In recent years, scaffold-free methods have been developed to enable the self-assembly 

of cells into multi-planar cell sheets or spherical cell colonies, often referred to as 

multicellular spheroids (MCS). These two scaffold-free 3D constructs can potentially generate 

their own ECM components. 

 

Holtfreter and Moscona demonstrated the first formation of MCS using self-assembled cells 

suspension without being externally forced into the hollow ground slide [8]. With this 

technology, MCS became an important 3D model for tissue engineering and drug testing. A 

multicellular model is attractive because of its simplicity and ability to mimic the native tissue 

with a closely packed heterogeneous cell population. Compared to a 2D cell culture, MCS 

poses improved growth kinetics, better biochemical signalling and enhanced physiochemical 

gradient. Typical MCS generation methods are cell culture on non-adherent surfaces, spinner 

flasks, rotating reactor and microwell arrays. Despite the advantages mentioned above, 

conventional methods for growing MCSs have limited performance in terms of standardized 

reproducibility and size uniformity. Spheroids produced from conventional methods are 

usually transferred to another platform for functional characterization and drug testing. This 

process is often laborious and affects the quality of the spheroids. A microfluidic device can 

provide a solution for this bottleneck, allowing for high-throughput generation and handling 

of spheroids. The high-throughput platform is an extremely attractive approach for the clinical 

applications such as preclinical and therapeutic drug testing. 

Since the 1990s, the cutting-edge technology of microfluidics has been adopted for cell 

culture and producing reliable 3D tissue models that are highly complex, reproducible and 

tuneable [9]. The small liquid volume, as a key advantage of microfluidics, has been utilized 

for generating MCSs and the associated cell-based assays. A microfluidic platform is robust 

and provides several vital features for maintaining in-vivo physiology, such as: (i) integrated 

components for supplying nutrient and removing waste [10]; (ii) 

concentration gradient generators suitable for drug delivery and efficacy investigation [11]; 
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(iii) integration of multiple cell-handling tasks such as cell positioning [12], trapping [13] and 

mixing [14]; (iv) low-cost assays for bioanalysis and high-throughput drug screening [15]; 

and (v) automated processing to replace tedious manual and robotic handling [16]. Droplet-

based microfluidics is an emerging branch of microfluidics that enables the production of 

highly uniform droplets. This technology allows mixing and encapsulating of cells in a single 

droplet, which is protected by an immiscible liquid phase. With a high surface area to volume 

ratio, the microdroplets serve as a unique microbioreactors for a high-yield formation of 

spheroids [17]. Biomaterials such as polymers and colloid particles were used as the 

supporting substrate [18]. In addition, droplets containing MCS can be precisely positioned in 

an array for applications such as cytotoxic testing [19]. Such a droplet array is feasible to 

control administration of a drug and suitable for high-throughput image-based drug screening. 

The present review highlights the recent advances in the development of microfluidics-based 

3D spheroid culture. The review focuses on: (i) the formation of MCS in a microfluidic 

system; (ii) optimization of a microfluidic system for 3D culture; and (iii) integrated systems 

for high-throughput drug screening. Furthermore, the review also compares and discusses the 

advantages and limitations of various microfluidic techniques and proposes the future 

research opportunities, especially to address the current challenges in the field of health care. 

 

2.2 Multicellular Spheroids 

2.2.1  Formation of Multicellular Spheroids 

 

Tissue compaction and cohesion are essential for the spontaneous formation of cell constructs. 

An engineered spherical tissue should possess viable cells, organized matrix and 

biomechanical properties to achieve the ultimate biomimicry. Scaffold-free approaches 

produce tissues by mimicking natural processes that occur during embryogenesis, 

morphogenesis and organogenesis. If cells are seeded on a planar surface without exogenous 

material, they inhibit surface adhesion and form clumps in suspension. The two distinct 

assembly categories are the organization of extracellular matrix and the self-assembly of cell 

aggregation. The self-assembly process is spontaneous and more pronounced to intrinsic 

sorting. The process initiates the self-arrangement and cell–cell interactions to organize 

aggregates in the form of the spheroids or other shapes. Initially, cells aggregate and undergo 
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self-sorting in response to the signal they generate. The cells subsequently form loose clusters. 

In addition, the self-sorting mechanism allows cells to selectively form a discrete population 

and segregate from other populations. A number of intercellular adhesion models have been 

formulated to describe the formation and compaction of MCS. These models mainly consider 

the three-step process shown in Fig. 2.1: (i) interaction between ECM and integrin to promote 

cell attachment (Fig. 2.1A); (ii) up-regulation of cadherin upon cell aggregation (Fig. 2.1B); 

and (iii) homophilic interaction of type-1 transmembrane proteins (E-cadherins) to initiate 

strong cell adhesion,Fig. 2.1C. The interaction between ECM and integrin plays an important 

role as physical linkers to mediate the cells merging process. A long-chain polymerized 

fibronectin matrix is the major ECM component that links the cells [20]. Mono-dispersed 

cells make cell–cell contact and enhance ECM generation with multiple tripeptide arginyl-

glycyl-aspartic (RGD) motifs. The RGD motifs then bind with integrins to form 

integrin/ECM fiber-mediated composition of the cell membrane surface [21]. The integrin–

ECM interaction is the base for cell binding that eventually promotes a stronger cell–cell 

adhesion which is essential for the acceleration of cell aggregation, Fig. 2.1A. Subsequently, 

clusters of the cell aggregates fuse and assemble into a loosely assembled spherical cell 

structure. This loose aggregate is highly permeable to nutrient and soluble factors. The next 

process is known as a delayed process in which cells establish the cohesion activity. The 

integration of the integrin–ECM facilitates this process to increase the cell aggregation. Cells 

in the aggregates are healthy and possess higher survivability [22]. The regulation of cell–cell 

recognition and interaction at the delayed phase is initiated by E-cadherin, Fig. 2.1B [23]. The 

classic role of cadherins is to increase the adhesiveness of the cell–cell contact and provide a 

structural support. 

E-cadherin expression is established to initiate the cell compaction and it is auto regulated 

until a specific threshold [24]. Furthermore, cadherin molecules bind with each other by 

homophilic interaction to generate a strong cell cohesion which is connected by adherent 

junctions [25, 26]. Finally, the loose aggregates compact and condense into a spherical tissue, 

forming a multicellular spheroid. E-cadherin mediated adhesion is an essential factor for the 

plasticity of cells which allows the cells shape to change upon contraction, Fig. 2.1C. In brief, 

co-localisation between the E-cadherin and cytoskeleton facilitates the actin filament 

rearrangement to form a bundles and networks [27]. 

https://en.wikipedia.org/wiki/Transmembrane_protein
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2.2.2 Properties of Multicellular Spheroid 

 

The cells within a MCS are heterogeneously exposed to the nutrient, growth factors and 

oxygen supply due to MCS structure. Thus, it is meaningful to engineer MCSs with a pre-

defined size to be able to predict and regulate the self-sufficiency of MCSs for survival and 

homeostasis. The metabolic activities within the MCSs are heavily depended on their ability 

to maintain a sufficient degree of mass transport [28]. Relatively thick MCSs with diameters 

ranging between 150 and 200 µm is typically composed of diffusion-restricted tissue. Oxygen 

diffusivity in a MCS is one of the critical factor which is commonly measured using O2-

sensitive microelectrodes [29]. It is important to note that the zone next to the core of a MCS 

is most likely to have insufficient oxygen supply and therefore it is more susceptible to the 

decrease in metabolic rate. Moreover, diffusion of nutrient is another hurdle. Alvarez-Perez et 

al. reported that proton magnetic resonance with pH-sensitive indicator shows a poor 

diffusion of nutrients within the MCSs [30]. Furthermore, the cell barrier impedes the 

elimination of waste, and therefore dumps them at the core of the spheroid. The cells at this 

region lose their biological activity leads to the occurrence cell death and formation of 

necrotic core [31]. Figure 2.1D shows the three basic layers of the MCSs: (i) the outer layer 

containing proliferating cells with active metabolic rate; (ii) the middle layer consisting of 

cells at quiescent state in which cells may potentially attain higher metabolic rate and 

proliferate upon exposure to nutrient; and (iii) the inner region containing cells underwent 

necrosis. Cells at this region suffer from insufficient nutrient and lose their biological activity 

to excrete waste. 
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Considering their structure, MCSs seem to be replicating the architecture of a native tumour 

tissue. In nature, tumour microenvironment in vivo is biologically heterogeneous, comprising 

of progressive growth and induce metastasis by extensive neovascularization called “tumour 

angiogenesis” [32]. The angiogenesis in the tumor predominate the cells survival and 

proliferation by promoting the biochemical mass transport. Unexpectedly, an increase in 

angiogenesis decreases the drugs response to the therapy. Realizing this, it will be beneficial 

to generate co-cultured MCS tumour model by using cancer cells and endothelial cells, which 

will ensure heterotypic cell–cell interaction to form a MSC with tumour vascularity [33]. The 

vascularized tumour spheroid closely resembles the cellular heterogeneity of solid in vivo 

tumor. 

 

 

 

 

Figure 2.1 Structure and formation of a multicellular spheroid : (A–C) 

formation; and (D) structure 

 

 

A B C

D

Profilerating zone

Quiescent zone

Necrotic core



 

38 
 

2.3 Conventional Methods for Spheroid Generation 

 

Recently, a wide range of basic and complex methods has been developed to generate MCSs. 

The most important prerequisite is the ability to control the size and uniformity of MSC 

formation to maintaining optimal biological functions of the MSCs. The grand challenge for 

MSC generation is maximizing the cell density in a small volume and generating a spheroids 

with the size smaller than 150 µm [34]. The small size facilitates the homogenous delivery of 

oxygen and nutrients from the exterior to the core. Furthermore, the culture method should 

enable the efficient drugs delivery and ideally mimic the in-vivo efficacy [35]. On the other 

hand, it is crucial to establish methods with standardization, automation, quality control and 

validation. Such initiatives will potentially accelerate the large-scale production of well-

defined MSC for drug screening purposes. In summary, adaptation to high throughput formats 

will be cost effective. Some of the conventional methods for the production of MSC are 

described as follows. 
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Figure 2.2 Conventional methods for spheroid generation (A) pellet culture; (B) liquid 

overlay; (C) hanging drop; (D) spinner culture; (E) rotating vessel; (F) magnetic force; and 

(G) surface acoustic wave. 
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2.3.1 Pellet Culture 

 

Pellet culture is a simple and rapid approach, which was first introduced by Kato et al. [36]. 

The method employs centrifugal forces to maximize the cell–cell contact and subsequent 

adhesion at the bottom of a test tube (Fig. 2.2A) with the typical centrifugation acceleration 

and time as 500 g and 5 min respectively. However, the major drawback of the method is that 

the shear stress from centrifugation may damage cells and thus provide unreliable results. 

Another drawback is that this method creates relatively larger spheroids with the diameter of 

more than 500 µm. Larger MSCs with the diameter range of 500 μm are not suitable for 

general bioassay development, because oxygen demand in such a large MSC causes hypoxia 

in the core and thus may not reflect the treatment effectiveness [37]. However, this model is 

suitable for studying bone regeneration [38]. Typically, low oxygen environment stimulates 

the differentiation of chondrocytes or chondrogenesis of mesenchymal stem cells [39, 40]. 

Furthermore, this method is not scaled for mass production for high throughput screening and 

image analysis. 

 

2.3.2 Liquid Overlay 

 

The liquid overlay method allows the cell–cell aggregation instead of the cell adhesion by 

coating the cell culture plate with a non-adherence layer, Fig. 2.2B. This technique was 

established by Ivascu and Kubbies [41]. A low-adhesive surface was created by coating poly 

(2-hydroxethyl methacrylate) (pHEMA) on commercially available plates designed with V-

shaped or U-shaped bottoms [42]. After seeding cells, a low magnitude of mechanical 

vibration was applied to promote cell aggregation leading to the MSCs formation. This 

method is straightforward and easy but suffers from the issues such as reproducibility with 

sufficiently high yield [43] and non-uniform shape of the spheroids [44]. The usage of 

different types of culture plates is the main cause for the insufficient reproducibility in size 

and shape. However, the utility of commercially available Cellstar® Cell-Repellent Surface 

well plate had shown a high performance [45]. 
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2.3.3 Hanging Drop 

 

The conventional hanging drop culture was first described by Keller for initiating the 

development of embryonic bodies [46]. This method is based on the sedimentation of the cells 

due to gravitational force which promotes the cell–cell interaction. These interactions 

dominate over cell-substrate interaction, leading to the formation of spheroids, Fig. 2.2C. A 

small droplet containing cell suspension with volume ranging from 20 to 30 µL is seeded onto 

the lid of polystyrene microwell plate. After turning the plate upside down, the droplets hang 

and gravity allows the cells to settle at the bottom for self-assembly. This method simplifies 

the laborious liquid handling processes and has the potential for high throughput. For 

instance, Tung et al. proposed a 384-well array to generate hanging drops for high-throughput 

screening [47]. The droplet maintains the shape and rigidly attached to the lid due to the 

surface tension. The liquid–air interface of the droplet allows gas exchange but is subjected to 

extensive evaporation [48]. To prevent evaporation, a modified liquid bath reservoir was used 

to maintain the humidity. 

 

The hanging drop method is applicable for a volume of less than 50 µL because a large 

volume reduces the role of surface tension against gravity, and the droplet may fall down [49]. 

Furthermore, owing to the small volumes and the insufficient nutrient supply, a hanging drop 

cannot sustain a long-term culture. Changing medium by multiple pipetting steps is 

susceptible to mechanical perturbation which leads to the spreading or collapse of the droplet. 

Thus, it is not an easy task to add drug or soluble factors to the droplets. However, Frey et al. 

developed a hanging drop method incorporating a continuous liquid flow network which 

enables nutrient supply [50]. Hsiao et al. modified the microwell plate with a lid containing 

ring structures to improve the structural integrity of the hanging drop [51]. The plate is 

designed with an extra ring for holding more liquid and is more robust against evaporation. 

Nonetheless, overall conventional hanging drop techniques do not allow real-time imaging to 

track the formation process of the spheroids. To overcome this limitation, the primary plate of 

hanging drops are transferred to a secondary plate using transfer and imaging (TRIM) plates 

[52] or commercially available systems such as InSphero GravityTRAP system.  
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2.3.4 Spinning Flasks 

 

Spinning flasks culture is a cell agitation approach based on stirred suspensions. An impeller 

mixer in the reactor tank prevents cells sedimentation and also promotes cell–cell interaction 

in the culture medium, Fig. 2.2D. The spinning mechanism allows for sufficient supply of 

nutrients and soluble factors to cells while facilitating the excretion of wastes [53]. This 

method is suitable for long term culture. However, the major limitation is the production of 

non-uniform spheroids. Furthermore, method needs the specialized equipment and consumes 

a large amount of medium (100–300 mL). Finally, for drug screening purposes, this method 

requires manual selection of spheroids to obtain a population with similar size [54]. 

 

2.3.5 Rotating Vessels 

 

Rotating cell culture bioreactors or rotating wall vessel (RWV) was developed by NASA in 

1992 to study cell growth under simulated microgravity condition [55]. Instead of stirring, 

rotary bioreactor rotates itself to maintain cells in a continuous suspension, Fig. 2,2E. The 

culture chamber rotates along the horizontal axis to prevent cells to adherence to the chamber 

wall. The speed of the rotation can be adjusted to exert low shear force, and at the same time 

to promote the optimal cell–cell adherence for a larger 3D structure. Once 3D aggregates are 

formed, continuous rotation at a desired speed prevents coalescence of the spheroids. This 

method enables the development of spheroids with approximately uniform sizes. Rotating 

vessel method ideally suits for long-term culture of 3D spheroids, because easy replacement 

of medium allows for efficient supply of nutrient and removal of waste [56]. The main 

disadvantage of this method is the requirement of specialized equipment. 
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2.3.6 External Forces 

 

The application of external forces has long been employed to induce cell aggregation and 

compaction to form 3D structure. Widely used actuation concepts are dielectrophoresis [57], 

magnetism [58] and acoustic waves [59]. However, these methods are fairly complex, offer 

little access for visualization of spheroid formation and require specialized equipment. 

Furthermore, cells are forced to aggregate into a non-uniform geometry, which leads to a 

heterogeneous morphology and lower yield. These methods can induce mechanical stress onto 

the cells and may lead to cell damage. Therefore, the formation of spheroids with external 

forces is not well suited for drug screening. Nevertheless, this approach can meet the demand 

for 3D culture, particularly for cells with lower adherence properties. Recently, magnetic 

levitation and surface-acoustic-wave have gained increasing attention for the formation and 

manipulation of spheroids. 

 

2.3.6.1 Magnetic Levitation 

 

Magnetic levitation was successfully used to construct 3D in-vitro models. This method was 

used to culture various cell types such as adipocytes, vascular smooth muscle cells and breast 

tumor cells. Engineering the cell composition and density allows for the formation of the 

heterogeneous spheroids, Fig. 2.2F. Magnetic levitation was reported to enable tumor and 

fibroblast cells to interact and form larger spheroids in a shorter time [60]. Moreover, larger 

spheroids with necrotic cores and region of hypoxia are similar to the in-vivo tumor niche 

which makes them well suited for the cancer studies. In the study reported by Haisler et al., 

magnetic nanoparticles were inserted into the layer of 2D confluent cells and then levitated 

them with an external magnetic field. [61] The magnetic force promotes cell aggregates at the 

air-liquid interface. The aggregated cell clusters naturally trigger cell–cell interactions. The 

magnetic nanoparticles are biocompatible and do not induce inflammation or affect the 

cellular physiology [62]. With this method, cells exhibit improved growth condition, followed 

by the formation of ECM and compaction. The cohesive multicellular assembly lasted 72 h 

before forming a spherical shape with a maximum diameter of 1 mm [63]. However, the 
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potential effect of magnetic particles on cellular physiology and metabolism is still not clear 

and well understood. 

 

2.3.6.2  Acoustic Wave 

 

Ultrasonic manipulation can be used to concentrate and trap cells in suspension. Bazou et al. 

observed the changes in the cytoskeleton and adhesion of molecules after cells were exposed 

to an ultrasound standing wave trap (USWT), Fig. 2.2G [64]. Further, a similar approach was 

employed by Liu et al. to obtain the formation of 3D aggregates of hepatocarcinoma cells. 

This was followed by the rapid changes in intracellular F-actin within just 30 min [65]. This 

method is a contactless and can induce larger cell aggregates. The acoustic method provides 

excellent biocompatibility and contamination-free conditions. This method can be further 

developed into a tuneable tool to generate MCS. By altering the frequency of the standing 

wave, spheroids are dynamically assembled and fused into a larger organoids or a desired 

tissue without using a mold or a template [66]. Controlling the standing surface acoustic wave 

enables the formation of an acoustic tweezer to precisely pick and assemble cells into an 

organized 3D structure [67]. More recently, 3D acoustic tweezers were utilized to control and 

adjust the geometry of spheroid production in only 30 min, achieving a high throughput [68]. 

 

2.4 Microfluidic Methods 

 

Microfluidic technology has rapidly evolved in biomedical research as a powerful tool for 

various applications such as cell-based assay, tissue engineering, molecular diagnostics and 

drug screening. The basic tasks of microfluidic technology are processing and manipulating 

small amounts of liquid (10−9 to 10−18 litters); in a size scale that matches the size of cells 

and microtissue. Microfluidics is categorized as continuous-flow and digital microfluidics, 

Fig. 3. Continuous-flow microfluidics can be further categorized as single-phase and multi-

phase microfluidics. Multi-phase microfluidics and digital microfluidics can accurately and 

efficiently produce micro droplets within milliseconds enabling a high throughput [69] for 

cell-based analysis [70]. The implementation of 3D cultures in microscale potentially allows 
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further reduction of the volume of nutrient, reagents, soluble factors and drugs. 3D cell culture 

with microfluidics provides a higher controllability and provides a cost-effective mean for 

biomanufacturing. Furthermore, droplet-based microfluidics offers the advantages for cell 

compartmentalization with a high surface-to-volume ratio. This physical characteristic is 

desirable in a wide range of molecular and cellular analysis [71]. As the viability of cells 

during the generation of MCS is critical, a microfluidic platform typically applies a low shear 

stress and thus minimizes cell damage [72]. Furthermore, an integrated microfluidic device 

provides a high degree of programmability and configurability. For instance, advance cell-

based assays are scalable as an array. This feature allows microfluidics not only to engineer 

microscale 3D tissues, but also more complex tissue system such as artificial organs on a chip. 

In the following sections, we discuss the state of the art of microfluidic technology for MCS 

generation and analysis including: (i) platform configuration and applicability; (ii) integrated 

microfluidics; and (iii) technical limitations and improvement. 

 

2.4.1 Continous-Flow Microfluidics 

 

A continuous flow in microchannels is either delivered by a flow-rate-driven or pressure-

driven pumping system. Fluid flow in this small scale is in laminar regime as surface effects 

such as friction dominate over volume effects such as inertia. Continuous-flow microfluidics 

either handles a single-phase or multi-phase segmented flow. Multi-phase flow microfluidics 

is also often called a droplet-based microfluidics, which generates and manipulates 

monodispersed microdroplets. In single-phase continuous-flow microfluidics, the 

microchannels are coated or filled with hydrogel for trapping and providing a scaffold for cell 

growth. The technology provides a precise concentration gradient of soluble molecules, 

nutrients and drugs [73]. Thus, an artificial microenvironment can be created to facilitate 

spheroid growth, Fig. 2.3A [74]. In multi-phase continuous-flow microfluidics, liquid droplets 

are formed and manipulated in a continuous manner. The two established methods for droplet 

formation are flow-focusing and T-junction configurations, Fig. 2.3B–D. The flow-focusing 

configuration forms microdroplets by squeezing the liquid stream with two immiscible sheath 

streams to generate highly monodisperse droplets [75]. The T-junction configuration uses a 
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single sheath flow to break up the dispersed phase into droplets [76]. In both configurations, 

scaffold materials such as hydrogel can be added into the droplets to support cell growth.  

  

Single-phase microfluidic synergies the 3D cell growth and allow the exchange of media by 

perfusion system. In principle, fluid is continuously flown within a microchannels similar to 

in-vivo vascularization effect [77]. Conventional systems for spheroid formation and growth 

is confined to a reactor and isolated from the surrounding. Consequently, spheroid cultivation 

is limited to short-term culture and is detrimental to the cell viability. This drawback also 

exists in droplet-based microfluidics, which insufficiently regulates the environment for 

spheroid growth. To circumvent these limitations, Agastin et al. attempt to grow multiple 

tumour spheroids using polydimethylsiloxane (PDMS) microbubbles. A physiological flow 

was established inside the microbubble by media perfusion [78]. This model mimics an in 

vivo avascular tumour condition. Ideally, perfusion method is regarded as a promising 

platform for anti-cancer drug testing simply because it enhances drug exposure as well as the 

 

Figure 2.3 Microfluidics based methods for the generation of spheroids. Single-phase 

microfluidics: (A) perfusion microfluidics; Multi-phase microfluidics; (B) T-junction; (C) 

flow-focusing; (D) double emulsion—electrowetting on dielectric actuation; (E) two-plate 

platform; (F) single-plate platform—magnetic actuation; and (G) floating liquid marble. 
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exchange of nutrients and wastes. In this microfluidic system, media is flown continuously 

through microchannels and perfuse trapped cells or spheroids. [74]. Thus, the formation and 

growth of spheroid can be carried out over a long time period (e.g., two weeks) without 

significant decrease in the cell viability [79]. Moreover, the method allows the possibility of 

device fabrication with integrated concentration gradient generator for high-throughput 

applications. [80]. Perfusion flow can be generated simply by gravity and surface tension. In 

order to increase the throughput, the assay can be scaled up to the 96 wells format. The initial 

attempt was carried out by Chen et al. developing an integrated micro-capillary network that 

is connected with supply chambers of culture medium [81]. Following these advances, Sakai 

et al. designed an improved microwell array with perfused flows to carry out spheroid-based 

high-throughput drug testing [82]. Another interesting approach was to combine multi-phase 

and single-phase microfluidics. Spheroids are initially generated in an emulsified droplet, then 

by displacement of surfactants droplets lead to coalescence and spheroids are exposed to 

perfusion [83]. Data acquisition and analysis from chemotherapeutic studies showed 

perfusion-based format showed higher chemoresistivity as compared to the static fluidic 

environment [84]. Interestingly, this system also allows miniaturizing the combination of both 

physiologic and pathologic networks such as angiogenesis and thrombosis in a 3D capillary 

network [85]. For instance, the platform could serve as a model for pathophysiological 

conditions such as tumour angiogenesis and tissue ischemic model.  

 

2.4.1.2  Multi-Phase Microfluidics 

 

In the past five years, several reviews presented a comprehensive overview of methods to 

form, sort, and merge and manipulate microdroplets for experiments in chemistry and biology 

[86-88]. Recently, droplet-based microfluidics becomes an attractive approach as a 

microbioreactor to grow and characterize living cells [89] and protocells [90]. Water-in-oil 

droplets serve as vessels for cell culture. A continuous aqueous flow breaks into droplets and 

encapsulated by an immiscible phase such as mineral oil with biocompatible surfactants [91]. 

The immiscible oil phase (W/O), droplets are not optimal for the generation of MCS because 

they impedes the supply of nutrient and gas exchange [92]. Thus, droplet-based systems only 

allow for a short-term cell culture. To circumvent these problems, a water-in-oil-in-water 
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(W/O/W) double emulsions (DE) format was used to encapsulate cells. These droplets 

function as selective barrier to regulate the transport of soluble factors and nutrient. Moreover, 

the outer aqueous phase ensures the adequate permeability of the oxygen. However, 

conventional DE generates highly polydisperse droplets which are easily breakable. [93]. The 

precise control of the surface wettability in the device is critical for the stability of the 

droplets [94]. The droplet also improves heat and mass transfer and increases the reaction 

rate. These advantages accelerate the diagnostic results as it allows the molecular or 

enzymatic reaction to occur in a shorter period of time. Further in the next section, the use of 

single-phase and multi-phase microfluidics for 3D cell culture is discussed in detail.  

 

The two main challenges of droplet-based microfluidics are: (i) the formation of 

biocompatible, monodisperse (<1%–3% dispersity) and stable droplets; and (ii) the real-time 

observation of cell activity. The size and stability of droplet is critical to sustain long term 

culture of MCSs as well as drug testing. The hydrodynamic properties such as type of flow, 

laminar or turbulent, are crucial for scaling of the size of the droplets during emulsification 

process [95]. The emulsion quality also depends on the viscous shear stress and interfacial 

tension. The breakup of droplets occurs when viscous shear stress dominates and overcomes 

the interfacial tension. Further, when generated in bulk, shear force and inertia cause the 

droplet to coalesce or break [96]. To overcome these limitations, a biocompatible amphiphilic 

molecule called “surfactant” is absorbed at the interface. Surfactants reduce the interfacial 

tension between the dispersed and continuous phases, which is critical to maintain the droplet 

stability and prevent coalescence [97]. 

 

The outer oil layer of a droplet serves as a selectively permeable barrier and allows the 

transport of small molecule across this barrier, which is essential to provide a discrete 

microenvironment for cell culture. To further enhance cell growth the droplets can be 

formulated by encapsulating cells with biological additives. Tumarkin et al. demonstrated the 

possibility of using microgel-based biomaterials, which potentially promoted the cell 

functionality in terms of enhanced proliferation and adhesiveness for the formation of MCS 

[98]. For instance, a continuous-flow microfluidic system can be configured to co-encapsulate 
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cells into hydrogel. The gelation process forms the cell-laden microcapsules. Hydrogels are 

crosslinked with chemical residues by chemical stimuli and also with physical process such as 

radical reactions, temperature and photon energy [99]. Hydrogel gel particles provide 

structural support for spheroid growth and function [100, 101]. The hydrogel capsules can be 

scaled up as spheroid carriers to serve as immunoisolation barrier for the cell transplantation 

[102]. A variety of chemically modified hydrogels have been used to make microcapsules 

such as alginate-PLL (poly-Llysine)-alginate (APA), thermally responsive hydrogels 

(agarose, NIPAM based hydrogel and gelatin) and photosensitive hydrogels such as 

polyethylene glycol (PEG). The precise mechanism of the various types of the encapsulation 

including cells types, functional outcomes and limitations are summarized is Table 2.1.  
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Table 2.1 Encapsulation types of 3D cell culture in droplets. 

Polymer Gelation Method Advantage Disadvantage 

Agarose Temperature Shift 
Improved nutrient diffusion [103] 

Biocompatible [104] 

The gelling temperate must be conducive for 

optimal cell viability  

Gelatin UV irradiation 
Formation cell–matrix interactions 

with hydrogel [105] 
Combination  with  hydrogel liquefies [106] 

Poly(ethyleneglycol) 

(PEG) 
UV irradiation Biodegradable [107] Poor drug release [107] 

Lactic-co-glycolic-

acid  

(PLGA) 

UV irradiation Release hydrophobic drugs [108] Poor drug encapsulation [109] 

PEG-PLA 

incorporation 
UV irradiation Ideal for drug delivery [110] Poor stability [110] 

Alginate Ion Reaction 
Highly permeable structure and  

allows long term culture [111] 

Rapid gelation process can from non-spherical 

particles [112] 

Puramatrix Hydrogel Ion Reaction 
Increase cell attachment,  

Proliferation and differentiation [99] 
Decrease the cell viability [113] 

Gelatin + Matrigel Ion Reaction Facilitate cell-assembly [114, 115] 
The matrigel can induce morphology alteration 

of the cells [114]   
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Biomimetic or biodegradable material based microcarriers are useful for cell culture and drug 

delivery. Shi et al. modified the method of double emulsion solvent evaporation to fabricate a 

biodegradable Poly(D,L-lactide)  porous microspheres [116]. These microspheres act as a 

microcarrier to deliver cells which could be used for cell-based therapies. In another study, a 

double emulsion template was used to encapsulate droplet carrying multiple biomimetic 

scaffold. The scaffolds consist of the porous cores which acted as a microcarrier and provided 

a confine environment for growing spheroids. [117]. More recently, a reusable device was 

developed to customize monodisperse droplets and perform multiple droplet encapsulations 

[118]. Collectively, it can be concluded that, multiple encapsulation technique holds wider 

application in a 3D cell based assay. 

 

2.4.2   Digital Microfluidics 

 

A simple platform with easy liquid-handling is critical for lab-on-chip technology. 

Continuous-flow microfluidics platforms require pumps and tubing for fluid delivery. Thus, 

handling discrete droplets has advantages over the continuous flow microfluidics. 

Furthermore, actuation techniques such as magnetic or electric forces are widely used for 

handling droplets. The digital microfluidics (DMF) is a branch of microfluidics, which 

integrates the microfluidic devices and electrical forces to manipulate discrete droplets [119, 

120]. There are two common configurations of DMF for culturing: (i) closed format with 

droplets sandwiched between two plates (Fig. 2.3E); and (ii) open format with droplets 

positioned on top of a planar surface, Fig. 2.3F [121]. The bottom plate usually has an array 

of actuation electrodes. The top plate made of transparent conductive material allows the 

optical imaging. For droplet movement with low friction, the surfaces of both plates are 

coated with hydrophobic material. Droplet manipulation tasks such as dispensing, splitting, 

merging and coalescence are carried out with electrostatic force by tuning the electric 

potential of the electrodes [122]. The mobility of the droplet is controlled through a 

combination of electro wetting (wetting behaviour of liquid) and liquid dielectrophoretic 

forces (effect of non-uniform electric field on liquid). Thus, DMF offers several advantages 

over conventional microfluidics such as low cost, portability and low reagent usage, yet 

provides faster test result. The most significant advantage is the ability to perform multiple 

biochemical assays simultaneously using a planar array of electrodes [123]. This technology 

enables the evaluation of several test results in real time. 
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However, common fluid operation using DMF is restricted to a 2D platform, and therefore it 

has limitations such as cross contamination, solute adsorption and degradation of soluble 

factors [124]. Interestingly, the transition from 2D to 3D DMF was demonstrated by 

submerging droplet in oil between two electrodes. The droplet can be manipulated by moving 

horizontally and vertically, thus serving as a programmable hanging droplet inside the oil. 

This platform was successfully used to grow mouse fibroblast [125]. Apart from that, a 3D 

scaffold based DMF platform was employed by Fiddes et al. to culture NIH-3T3 cells in 

hydrogel discs [126]. Subsequently, Au et al. improved the scaffold based-DMF to grow 

HepG2 and NIH-3T3 co-cultured spheroids (organoids) using collagen hydrogels. This 

method was applied for to hepatotoxicity screening [127]. Recently Aijian et al. demonstrated 

the adoption of the digital microfluidic in a hanging drop based platform for the generation of 

spheroids [128]. This method permits automation of liquid handling by dispensing liquid 

through connected wells to form hanging droplets. This platform is automatable and flexible 

for liquid handling which enables the formation of hanging drop. These sequential and 

reconfigurable operations increase throughput for spheroid based assays.  

Our recent approach for multiple spheroids of olfactory ensheathing cells was carried out 

using floating liquid marble (LM) [129]. Aussillous and Quéré reported for the first time the 

concept of a liquid marble (LM) [130]. LM has a non-wetting hydrophobic shell that can be 

simply generated by encapsulating an aqueous droplet with hydrophobic particles. The 

encapsulation provides the physical separation between the liquid inside the LM and the 

external environment [131]. The hydrophobic powder coating is non-uniform and consists of 

aggregate particles and space [132]. The porosity allows gas permeability [133], which is 

vital for the use of LM in cell culture applications. Additionally, the air pockets give rise to 

the large apparent contact angle when marble is placed on a solid or liquid surface [134]. In 

the floating condition, a thin air layer exists at the interface between the marble and the liquid 

bath [135]. This enhances the non-wetting or non-sticking properties between the two phases 

and let a floating LM to behave like a droplet on a superhydrophobic surface,  or like a 

Leidenfrost droplet [136]. As a result, the LM exerts low friction and can easily move on a 

supporting liquid surface [137]. The motion of  the LM on a solid surface or a liquid surface 

can be useful for transporting of small content without interfering with the external 

environment. This behavior provides an opportunity to use magnetic field to control a LM 

remotely for chemical and biological applications [138, 139], especially for mixing liquids, 

cells or biological products. Another advantage of a floating LM is the upward acting force 
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from the supporting liquid [140]. The force allows the LM to float and promotes internal flow 

that enhances mixing of chemicals or cells. The internal mixing is critical for cells to freely 

associate and to form spheroids [129]. Additionally, the liquid marble suits as a 

microbioreactor to generate and to differentiate embroid bodies [141]. The low evaporation 

rate of LM is critical for sustaining its lifetime for cell culture. The supporting liquid bath 

increases the relative humidity and extends the life time of the LM by reducing the 

evaporation process [142]. These remarkable features of a floating LM suggest new 

opportunities for developing bioinspired microdevices or microbioreactors. In particular, LM 

can be actively manipulated as a digital micfofluidics platform and opens new pathways for 

biomedical application. 

 

Given its advantage of miniaturization, the LM platform allows for the adoption for high-

throughput drug screening [143]. Recently, Ooi et al. reported that LM containing ethanol 

exert self-propelling caused by Marangoni solutocapillary effect [144]. It is also possible to 

control the locomotion of floating LM by using magnetic actuation (Fig. 2.3G). In the study 

by Khaw et al., magnetic particles were added to the LM and a moving permanent magnet 

was used to drag the LM [138]. The actuation of LM is crucial and brilliant for engineering 

controllable and tuneable functions. LM composed with magnetic nanoparticles can generate 

centrifugal force to function as microcentrifuge [145]. Additionally, another study addresses 

the usage of magnetism to split LM with lycopodium−iron oxide [146]. In summary, it is 

evident that LM can be utilized to support a digital microfluidic platform for 3D cell-based 

application. 

The combination of microfluidics and optics results in a unique technology called 

optofluidics. The initial optical applications in microfluidic domain were optical tweezers 

[147] and optical vortex [148]. Photoconductivity can be applied to conventional (DMF) to 

actuate droplets [149, 150] using opto-electro-wetting (OEW) [151]. The technology has 

shown potential for achieving higher control accuracy by combining photosensitive 

surfactants and the laser. More recently, 3D droplet manipulations was demonstrated by 

fabricating a single-sided continuous opto-electro-wetting (SCOEW) platform, which is 

supposed to have advantage over conventional EWOD and OEW [152]. Further, digitalizing 

and integrating of the microfluidics with optofluidics offers a powerful imaging solution for 

biomedical imaging. For instance, the digital holographic microscope is lens free and 

facilitates real-time imaging three-dimensional tomography imaging of transparent PDMS 
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opto-microfluidic channel [153]. Efforts to utilize this technology with microfluidic include 

3D sensing of microorganism [154] and automated cell viability detector [155]. However, 

application for 3D cell culture has not been yet explored.  

2.5.  Application of Spheroids in Microfluidic 

2.5.1 Organ Printing 

 

Organ printing is promising to transform tissue engineering into customized organ 

biofabrication. Spheroids make an excellent candidate for organ bioassembly. A spheroid has 

an ideal geometry and may serve as “bioink” for bioprinting. Printing the spheroids layer-by-

layer for tissue constructions is a common approach in biopriniting. With the advance 

computer-aided robotic bioprinting technology, the predefined structure can be precisely 

printed to achieve desired organ/tissue assembly. The positioning and the placement of the 

dispersed spheroids are critical factors to achieve a controllable fusion in a 3D tissue. Most 

recently, Moldovan et al. reported a latest invention called the “Kenzan” method, which 

utilises microneedles for the spheroids assembly [156]. This technique holds the precision up 

to micron-level and is able to link the spheroid closely. Further, the array of tightly aligned 

spheroid undergoes a fusion process to form a complex tissue and syntheses their own ECMs. 

Tissue construction using spheroid requires a large quantity of uniformly sized spheroids  

which is required to achieve bio printing with satisfactory resolution. Importantly, a scalable 

spheroid fabrication method is crucial for producing large quantity of homogenous spheroids. 

Ultimately, a precise 3D tissue print is achievable by the use of microfluidic based spheroid 

bio fabricator. Further, application of droplet based digital microfluidic may offer a scalable 

production of the spheroids at high yield [157]. Figure 2.4 describes the integration of 

microfluidic technology for spheroid based 3D printing.  
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Many other technologies can be considered to improve the use of spheroids for bioprinting as 

well as tissue fabrication. For instance, a bioprintable scaffold such as electrospun matrix can 

accurately pattern printed spheroids into desired tissue construct [158]. Furthermore, 

magnetic 3D printing has the potential to achieve a precise and rapid construction of 3D 

tissue. For example, a recent study reported a spheroid patterning technique using 

superparamagnetic iron oxide nanoparticles (SPIONs) for bioprinting [159]. Another 

approach is using magnetic levitation to construct tumour spheroids which closely mimic 

native microenvironment [160]. The mechanism of spheroid fusion involves 3D cell–cell 

interaction and critical for the formation of larger tissue. To date, only a few studies revealed 

the mechanism of spheroid fusion. Quantification of fusion kinetics, accounting the time 

lapse for the coalesce of two spheroids is necessary [161]. Recently, Munaz et al. 

demonstrated a microfluidic platform which can be used to study spheroid fusion as well as 

 

A B C D

 
 

Figure 2.4 Schematic presentations of principles of 3D tissue spheroids 

printing: (A) microfludic based fabrication of spheroid; (B) nozzle is used to 

dispense spheroids; (C) continuous dispensing form layer-by-layer tissue spheroid; 

and (D) layer-by-layer tissue spheroid fusion and bio-assembly of tubular tissue 

construct. 
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drug screening to promote fusion [162]. However, more sophisticated platforms are needed to 

quantify the cellular parameters such as mechanical strength of fused spheroids. 

 

2.5.2  Organ-On-Chip 

 

To date, the microfluidics-based lab-on-a-chip technologies are facing challenges to reduce 

the costs and increase the efficiency for drug screening and development. However, with 

further development it may potentially serve as a tool for preclinical models for human 

efficacy and safety. Prominently, this technology contributes towards an alternative step to 

reduce the extensive use of animal testing. Further, the technology allows for mimicking the 

complexity of animal-based testing models. The combination of fluid physics with 3D cell 

compartmentalization has gained popularity as organ-on-chip devices. Interestingly, the 

organ-on-chip concept simplifies clinical bioanalysis by integrating realistic organ models in 

a single device [163, 164]. 

 

 

Initially, the organ-on-a-chip concept was established by combining the cultures of the liver 

spheroid and neurospheres in a separate chamber and connecting them by a microfluidic 

circuit [165]. Subsequently, a scaled-up organ-on-chip device was fabricated by combining 

spheroids grown in arrays and perfused with culture media, which resulted in spheroids 

fusion and tissue formation [163]. These tissues may potentially serve as a model to simplify 

physiological function of an organ. The advanced organs-on-a-chip models are integrated 

with microsensors, which can detect cells and environmental cues. For instance, to measure 

the transmembrane electrical resistance across cell barrier and detecting the cell migration 

[166]. In the near future, this technology can be used for biochemical analysis and 

biophysical analysis (i.e., tissue mechanics, invasions and fusion). Furthermore, it may also 

facilitate the testing on molecular diagnostic (i.e., protein, nucleic acid detection). 

 

Many biological processes involve the interaction between multiple organs. Thus, a futuristic 

organ-on-a-chip model will incorporate multiple organ interactions in physiologically 
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relevant orders. This technology is likely to have a higher accuracy for testing drug 

metabolism and toxicity for translating basic bench research to clinical practice. This device 

can be fabricated by using spheroids to further mimic the in-vivo conations of cells and 

enhance the results [167]. This approach mimics the multiple organ systems in a single 

device which is termed as a “body-on-a-chip”. Furthermore, the model is designed with a 

fluid stream, which acts as a network of a surrogate blood vessel to interconnect all tissue 

compartments biochemically. Thus, the model allows for testing drug effect based on 

multiple physiological interactions. In the context of drug testing applications, this platform is 

promising and may increase the screening throughput and facilitate the development of new 

drug candidates. Further, it allows bioanalysis to identify the pharmacokinetic and 

pharmacodynamic consequences to predict the safety of the drugs. Since microfluidic 

cartridges are translucent, they are also useful for time-lapse imaging to identify drug induced 

pathophysiological changes. Figure 2.5 shows a schematic presentation the possible use of 

spheroids to fabricate multi-organ-on-a-chip. 

 

 

 

 

 

 

Figure 2.5 Schematic example of spheroid integration with microfluidic based 

multiple organ-on-a-chip models. 
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2.5.3  Organoids on Chip 

 

Both spheroids based “organ-on-a-chip” and even a “body-on-a-chip” is still in infancy to 

accurately reproduce and mimic the in vivo niche. Although spheroids consist of organized 

tissues, the quality of tissue function is limited. Thus, the developments towards the use of 

organoid cultures have gained attention in the recent years. Organoid can be grown onto a 

microfluidic platform to model organ features such as development, homeostasis and 

diseases. These cultures form a higher order tissue organization such as hollow spherical 

tissue. The organoids are generated using stems cells or embryonic stem. The organoids 

exclusively represent a development system of the embryonic tissue. The stem cells, 

potentially aggregate and assemble into a spatially patterned structure that supports 

organogenesis. Moreover, organoids also can be developed using induced pluripotent stem 

(IPS) derived from a patient who represent a personalized cell system that functions as a 

disease model for an individual. 

 

 

The organoids are “near physiological” models for drug metabolism and toxicity testing. The 

development of organoids of the gastrointestinal system also represents an important resource 

for drug development programs. Initially, intestinal organoids were developed by using stem 

cells expressing leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) [168]. 

Furthermore, these Lgr5+ stem cells can be differentiated and develop organoids of 

gastrointestinal system (GI) including hepatic system. The organoids of the hepatic system 

enable the acquisition of biotransformation drugs and toxins to predict drug safety. Recent 

advances in a microfluidic system can potentially help to miniaturize the hepatic organoids in 

a single chip for high-throughput screening. For instance, digital microfluidic system was 

developed for drug testing using arrays of liver organoids [127]. The platform is known as 

organoid droplet exchange procedure (GODEP), which allows fluid manipulation, e.g. 

reagent exchange. A continuous media circulation in microfluidic devices is critical for 

generating growth factor, signaling and drug gradients. However, it is difficult to maintain 

organoid position in a continuous-flow microfluidic system. Thus a stationary organoid 

placement could be beneficial for stabilizing tissue position. Recently, liver organoids were 
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encapsulated and loaded in a perfused C-shaped trap arrays. This approach sustains hepatic 

tissue position during exposure of various fluid flow rates [169]. 

 

Organoids are promising candidates for cellular therapeutics. Microfluidics-assisted 

encapsulation of organoids provides a prominent role in therapeutic delivery systems. For 

instance, LSFM4LIFE project is an ongoing EU Horizon 2020 program seeks to achieve 

cellular therapy for type 1 diabetes by using Human Pancreas Organoids (hPOs). Further, 

alginate-poly-L-lysine is used to encapsulate cells for secreting antibody and therapeutic 

protein. These microcapsules are called immunotherapeutic organoids. These organoids can 

be implanted in vivo to deliver therapeutics. They are alternative to drug based treatment for 

cancer [170] and immunological disorders [171]. 

The integration of biomaterial supports the further development of organoid-based platforms. 

For instance, patterning of hyaluronic acid (HA) as substrate was used to fabricate 3D 

contractile cardiac organoids [172]. Recently, researchers at Wake Forest School of Medicine 

have generated functional cardiac tissue by 3D printing spheroids of cardiac organoids. In 

another study, hepatic organoids were engineered by assembling thousands of spheroids into 

a predefined pattern using acoustic nodes [66]. Additionally, Shen et al. demonstrated the 

construction of human airway epithelial by using epithelial organoids in response to cues 

from an ECM nano patterned substrate [173]. The applications of IPS-derived organoids are 

summarized in Figure 2.6. 
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2.6  Conclusions 

 

In line with the current trend, 3D cell cultures are cost effective and easy-to-use solutions for 

various applications. The microfluidic technology evidently demonstrated its suitability for 

the translation of 3D cell spheroid technology into commercial products. In fact, advances in 

microfluidics-based spheroid culturing techniques made substantial progress in biomedical 

ventures, including drug screening, tissue engineering, disease modelling and cellular 

therapeutics. However, further optimization is needed to accurately mimic the in vivo 

environment. Ideally, physiologically relevant models will help in overcoming the animal 

testing and animal based assays. Nonetheless, heed should be given to ensure that these 

microfluidic tools do not interfere or manipulate the ideal cellular behavior. Ultimately, the 

usefulness of iPSC, organoids technology and microfluidic system may serve as a 

breakthrough for featuring next generation human models. Organoids potentially enhance the 

similarity of 3D tissue organization to that of real organs. Another interesting direction is the 

utility of 3D-bioprinted organoids for tissue construct. It is also critical to improve efficacy of 
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Figure 2.6 Organoid development and integration with microfluidic technology: 

For drug screening, development organoid-on-a chip model and organoid-based 

bioprinting. 
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drug testing by using this technology. In that regard, an advance look on the coupling 

digitalized organ-on-a-chip systems with mass spectrometry analysis will widen the pipeline 

of future of drug development. Furthermore, it is crucial to integrate new biosensors 

technology into multi-organ systems. This is particularly important for feedback and 

molecular diagnostics. Collectively, the future challenges will be scaling up this technology 

towards the target for personalized medicine. By this, individualized therapeutic methods can 

be established as more precise medical approaches for intracellular delivery, cell 

transplantation and personalized.  
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Chapter 3: Generation of a three-dimensional multiple spheroid model of olfactory 

ensheathing cells using floating liquid marbles 

 

Abstract 

 

We describe a novel protocol for three-dimensional culturing of olfactory ensheathing cells 

(OECs), which can be used to understand how OECs interact with other cells in three 

dimensions. Transplantation of OECs is being trialed for repair of the paralyzed spinal cord, 

with promising but variable results and thus the therapy needs improving. To date, studies of 

OEC behavior in a multicellular environment have been hampered by the lack of suitable 

three-dimensional cell culture models. Here, we exploit the floating liquid marble, a liquid 

droplet coated with hydrophobic powder and placed on a liquid bath. The presence of the 

liquid bath increases the humidity and minimizes the effect of evaporation. Floating liquid 

marbles allow the OECs to freely associate and interact to produce OEC spheroids with 

uniform shapes and sizes. In contrast, a sessile liquid marble on a solid surface suffers from 

evaporation and the cells aggregate with irregular shapes. We used floating liquid marbles to 

co-culture OECs with Schwann cells and astrocytes, which formed natural structures without 

the confines of gels or bounding layers. This protocol can be used to determine how OECs 

and other cell types associate and interact while forming complex cell structures. 

 

This chapter has been published as: 

Raja K. Vadivelu, Chin H. Ooi, Rebecca-Qing Yao, Johana Tello Velasquez, Erika Pastrana, 

Javier Nido-Diaz, Filip Lim, Jenny A.K. Ekberg, Nam-Trung Nguyen, James A. St John.  

Generation of three-dimensional multiple spheroid model of olfactory ensheathing cells 

using floating liquid marbles. Sci Rep. 2015 Oct 14;5:15083  

 

 

 

 

 



 

71 
 

3.1 Introduction 

 

Spinal cord injury causes irreversible axonal damage and neuronal death, resulting in 

permanent deficits of sensory and autonomic function that lead to chronic paralysis. One 

strategy to repair the injured spinal cord is to transplant olfactory ensheathing cells (OECS) to 

provide a bridge over the injury site and through which regenerating axons can grow. OECs 

are glial cells of the olfactory nervous system which exhibit unique growth-promoting 

properties that can dramatically increase survival and axonal regeneration of central nervous 

system neurons [1]. OECs are known to promote axon growth [2], provide neuroprotection 

[3], remyelination [4] and phagocytose neuronal debris [5, 6]. Transplantation of OECs to an 

injured spinal tract has recently been successful in re-establishing functional, connections in a 

human who had a completely severed spinal cord. The method is safe and feasible [7, 8] but 

the results are variable with some studies showing little functional improvement [9]. The 

outcomes of OEC-based therapeutic approaches are often confounded by poor post-

transplantation survival and the integration of OECs into the spinal cord tissue due to the 

complexity of spinal cord injury [10]. 

 

To improve OEC transplantation therapies, we need to further understand the biology of 

OECs and how they interact with other cells types. In particular, understanding the behavior 

of OECs in a complex three-dimensional (3D) culture model will help to develop new 

approaches for transplanting cells into the injured spinal cord. A three-dimensional culture 

system more accurately mimics the in vivo complexity as it provides the multilayer cell-cell 

and cell-matrix interactions within a multilayer system. Current 3D approaches of OEC 

cultures are mainly based on 3D extracellular matrices (ECM) such as alginates [11, 12] and 

collagen [13, 14]. However these scaffold-based 3D OEC cultures cannot sufficiently model 

the morphological features and physiological functions of the in vivo micromilieu as the 

application of exogenous scaffolds or ECM based materials may obstruct cell-cell 

interactions and the assembly of native ECM. In contrast, a scaffold-free 3D culture system 

allows suspended cells to self-assemble to form multicellular spheroids [15]. Self-assembly 

of spheroids results in uniform size geometry and structural properties that are optimal for 

drug screening and elucidating cell-cell interactions [16]. Thus, multi-cellular spheroids may 
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provide novel insights into the role of OECs that could be used to enhance their therapeutic 

potential for repairing spinal cord injury. 

Liquid marbles (LM) are a form of 3D bioreactor that have previously been shown to support 

the growth of living microorganisms [17], tumor spheroids [18], fibroblasts [19], and red 

blood cells [20]. LMs are formed by enveloping a drop of liquid with hydrophobic powder 

particles to form an elastic hydrophobic shell with fine pores. The coating material acts as a 

confined space which is non-adhesive and allows the cells to freely interact with each other 

[21]. Sessile LMs which rest on a hard surface have some disadvantages as they are more 

difficult to handle and are subject to undesirably high evaporation. Floating LMs have very 

interesting properties that influence their behavior. An air layer exists between the marble and 

the fluid surface [22] which influences the marble’s movement; marbles have self-propelling 

motion due to evaporation [23] and the size of the marble influences the deformation of the 

marble [24]. We considered that these various characteristics of floating LMs were amenable 

to culturing cells in three dimensions. We have now developed a microfluidic bioreactor 

platform in which LMs float in cell culture medium and can be used to generate multiple 

uniform-sized OEC spheroids. We show that floating LMs produce superior spheroids to 

sessile LMs. 

 

An additional advantage of floating LMs is the potential for co-culture different cell types in 

three dimensions to better understand cellular organization and interactions. To demonstrate 

the efficacy of floating LMs for co-culture, we examined the interaction of OECs with 

Schwann cells and with astrocytes and found that OECs preferentially enveloped the other 

cells. Such cell interactions by OECs have not been previously reported and may provide 

crucial insights into how these cells behave after transplantation to injured nerve tracts, 

ultimately resulting in increased therapeutic potential. 
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3.2 Methods 

3.2.1 Cell culture   

 

The GFP-expressing immortalized mouse OECs were previously generated [25]. Cells were 

cultured in DMEM/F12 (Life Technologies) supplemented with 10% FBS (vol/vol), 2 μM 

for-skolin (Sigma), 20 μg ml−1 pituitary extract (Gibco), 10 ng ml−1 FGF-2 (PeproTech), 

10 ng ml−1 EGF (PeproTech) and 0.5% (vol/vol) gentamicin (Life Technologies). The sub-

confluent OECs in T25 were washed twice with HBSS (Life Technologies) and detached 

with TrypLE Express (Life Technologies) for 5 min at 37 °C. The enzymatic reaction was 

stop by addition of 2 mL 10% FBS media and the solution centrifuged at 1000 rpm for 5 min. 

The OEC culture medium was changed every 2 days. Primary cultures of Schwann cells and 

astrocytes were prepared from S100ß-DsRed transgenic mice [26]. Postnatal day four (P4) 

mouse pups were sacrificed by decapitation following guidelines established by National 

Health and Medical Research Council of Australia (NHMRC); protocols were approved by 

an animal ethics committee of Griffith University (permit number: ESK/05/12/AEC). For 

Schwann cells, dorsal root ganglia from the spinal cord were dissected and explants plated in 

24-well plates previously coated with Matrigel (BD Bioscience 1:10). Astrocytes were 

prepared from cerebral cortices, meninges membranes were removed and the middle 

neocortical portion of the cerebral cortex isolated and placed in a petri dish containing 2 mL 

of TrypLE Express (Life Technologies) solution for 15 min at 37 °C. This reaction was 

stopped by addition of 2 mL 10% FBS and the solution centrifuged at 200 g for 7 min. The 

tissue was resuspended in complete medium (10% FBS) and incubated in 5% CO2 at 37 °C 

after plating on a 24-well Matrigel coated plate. Schwann cells and astrocytes were cultured 

in DMEM (l-glutamine) supplemented with 10% (vol/ vol) FBS, 0.1% gentamicin, 0.5% 

glutamax (Life Technologies), 0.2% G5 supplement (Life Technologies). Medium was 

changed every 3 days and at 7th day the cells are ready for experiment. All cell types were 

cultured in a humidified atmosphere with 5% CO2 in the air at 37 °C. 
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3.2.2 Generation of spheroids in Liquid marble 

 

To create the liquid marbles, a polytetrafluoroethylene (PTFE) (Sigma-Aldrich, product 

number 430935) powder bed with particle sizes of 1 μ m was prepared inside a 6-well plate. A 

micropipette was then used to dispense the required volume of OEC medium containing a 

pre-determined number of cells (50, 100, 500 and 1000 cells/μ L) on the powder bed with the 

preferred volume which ranged between 10 to 50 μ L. For co-culture spheroids, Schwann 

cells and astrocytes were prepared at the 1:1 ratio at the cell density of 500 cells/μ L in 10 μ L 

volumes. The droplets containing cells were dispensed on the PTFE powder bed, followed by 

gentle shaking in a circular motion for 3 min. All cell types were cultured in a humidified 

atmosphere with 5% CO2 in the air at 37 °C. 

3.2.3 Floating the liquid marble  

 

Droplets coated with PTFE powder were picked by using 1000 μ L pipette tips which were 

cut at the edge to accommodate the diameter of the marble. Then the liquid marbles were 

placed carefully in wells which did not contain any medium in the 96-well plates to float the 

marble, 100 μ L media was added to the wells without direct contact with the marble. The 

liquid marble content was then monitored during incubation, using an optical–fluorescent 

microscope (Olympus IX70), to examine the cell growth and spheroid formation. 

3.2.4 Preparation of spheroids   

 

Floating LMs were broken by puncturing with a needle. Sessile LMs were broken by the 

addition of 100 μ L of media directly onto the LM to disperse the hydrophobic coating. 

Microscopic examination was carried after spheroids settled in the wells. For 

immunohistochemistry staining, spheroids were obtained from multiple wells by 

centrifugation for 5 min at 1000 rpm. 
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3.2.5 Spheroid migration assay   

 

The spheroids were transferred to a flat bottom 96-well plate under standard cell culture 

conditions and incubated for 24 hours to evaluating the migration capacity and then imaged 

with a fluorescence microscope (Olympus IX70) and imaging software (SPOT). Spheroids 

with identical size were chosen for the spreading experiment. The area of cells migrated out 

was evaluated as a quantitative measurement of cellular spreading. This area is evaluated as 

the difference between the final migrated area and the initial area. 

 

3.2.6 Immunocytochemistry   

 

Spheroids were fixed by adding 200 μ L of fresh 4% (wt/vol) paraformaldehyde (PFA) 

(Sigma-Aldrich) to the wells containing spheroids and stored overnight at 4 °C. Spheroids 

were washed three times with 0.1 M phosphate buffered saline (PBS) and transferred to a 

1.5 mL micro-centrifuge tube in which the entire immunocytochemistry procedure was 

performed. The spheroids were blocked in 2% bovine serum albumin (BSA) in PBS with 

0.3% Triton X-100 (TX) at room temp (25 °C) for 30 min and then incubated with rabbit-anti 

S100β  (Santa Cruz, 1:500) overnight at 4 °C. After washing 3 times, spheroids were 

incubated with goat anti-rabbit antibodies conjugated with Alexa 594 (Invitrogen) for 4 h at 

room temp and then washed and stained with DAPI for 15 min at room temp. Spheroids were 

washed and stored in PBS for imaging. All solutions are removed by washing 3 times with 

PBS and centrifugation for 5 min at 1000 rpm. 

 

3.2.7 Statistical method   

 

Spheroid diameter was analyzed by non-paired one way ANOVA with Bonferroni multiple 

comparison test at each time point. The differences were significant when p < 0.05. 
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3.3 Results 

3.3.1 Production of floating liquid marbles   

 

To create the LM, the surface of liquid droplet was coated with hydrophobic particles which 

produces a coating those envelopes the liquid droplet. We used polytetrafluoroethylene 

(PTFE) powder (average particle size of 1 μ m) produced with a maximum grind of 2.0 NPIRI 

(Sigma-Aldrich, product number 430935). A single droplet containing a predetermined 

number of OECs in a preferred volume of between 10 to 50 μ L was dispensed onto the 

powder bed, Fig. 3.1A,B and 3.2 A,B. The plate was gently rotated in a circular motion so the 

powder particles covered the surface of the liquid droplet and formed the liquid marble, Fig. 

3.2 C. Importantly, it was crucial to use clean PTFE powder because previously used PTFE 

powder tends to cause aggregation of particles. The marbles were subsequently picked up 

using 1000 μ L pipette tips which were cut at the edge to accommodate the diameter of the 

marble, Fig. 3.1C,D. The marbles were sucked up into the pipette tip and then dispensed into 

a 96-well plate, Fig. 3.1E,F and Fig. 3.2D–F. The approximate diameter of the opening 

pipette tip is slightly less than the marble diameter (Fig. 3.2E) which creates a friction fit to 

grip the marble inside the tip. To float the marbles, 100 μ L of media was added from the 

margin of the well to slowly bathe the marble, Fig. 3.1G, H and Fig. 3.2. G, H. Direct liquid 

contact disrupts the hydrophobicity of the coated PTFE powders and breaks the marbles. 

After incubation at 37 °C, the LM content can be monitored using optical–fluorescent 

microscopy to examine the cell growth and spheroid formation, Fig. 3.2 I. The fine coating of 

hydrophobic powders with particle size of 1 μ m allows optical access to the content of the 

marble. Therefore, this protocol is well suited to studies of the assembly of cells with 

different fluorescent labels by using time-lapse microscopy. Finally marbles can subsequently 

be broken by puncturing with a needle (Fig. 3.2J,K) to obtain spheroids.  
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Figure 3.1 Preparation of floating liquid marble containing cells : (A,B) Drop a 

predetermined volume of cells containing media on the polytetrafluoroethylene 

(PTFE) powder in 6-well plates. (C,D) Marble is picked up and transferred using a 

p1000 pipette (white arrow indicates the cut p1000 pipette tip).(E,F) Transfer the 

marble to a 96-well plate and (G,H) float the marbles with media.  
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Figure 3.2 Process flow for using floating liquid marble: (A,B) A droplet of cells is 

deposited on the PTFE powder bed and (C) then coated with PTFE by rotating the 

marble with circular movements. (D–F) The marble is picked up and transferred using 

a pipette tip and (G,H) is then floated by dispensing media against the wall of the 

well. (I) After incubation, the cells form spheroids inside the marbles. (J,K) Marbles 

can be broken with needles to release the spheroids which then sink to the bottom of 

the well. 
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3.3.2 Optimizing the marble size for multiple spheroid generation   

 

To determine the ideal volume of LM for multiple OEC spheroid production, we prepared 

LMs with OECs at a fixed density of 500 cells/μL in volumes of 10 μL, 20 μ L, and 50 μ L. 

The volume-dependent spheroid formation was performed in sessile and floating conditions 

as shown in Fig. 3.3. The horizontal profiles of the liquid marbles were viewed by bright field 

micrographs. While the 10 μ L sessile LMs were spherical (Fig. 3.3A), sessile LMs with a 

volume of 20 μ L and 50 μ L were not spherical and had a flat bottom where they rested on the 

surface of the dish, Fig. 3.3B, C. Fluorescent microscopy was used to view the cells within 

the sessile LMs which showed that the cells underwent sedimentation and formed an irregular 

shaped mass of cells, Fig. 3.3D–F. In contrast, floating LMs retained their spherical shape at 

the bottom surface (Fig. 3.3G–I), and cells aggregated to also produce masses of cells, Fig. 

3.3K,L. Interestingly, the 10 μ L floating LMs generated numerous small spheroids (Fig. 3.3J) 

while the large volume floating LMs tended to produce at least one large mass of cells, Fig. 

3.3K, L. As the 10 μ L floating LMs formed multiple spheroids, we compared them to the 

mass of tissue formed within the sessile 10 μ L LMs. Despite having a spherical bottom, the 

sessile LM did not form multiple spheroids but instead tended to form a large irregular 

shaped mass of tissue, Fig. 3.3A. These results indicated that the 10 μ L floating LMs were 

optimal for producing multiple spheroids through free association of cells rather than through 

sedimentation of cells. 
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 Figure 3.3 Effect of marble volume on spheroid formation: (A–C) Horizontal 

micrographs of sessile liquid marbles show the flat bottom of 20 μ L and 50 μ L 

marbles. (D,E) Bright field and fluorescent merged microscopic images show the 

spheroids inside the liquid marbles. (G–I) Horizontal view of floating liquid marbles 

showing the curved lower surface. (J) 10 μ L floating marbles produced multiple 

spheroids, whereas (K,L) 20 μ L and 50 μ L marbles produced fewer spheroids. The 

Scale bar is 500 μm. 
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3.3.3 Optimizing the cell density for multiple spheroid generation   

 

We investigated the cell seeding density inside the LM and found that it plays an important 

role in the yield and uniformity of the spheroids. The 10 μ L volume LM containing four 

different cell seeding densities (50, 100, 500 and 1000 cells/μ L) was investigated in sessile 

and floating conditions. The sessile LMs at seeding densities of 50 and 100 cells/μ L produced 

numerous small spheroids of cells (Fig. 3.4 A,B), while at 500 and 1000 cells/μL the sessile 

LMs produced a single large mass with several smaller spheroids, Fig. 3.4 C,D. When viewed 

with bright field, it was apparent that the sessile marbles underwent evaporation as wrinkles 

in the silicon coating were clearly visible, Fig. 3.4 A–D. In contrast, the floating LMs 

produced spheroids that were distinctly different to those produced in sessile LMs. At seeding 

densities of 50–500 cells/μL numerous spheroids were produced (Fig. 3.4 E–G) while at 

1000 cells/μ L a single large mass was produced along with smaller spheroids, Fig. 3.4 H. 

There was no apparent shrinkage of the hydrophobic shell indicating that evaporation was 

reduced compared to the sessile LMs. Further examination of the effect of evaporation 

revealed that after 48 h the shrunken sessile 10 μ L LMs often collapsed whereas floating 

10 μ L LMs maintained their surface integrity for up to 72 h.  

 

We next broke the marbles to release the contents into the wells of the 96-well plates to better 

observe the spheroids that had been produced. The sessile LMs with seeding densities of 50–

500 cells/μL produced numerous small spheroids, with a larger mass being produced at 500 

and 1000 cells/μ L, Fig. 3.4 I–L. The floating LMs at seeding densities of 50–500 cells/μ L 

produced more numerous and larger spheroids compared to those formed in sessile LMs (Fig. 

3.4 M–O), and at 1000 cells/μ L produced larger spheroids that were more spherical than that 

produced in sessile LMs, Fig. 3. 4 P vs 3.4 L.  

 



 

82 
 

 

 

 

 

Figure 3.4 Effect of cell density on formation of spheroids : Spheroid formation 

inside (A–D) sessile marbles and (E–H) floating marbles at the seeding densities of 

50, 100, 500 and 1000 cells/μ L. Arrows in (A–D) show creases in PTFE layer 

indicating dehydration of marbles. (I–L) Sessile and (M–P) floating marbles were 

broken and spheroids allowed to settle to bottom of the well; panels show spheroids 

from a single broken marble at each density of 50, 100, 500 and 1000 cells/μ L. Scale 

bar in (A–H) is 500 μm; (I–P) is 200 μm.  

 

 

 



 

83 
 

3.3.4 Quantification of spheroid size 

 

We measured the diameters of the spheroids that were produced at the different seeding 

densities in both the sessile and floating LMs. At all seeding densities, the floating LMs 

produced more spheroids and produced larger spheroids, Fig. 3.5 A–D. One-way ANOVA 

analyses indicated that cell densities of 100 and 500 cells/μL produced significantly more 

spheroids of the size range 91–120 μ m (Fig. 3.5 B,C, p <  0.05 and p < 0.001). Floating LMs 

at a density of 500 cells/μ L generated high yields of spheroids with an average of 33 ±  2.1 

spheroids of which 49.7% had a diameter in the range of 90–120 μ m, Fig. 3.5 C. Floating 

LMs with a seeding density of 1000 cells/μ L also produced several spheroids with diameters 

of more than 200 μ m, Fig. 3.5 D. In contrast, sessile marbles were not able to produce such 

high yields. The larger spheroids that were produced by sessile LMs resembled tissue 

sedimentation as they had irregular shapes and appeared to suffer from cell degradation at the 

edges (not shown). This was highlighted by the very large irregular shaped sedimentation 

(>400 μ m) that was observed at seeding density of 1000 cells/μL. It is also possible to study 

the spheroid viability. For quantitative analysis, 3D cell viability assay using CellTiter-Glo 

(Promega) is recommended. The distribution of life/death cells in spheroids can be assessed 

by staining with fluorescein diacetate (FDA)/propidum iodide (PI).  
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Figure 3.5 Quantification of spheroid size: The total number of spheroids and the 

number of spheroids within the indicated diameter ranges in sessile (orange) and 

floating (blue) marbles seeded with (A) 50 cells/μL, (B) 100 cells/μL, (C) 500 cells/μ L 

and (D) 1000 cells/μ L. Floating marbles produced significantly more spheroids than 

sessile marbles at all seeding densities. (#p < 0.05 and ###p < 0.001, n = 10 liquid 

marbles). In floating LMs, there were significantly more spheroids in the diameter 

range 91–120 μm compared to other sizes (*p <  0.001 and ***p < 0.001 n =  10 liquid 

marbles, repeated three times). Data were analyzed using one-way ANOVA followed 

by post hoc Bonferroni’s test. All experiments were repeated three times. Bars 

represent the mean; error bars represent the standard error of the mean. 
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3.3.5 Assessment of OEC migration out of spheroid 

 

The morphology and size of the spheroids within floating LMs indicated that the growth and 

interactions of the OECs were more favorable than the con-ditions within sessile LMs. It is 

well-established that cells migrate out of spheres with higher migration rates when cells are 

healthy and robust. To assess the migration of cells out of spheroids, we used grew spheroids 

in 10 μ L sessile and floating LMs with seeding densities of 500 and 1000 cells/μ L and then 

broke the marbles and plated the spheroids in wells of a 96-well plate to allow the OECs to 

migrate out of the spheroids onto the surrounding surface, Fig. 3.6 A–D. Spheroids with 

diameters between 90–120 μm at t =  0 h were selected and the region in which the cells had 

migrated at t = 24 h was measured. One-way ANOVA analyses showed that there was 

significantly more migration (p < 0.001) of OECs from spheroids grown in floating LMs at 

both 500 and 1000 cells/μ L than from spheroids grown in sessile LMs (Fig. 3.6 E), with 

OECs from floating spheroids migrating out over an area 2–3 times larger than OECs from 

sessile spheroids. 
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Figure 3.6 Migration of cells out of spheroids grown in sessile and floating 

marbles: Sessile and floating marbles were seeded at 500 cells/μ L and 1000 cells/μ L 

and cultured for 48 h; spheroids were then removed from marbles, plated out and 

cultured for 24 h. Cells migrated further from spheroids grown in (C,D) floating 

marbles than (A,B) sessile marbles at both cell seeding densities. The scale bar is 

500 μm. (E) Measurement of migration of cells from spheroids grown in sessile and 

floating marbles; the area over which the cells had migrated was measured at 24 h 

after plating. Cells from spheroids grown in floating marbles migrated significantly 

further than cells from sessile spheroids (***p < 0.001; n =  30 spheroids). Data were 

analyzed using one-way ANOVA followed by post hoc Bonferroni’s test. Bars 

represent the mean; error bars represent the standard error of the mean. 
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3.3.6  Morphological analysis of spheroids.  

 

We used confocal microscopy to visualize the structure and morphology of the OECs within 

the spheroids. The OECs express GFP with some cells expressing higher levels than others 

depending on their individual growth conditions. Spheroids of different sizes from floating 

LMs were imaged by confocal microscopy. OECs within all sizes of spheroids clearly 

showed extensive cell-cell interactions with processes extending in all directions indicating 

robust growth and cellular interactions, Fig. 3.7 A–C. We next performed 

immunocytochemistry with antibodies against s100β  which is a standard marker of OECs. 

The immunostaining revealed uniform expression of S100β throughout the spheroid 

including the internal central region of the spheroid, which indicates that OECs throughout 

the spheroid were healthy, Fig. 3.8 A–D. 

 

 

 

Figure 3.7 Cells formed spheroids with extensive cell-cell contact: Panels show 

confocal images of spheroids isolated from LMs. (A–C) LMs with different cell 

densities produced different sized spheroids which all had extensive cell-cell contacts 

(A) 60 μ m diameter spheroid, (B) 100 μm, (C) 150 μm. 
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Figure 3.8 Immunostaining of spheroids: Spheroids from floating LMs grown for 

24 h at a seeding density of 5 × 103 cells/10 μL: (A) GFP expressing OECs, (B) s100β  

immunostaining, (C) DAPI and (D) merged image. 
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3.3.7 Generation of co-culture spheroids  

 

A better understanding of the behavior and interaction of OECs with other glia cells can be 

elucidated more efficiently by using a 3D co-culture model with a mix of different cell types. 

To test the applicability of using floating LMs for co-culturing different glial cells, we seeded 

the LMs with two different combinations of cells: (1) OECs+ Schwann cells, and (2) OECs + 

 astrocytes at a ratio of 1:1 with a total cell density of 500 cells/μ L. The co-cultured spheroids 

were fixed and imaged after 48 h. Confocal imaging showed that co-cultured cells developed 

spheroids with specific cellular organization and localization, Fig. 3.9 A,B. When co-cultured 

with Schwann cells, the OECs localized to the outer layer of the spheroid and enveloped the 

Schwann cells, which populated only in the inner core of the spheroid, Fig. 3.9 A. When co-

cultured with astrocytes, the OECs were also predominantly restricted to the exterior of the 

spheroid although there was clearly more cell-cell intermingling with the astrocytes than had  

 

 

 

 

 

 

Figure 3.9 Co-culture of OECs with Schwann cells and with astrocytes: Marbles 

were seeded with the two different cell types at a ratio of 1:1 with an overall seeding 

density of 500 cells/μ L and cultured for 48 h. Spheroid co-cultures of (A) OECs 

(green) with Schwann cells (red) and (B) OECs (green) with astrocytes (red). Scale 

bar is 60 μm. 

 

 

 



 

90 
 

3.4 Discussion 

 

The floating liquid marble platform that we describe here provides exceptional properties for 

culturing cells in three dimensions. With this microbioreactor, we have shown that OECs can 

freely associate to rapidly form numerous spheroids that provide robust growth and 

proliferation of the cells. Importantly, we demonstrate that co-culturing of different cell types 

within this floating platform reveals unique characteristics of cells that have not previously 

been reported. We envisage that floating LMs can be used to interrogate the complex cell 

interactions that occur as cells form 3D structures which is essential for further improving 

therapeutic use of cells in transplantation therapies. 

 

Although a number of studies have described the utility of various 3D culture systems for 

OECs [13, 27] the important challenge is to create 3D heterogeneous tissue constructs without 

exogenous scaffolds. Compared with other 3D tissue models, the generations of spheroids 

using floating LMs do not require any solid supports such as hydrogels, scaffolds or matrices 

to obtain a 3D arrangement. This is an important advance as degradable or non-degradable 

biomaterials can interfere with the cell physiology and potentially alter cell function. The use 

of the hydrophobic PTFE powder to encapsulate the marble has several advantages. While 

the coating may appear entire when viewed by eye, at high magnification the coating is not 

uniform which confers useful properties to the marbles. The distribution of particle coating 

has been previously described using environmental scanning electron microscopy which 

indicated that the particle coating is not uniform or continuous and that air is likely trapped 

within water clearings on the surface coating which promotes Leidenfrost-like behaviour [22] 

which is likely to aid fluid flow within the marble and thus promote cell-cell interactions. 

 

Our technique is a further advancement on the previous well-known hanging drop model. 

Although the hanging drop method has been validated and widely used [28], this method is 

based on gravity-induced spheroid formation that does not produce multiple reproducibly-

sized spheroids. When we examined the formation of the tissue masses in sessile LMs, we 

found that the morphology indicated poor cell growth likely as a result of excessive 

sedimentation of cells, particularly in the very large masses of tissues. In contrast, in floating 
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LMs the cells were able to freely associate and formed 2–3 times more spheroids, with the 

spheroids being considerably larger. While floating LMs did produce spheroids up to 300 μm 

in diameter, these spheroids appeared healthy. The superior migration of cells out of the 

floating LM spheroids confirmed that the floating LMs produced a more favorable 

environment for cell growth compared to sessile LMs. Sedimentation of cells is likely to 

result in cells forming near neighbour relationships that would not normally occur. In 

contrast, the floating LM is presumed to be an environment that permits cells to freely 

associate is likely to result in cells forming 3D structures that better reflect the in vivo 

context. By floating the LM on a liquid bath, the buoyancy maintains liquid flow within the 

marble and therefore minimizes the effect of gravity that forces the cells to aggregate at the 

bottom of the LM. Thus floating the LMs is crucial to the utility of this microbioreactor. 

 

In the context of stability, a floating LM is relatively robust and behaves like a soft solid 

structure that can resist small physical impacts during handling. The robustness and easy 

handling are clear advantages over hanging drops as it can be difficult to maintain the 

physical integrity of the hanging drop and its contents. The limitation of other scaffold-free 

methods are discussed in Table 3.1. 
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Techniques Description Problems 

 

Pellet Culture 

Centrifugal force used to 

concentrate cells at the bottom 

of the tube to form spheroids 

Irregular shaped single spheroid with 

necrotic morphology [29] 

 

Spinner Culture 

Single cells are prevented from 

settling by continuous 

suspension 

Induce shear stress and increase tissue 

necrosis [30] 

 

Hanging Drop 

Gravity enforced in hanging 

droplets enhances self-assembly 

to produce spheroids 

Single spheroid [31] Limitations: not 

suitable for microscopic tracking, 

media exchange media or adding drugs 

[32] 

 

Rotating Wall 

Vessel 

Aggregation of cells to form 

spheroids using microgravity 

effect 

 

Variations in spheroid size [33] 

 

External Force 

External force, e.g. ultrasound, 

electric field or magnetic force 

used to aggregate cells 

 

Morphological changes [34] 

 

Table 3.1 Limitation of the techniques for scaffold-free spheroid production. 
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These techniques display impact on culture uniformity and are generally time consuming. 

Moreover, all techniques currently available can be laborious and require specialized and 

expensive culture equipment. Another key advantage of LM is the convenient and real-time 

observation of the cells inside this bioreactor using conventional microscopy. The fine 

coating of hydrophobic powders with particle size of 1 μ m allows optical access to the 

content of the marble. Therefore, this protocol is well suited to studies of the assembly of 

cells with different fluorescent labels by using time-lapse microscopy. In comparison, the 

hanging drop method is not suitable for live cell imaging and thus the formation of the 

spheroids cannot be easily tracked over time. We were able to culture cells in floating LMs 

for up to 3 days and while longer culturing could be possible, the exhaustion of the nutrients 

necessitates replacement of the medium. Extended culturing can be achieved by passaging 

the spheroids within the LMs. The LMs can be broken, the cell spheroids collected and 

resuspended in a new medium with new LMs subsequently formed. 

We determined that the optimal volume of the floating LMs was 10 μ L for our assays. The 

10 μL floating LM was found to be more robust and exhibited lower evaporation rate. A 

sustainable spherical shape and regulation of evaporation rate is crucial for development of 

identical sized multiple spheroids. We reasoned that disruption of LM spherical structure is 

due to the gravitational effect on the marbles and that the evaporation rate can be presumed to 

be relative to the surface area/volume ratio. We have previously calculated that the LMs at 

10, 20, 50 μ L have Bond numbers of 0.26, 0.41 and 0.77 respectively [24]. The smaller the 

Bond number, the more spherical it is due to the dominance of surface tension forces over 

gravitational forces. Although a sessile 10 μ L LM sustains a spherical shape, it will have a 

higher evaporation rate because of its smaller bond number with higher surface/volume ratio. 

Thus we concluded that the optimal size of the marbles to maintain the spherical shape was 

10 μ L and that by floating the LMs the evaporation rate is reduced, which thereby maintains 

the appropriate concentrations of nutrients within the media necessary for optimal cell 

growth. The hydrophobic coating creates a non-wetting surface and prevents the physical 

contact between the liquid inside and the supporting solid or liquid. Although the coating 

creates fine pores, the non-wetting properties inhibit solvent or nutrient exchange. Moreover, 

evaporation can negatively impact the physical properties of the marble and results in nutrient 

loss over time. This could possibly affect the cell growth in a sessile marble. In contrast, the 

supporting liquid bath that supports the marble potentially increases the relative humidity and 

extends the lifetime of the marble. Thus, by floating nutrient loss can be reduced and 
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positively contributed to the cell growth up to 48 hours. Long-term 3D cell culture using LM 

can be challenging as a prerequisite for drug testing over a long period of time. However, it is 

not known whether a floating LM can maintain a healthy cell culture environment for 

extended duration. Moreover, long-term growth inside the LM can lead to the generation of 

extracellular waste, which in turn can increase the pH value of the culture. As a result, this 

condition may impede  healthy cell growth. 

 

Optimizing the LM size has important implications for other assays such as drug screening. 

In particular, large scale drug screening can be expensive due to the volume of reagents and 

growth factors that are needed, as well as the requirement for using larger amounts of what 

are often limited quantities of novel candidate drugs. By having a maximum volume of 10 μ L 

our protocol cost saving because the microfluidic scale of the LM limits the amount of 

reagents such as growth factors or test compounds needed for the assays. Thus, our floating 

LM 3D culture assays satisfy several key requirements for large-scale drug screening such as 

speed, simplicity, reproducibility and cost effectiveness. The ease of production of the LMs 

may be translated to generate an automated digital microfluidics system. This could be 

achieved by using robotic liquid handling to dispense precise droplet volumes to enable high 

throughput production of LMs. This potentially serves as a powerful tool for automated cell 

spheroid culturing for applications such as drug screening. 

Due to their various potential regenerative properties, combinations of OECs and Schwann 

cells have been transplanted into the injured spinal cord where they have shown effectiveness 

in promoting neural repair [35-37]. However, OECs and Schwann cells exhibit differences in 

survival, migration and proliferation when transplanted into neural tissue [38-40] and they 

interact differently with astrocytes [41]. When we examined the interactions of OECs with 

Schwann cells and with astrocytes in floating LMs, the OECs became localized to the 

exterior of the spheroids and ensheaths both the Schwann cells and astrocytes. This behavior 

of OECs has not been previously observed and thus the floating LMs create a unique 

environment in which novel cell behaviors can be observed. Within their endogenous 

environment of the olfactory system, OECs of the lamina propria bundles of axons and are 

largely restricted to the exterior of the nerve fascicles, with a ensheaths the their processes 

penetrating into the deeper regions of the fascicle [42]. Thus the co-culture LM model has 

enabled the OECs to freely associate with other cell types and replicate their normal behavior 
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of surrounding other cells. The use of floating LMs therefore appears to be particularly 

favorable for interrogating the interaction of co-cultured cells. 

In summary, floating LMs are a simple, fast and low-cost method for generating multiple 

uniform spheroids without specialized equipment. The floating LMs permit cells to freely 

associate and form complex three-dimensional structures with high viability and 

reproducibility. Thus, the use of floating LM is a paradigm-shifting multipurpose tool for 

performing basic and complex experiments for the understanding the use of glia for neural 

repair therapies, with the potential for use in large scale drug screening. 
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Chapter 4: Liquid marbles as bioreactors for the study of three-dimensional cell 

interactions 

 

 

Abstract 

 

Liquid marble as a bioreactor platform for cell-based studies have received significant 

attention, especially for developing 3D cell-based assays. This platform is particularly 

suitable for 3D in-vitro modeling of cell-cell interactions. For the first time, we demonstrated 

the interaction of olfactory ensheathing cells (OECs) with nerve debris and meningeal 

fibroblast using liquid marbles. As the transplantation of OECs can be used for repairing 

nerve injury, degenerating cell debris within the transplantation site can adversely affect the 

survival of transplanted OECs. In this paper, we used liquid marbles to mimic the hostile 3D 

environment to analyze the functional behavior of the cells and to form the basis for cell-

based therapy. We show that OECs interacts with debris and enhanced cellular aggregation to 

form a larger 3D spheroidal tissue. However, these spheroids indicated a limitation in 

biological functions such as the inability of cells within the spheroids to migrate out and 

adhere to neighboring tissue by fusion. The coalescence of two liquid marbles allows for 

analyzing the interaction between two distinct cell types and their respective environment. 

We created a microenvironment consisting of 3D fibroblast spheroids and nerve debris and 

let it interact with OECs. We found that OECs initiate adherence with nerve debris in this 3D 

environment. The results suggest that liquid marbles are ideal for developing bioassays that 

could substantially contribute to therapeutic applications. Especially, insights for improving 

the survival and adherence of transplanted cells. 

This chapter has been published as: 

Raja K. Vadivelu, H Kamble, A Munaz, NT Nguyen. Liquid marbles as bioreactors for the 

study of three-dimensional cell interactions. Biomed Microdevices. 2017 Jun;19(2):31  
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4.1  Introduction 

 

Repairing injured tissues using cellular therapy is attractive. Recently, this approach has been 

increasingly adopted in clinical practice. Over the past two decades, cell-based therapy has 

been improved significantly, especially in the post-transplantation survival of cells in the host 

niche [1]. Despite the impressive potential, cell-based therapy still encounters several 

obstacles. The transplanted cells face several challenges to maintain its viability and 

functional physiology [2]. Eventually, the transplanted cells are subjected to death due to 

oxidative stress and inflammation. The functional properties of transplanted cells in the host 

environment could not be successfully addressed by in vivo assessment. Thus, novel 

approaches to mimic cell-cell interaction in a 3D cell culture model is urgently needed. This 

in vitro model is especially important to provide new insights into the effectiveness of cell-

based therapies for tissue repair. 

Bioassays enabling 3D cell cultures can be utilized to mimic the environment of recipient 

body or injury milieu. The investigation of the cellular physiology of transplants with respect 

to their ability to interact adhere and survive is especially helpful. Another important aspect of 

a 3D cell culture is modeling an in vivo environment for testing and developing suitable 

therapeutics. This approach requires a multipurpose 3D platform to produce a well-controlled 

microenvironment to meet various experimental conditions. Therefore the combination of 

various cell types and therapeutics in this platform is crucial. A major bottleneck of existing 

in vitro scaffold-based platforms  are the reproducibility [3]. Scaffold-free 3D platforms have 

been used, mainly because they are readily available, flexible to generate and reproducible 

[4]. Thus, the scaffold-free approach is more suitable to promote intracellular interaction and 

assembly of cells [5]. A scaffold-free 3D platform allows for optimal cell-cell interactions 

and the formation of heterogeneous 3D cell structures.  

Recognizing these needs, we aim to establish a simple and robust lab-in-a-droplet method to 

allow for the study of cell-cell interactions. Recently, we have demonstrated a reliable 

method for 3D cell culture using a floating liquid marble [6]. A liquid marble (LM) is a liquid 

droplet coated with hydrophobic particles [7]. A liquid marble can serve as a suitable 

platform as a scaffold-free approach for cell compartmentalization and growing in 3D 

environments [8], and requires only a small quantity of liquid.  LM functions as a distinct 

micro-bioreactor for 
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3D cell culture. The hydrophobic coating is non-adhesive, thus providing a confined 

microenvironment to maximize cell-cell interactions. These interactions can promote the self-

assembly or aggregation of cells. Therefore, the effect of a drug, therapeutics or of a 

particular environment mimicking in-vivo niche over cellular interactions or behavior can be 

analyzed. As mentioned above, we have previously developed a new platform by floating the 

LM on a carrier liquid to generate spheroids of olfactory ensheathing cells (OECs) with a 

high yield [6]. Additionally, we have also grown different glial cell types with OECs to 

understand the complex cell interactions [6]. Several physical properties of a floating LM 

have been reported and ultimately proved to be supportive of cell interaction. Upon floating, 

the buoyancy and surface tension create an internal flow within the marble [9]. The floating 

LM behaves as a Leidenfrost drop [10] and can easily move on the liquid surface. During 

floating, the marble is not in direct contact with the liquid surface [11]. The movement and 

internal flow minimize sedimentation due to gravity. As a result, a floating LM enhances 

random cell distribution and association. Floating LM can move by self-propelling effect 

[12]. Furthermore,  LM is scalable with magnetic actuation as a digital microfluidic platform 

[13]. In the context of cell imaging, a floating LM is accessible for real-time analysis or time-

lapse microscopy. However, it should be highlighted that floating LM is only suitable for 

imaging cells labeled with florescent or fluorescent protein expressing cells. 

In this study, we aim to explore the behavior of olfactory ensheathing cells (OECs) in a 3D in 

vitro model, which resembles in vivo spinal cord injury (SCI) features. Transplantation of 

OECs as a repair strategy has shown significant neurological improvement in SCI patient 

[14]. OECs exhibit axonal growth promoting properties and display neuronal survival and 

axonal extension [15]. However, this therapeutic effect is still limited due to the insulating 

features of the post-injury site. After SCI, the post-injury site often becomes hostile for cell 

growth. The main cause is the abundant axonal debris, originating from dead or damaged 

neurons. At the same time, fibroblast cells invade into this hostile environment and cooperate 

with the astrocytes to create tissue scarring [16]. The scar tissue impedes the function of 

transplanted OECs [17]. OECs post-implantation appears to clear the abundant cell debris 

and provides a permissive substrate for axonal regeneration [18]. Despite this advantage, the 

interaction of OECs with meningeal fibroblast is still unclear. Moreover, there are almost no 

reports on the prevalence of fibroblast in the presence of cell debris.  
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Here, we aim to employ floating LM as a platform to create a simple 3D hostile environment 

to study OECs interactions in 3D configuration with nerve debris and meningeal fibroblast. 

Besides facilitating spheroid growth, LM also serves as a digital microfluidic platform with 

the ability to mix solutes and cells. This microfluidic function is achieved by merging two 

LMs with distinct cellular and biochemical contents. Previously, the coalescence between 

two LMs was achieved with external mechanical force [19], or electrostatic force [20]. In this 

study, we triggered the coalescence with collision and impact. Coalesce occurred after the 

momentum is transferred from a falling LM towards another stationary LM. For the first 

time, we demonstrate the coalescence of LMs for studying cell-cell interactions between 

OECs, meningeal fibroblast and nerve debris. The insights into cell-cell interaction will 

potentially allow for the significant enhancement of the therapeutic benefit of OEC 

implantation. 

 

4.2  Material and methods 

4.2.1 Cell cultures  

 

We used green fluorescent protein (GFP) expressing immortalized mouse OECs which were 

previously generated [21, 22]. Cells were cultured in DMEM/F12 (Life Technologies) 

supplemented with 10% FBS (vol/vol), 2μM forskolin (Sigma), 20μg ml−1 pituitary extract 

(Gibco), 10ng ml−1 FGF-2 (PeproTech), 10ng ml−1 EGF (PeproTech) and 0.5% (vol/vol) 

gentamicin (Life Technologies). We used DMEM (Gibco) with 10% FBS as the standard 

medium for routine culture of meningeal fibroblast cells. After cell growth was sub-confluent 

in the T25, they were washed twice with HBSS (Life Technologies) and detached with 

TrypLE Express (Life Technologies) for 5min at 37 °C. The enzymatic reaction was stopped 

by adding 2mL 10% FBS media followed by centrifugation at 1000 rpm for 5min. The 

culture medium was changed every 2 days. The both cell types were grown in a humidified 

atmosphere with 5% CO2 in the air at 37 °C. 
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4.2.2  Preparation of cellular debris 

 

Cellular debris was generated by dissecting out the nerve fiber layer of the olfactory bulb and 

the olfactory mucosa lining of the nasal septum from olfactory marker protein (OMP)-

ZsGreen mice [23]. The dissected tissue was prepared by partially digesting it in TrypLE 

Express (Life Technologies) for 15 minutes and followed by triturated using a syringe with a 

181/2 gauge needle. The reaction was stopped by addition of fetal bovine serum (Bovogen) 

and sieved through 40 µm nylon mesh (Falcon™ Cell Strainers). The cellular debris was then 

centrifuged at 10,000 rpm for 10 min and the pellet was weighed and suspended in 1 mL of 

media to determine the concentration weight/volume and stored at −20 °C until used. 

 

4.2.3  Assessment of the effect of cellular debris on the viability of OECs 

 

OECs were seeded at a density of 3×103 cells/100 µL in each well of a 96-well plate (Nunc 

TM). After 24 h incubation at 37 ºC in a humidified incubator under 5% CO2, the cells were 

treated with cellular debris for 24 h. The stock of cellular debris was then diluted with fresh 

medium in a series of concentration ranging between (0.0097- 10 mg/mL). The viability of 

the OECs was tested by adding 20 µL MTS solution into each well containing 100 µL media 

and then incubated at 37 °C for 2 hours in darkness. Absorbance was measured using a 

microplate reader at 490 nm. Cells grown without debris was served as the comparison 

control group and resulted in 100% cell viability. Wells with the medium, but without cells 

provided the background reading. Cell viability was determined as a percentage of the control 

group cells without debris.  

4.2.4  Generation of floating liquid marble for spheroid culture 

 

Liquid marbles were created by dropping a droplet containing 5×103 cells onto 

polytetrafluoroethylene (PTFE) (Sigma-Aldrich, product number 430935) powder bed with 

particle sizes of 1μm inside a 6-well plate. For co-culture spheroids, OECs at a density of 

5×103 cells/mL were suspended with nerve debris at a density of 1mg/mL. A 10-µL droplet 

was subsequently dispensed on the powder bed, followed by gentle shaking in a circular 

motion for 3 minutes. The droplet was entirely encapsulated by the hydrophobic particles 

resulting in LM. For floating, the LM was picked by using a p1000 pipette that was modified 

by trimming the tip edge to the approximate diameter of the LM. This allows sucking the LM 
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inside the tip and grip by friction fit. The LM was dispensed onto 96 well plates out from the 

tip by pressure displacement.  The wells are filled with the liquid medium by slowly pipetting 

100 µL media on the wall of the wells. This ensures the liquid medium flows underneath the 

LM and gently carries it. It is critical to avoid direct exposure of the medium to the LM 

because wetting can break the LM. For incubation, the 96-well plate containing floating-

liquid marble gently into the incubator in incubation condition at 5% CO2 in air at 37°C for 

24 h. To examine the cell growth and spheroid formation, the content of the LM was 

exanimated and imaged by during incubation by using an optical–fluorescent microscope 

(Olympus IX70). Then by puncturing with a needle we broke the floating LMs. The marble 

collapses and deposits its content on the bottom of the wells ready for the examination of the 

morphology and the dimension of the spheroids.  Microscopic examination was carried after 

spheroids were settled in the wells. The spheroids can be collected by multiple wells by 

centrifugation for 5 minutes at 1000 rpm. 

4.2.5  Spheroid migration assay  

 

The spheroids were collected and transferred to a 15 ml tube containing fresh media. The 

spheroids were suspended at the density of 10 spheroids per mL. Then, 100 µL of the 

suspension was seeded onto a flat bottom of 96 well plates. We expect to obtain a single 

spheroid in each well. The plate was incubated under standard cell culture conditions for 24 

hours to evaluate the migration capacity and then imaged with a fluorescence microscope 

(Olympus IX70) and imaging software (SPOT). The migration of the spheroid was measured 

by subtraction of the spheroid radius at t= 0 from the farthest distance of migrated cells. 

 

4.2.6  Spheroid fusion 

 

Spheroid fusion was carried out by using a polydimethylsiloxane (PDMS) microfluidic 

device which was designed with microchannel arrays to trap spheroids and at the same time 

serve as a culture chamber [24].  Spheroids with an average diameters ranging between 80 

and 120 µm were harvested from a number of liquid marbles (between 10-15). We estimate 

that each LM containing 15-25 spheroids. A clean stock of spheroid without debris and 

powder particles was obtained by centrifugation 500 rpm for 5 minutes. Slow centrifugation 

is critical to avoid damages to the spheroid structure. Before injecting the spheroids, we wash 

the device by flushing the chamber with DI water. Then, approximately 100 spheroids in 
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30µL volume were injected into the inlet of the device.  The spheroid injection was carried 

out using a 10-µL pipette. After injection, the device was immediately placed vertically to 

ensure deposition of spheroids on the filtering microchannel array by gravitation force. After 

trapping the spheroids, the device was placed under cell culture condition and supplied with 

fresh media every 4h through an integrated inlet reservoir, which directly connects the 

microchannel arrays. Images were taken every 6 hours using the fluorescent microscope to 

evaluate the fusion process.   

4.2.7  Coalescence of liquid marble 

 

For the first time, we attempted to demonstrate coalescence of LMs for studying cell-cell 

interactions. Before encapsulating the cells inside a LM, we simulated the coalescence of two 

LMs to prove the concept. A finite element analysis (FEA) model in COMSOL Multiphysics 

5.2 was used (Fig. 4.1). The LMs are modeled as liquid droplets with the same apparent 

surface tension of the real liquid marbles. The simulation shows that coalescence of the LMs 

by gravity can occur within seconds. 
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Figure 4.2 schematically depicts the experimental setup for the LM. The LM was dispensed 

using a 1000-μL pipette, Fig. 4.2 A. We cut the edge of the 1000-μL pipette tips with 

approximately the same diameter of the LM, Fig. 4.2 B. The tip will accommodate the LM 

after sucking it up. The tip creates a press fit to hold the LM in place. To coalesce, the LM 

was dispensed to impact on another sessile LM, Fig. 4.2 C. This process requires accurate 

positioning of the pipette. We assumed that the dropping was due to gravitational 

acceleration, and the pipetting force was negligible. The kinetic energy overcomes the surface 

tension and causes coalescence, Fig. 4.2 D. If the impact is not strong enough, the LM 

bounces after contact or deform into a non-spherical shape. After the coalescence, the merged 

LM is picked by pipetting and subsequently mixing the fluid content by rolling them 

vertically inside the tip with low suspension force, Fig. 4.2 E. Finally, the merged LMs were 

 

 
 

Figure 4.1 Representative coalescence processes of two liquid marbles: The 

results for change in the surface volumetric fraction of LM 1 and LM 2 over time 

(Inset: Initial conditions for FEA model and change in the surface volumetric 

fraction of LMs over time). 
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transferred onto the  96 well plate and floated by dispensing liquid medium as described in 

Section 2.3, Fig. 4.2 F. 

  

 

 

 

 

 

 

 

 

 
 

 

Figure 4. 2 Step-by-step illustrations of the coalescence process: (A) First LM 

(Yellow); (B) The first marble is picked by a 1000µL pipette (white arrow 

indicates the cut p1000 pipette); (C) The first LM (yellow) is dropped onto the 

second marble (green); (D) The merged LM (gray); (E) The merged LM is picked 

up and transferred to a liquid surface; (C) The floating merged LM. The scale bar 

is 1000 μm. 
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4.3  Results and discussion  

4.3.1  Effect of cellular debris on OECs viability 

 

OECs were incubated with different concentrations of axonal debris (0.0097- 10 mg/mL) for 

24 hours to determine the survivability of OEC in the presence of nerve debris.  The purpose 

of this experiment is the determination of the amount of nerve debris that can potentially 

exert cytotoxicity to the OECs. No significant changes in the percentage of cell viability were 

observed at low concentrations (0.0097 to 2.5 mg/mL). Debris at higher concentrations 

between 5 to 10 mg significantly reduced cell viability (p < 0.001), Fig. 4.3. We estimated 

that 1mg /mL is the optimal concentration for the following experiment.  

 

 

 

Figure 4.3 Effect of nerve debris on OECs viability: No significant reduction in cell 

viability was observed when debris was added at low concentrations. However, debris 

at a higher concentration (5 to 10 mg/ml) significantly decreases OECs cell viability.  

Values are the expressed as the mean ± s.e.m of three independent experiments. 

Statistical analysis  of unpaired student`s t-test (*p < 0.001).  
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4.3.2  Interaction of nerve debris with OECs 

 

The interaction between OECs and nerve debris inside liquid marbles was subsequently 

investigated. We tested the interaction at different intervals. A floating LM allows cells to 

freely interact with debris to form cell aggregates containing debris. Further, LM permits 

visualization at different time points. We created LMs with the 10-µL droplet containing cells 

at a concentration of 5×103 cells/µL and nerve debris at a concentration of 1mg/mL. 

Fluorescent microscopy was used to view the interaction between cells and nerve debris 

which showed OECs came into contact with debris to form aggregates. An increase of 

aggregation was seen from 6 h to 24 h inside the LM (Fig. 4.4 A-D) and aggregates from 

broken LM, Fig.4.4 E-H. The cellular aggregates changed shape to the spheroidal structure at 

24h.  

 

 

 

Figure 4.4 The interaction of OECs with nerve debris between 6 h to 24: (A-D) 

Merged bright -field and fluorescent microscopic images show the interaction of 

OECs with nerve debris spheroids inside the liquid marble. (E-H) The fluorescent 

images of broken LM indicate that OECs interact with nerve debris and form 

spheroids. At 6 h, loose dispersion debris and cells are observed (A and E). After 12 h, 

cells aggregate with debris (B and F). The formation of spheroids like can be observed 

at 18h (C and G) and complete spheroid morphology was seen at 24h (D and H). 

Scale bar in (A–D) and (E–H) are 500 μm and  200 μm, respectively. 
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Figure 4.5 indicates that compared to culture condition without debris (Fig. 4.5A) LM with 

nerve debris produces larger multiple co-cultured spheroids Fig. 4.5D. We next assessed the 

number and dimension of the spheroids by breaking the LM. We examined its content after 

spheroids settled on the bottom of the 96 well plates. We observed that co-cultured spheroids 

formed in LM containing debris are larger, but less abundant compared to the condition 

without debris, Fig. 4.5B and 4.5E. For detailed examination of the spheroid composition, we 

compared the appearance of the debris by 20× magnification. The debris inside the co-

cultured spheroid appears as tiny dots (Fig. 4.5F) and is easily distinguishable when 

compared with normal spheroids, Fig. 4.5C. The source of the debris is from ZS green 

fluorescent  expressing olfactory neurons [25].  It was reported that the ZsGreen protein is 

expressed better than GFP protein in yeast cells [26] and mammalian cell lines [27]. Thus, the 

fluorescence intensity of ZsGreen protein is brighter compared to GFP. It is not clear whether 

the aggregates are composed of ingested debris after OECs phagocytes team, or the debris is 

trapped within cells. However, the composition of debris inside the OECs cytoplasm was 

noticed in 2D assays (Data not shown). One-way ANOVA indicated in the presence of 

debris, cells aggregate to form significantly larger spheroids. The spheroid size ranges 

between 91–120μm (Fig. 4.6 , p< 0.05). Recently, Su et al. (2014) demonstrated that the 

nerve debris was initially surrounded by OECs before exerting phagocytotic ability in vitro 

[28]. This observation indicates that OECs could be activated in the presence of nerve debris. 

Thus, OECs potentially accumulate and aggregate within the circulating nerve debris inside 

the LM. The cell aggregation gradually increases the cell density and markedly forms 

spheroid with larger sizes. 
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Figure 4.5 The effect of nerve debris on OECs aggregation: Spheroid formation 

inside the marbles without debris (A) and marble with debris (D) at the seeding 

densities of 5×103 cells/mL. The floating marbles were broken and spheroids are 

allowed to settle to the bottom of the well; panels show spheroids from a single 

broken marble with debris (B) and without debris (D). The morphology of single 

spheroid was imaged at 20× magnification. (C) The representative of a single spheroid 

with debris and (F) shows brighter green dots of debris, which express ZS green 

protein. Scale bar in (A and D), (B and E) and (C and F) are 500 μm, 200 μm and 

100 μm, respectively. 
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Figure 4.6 Quantification of spheroid size: The total number of spheroids and the 

number of spheroids within the indicated diameter ranges in condition without debris 

(red) and in the presence of debris (green). The co-cultured of OECs and debris 

produces significantly larger spheroids. The distribution of spheroids size indicates 

more spheroids in the diameter range 90-151 μm compared to control. (*** p < 

0.001). However, a significantly less number of co-cultured spheroids are formed 

when compared with control. (### p < 0.001). Data were analyzed using one-way 

ANOVA followed by post hoc Bonferroni’s test. All experiments were repeated three 

times. Bars represent the mean; error bars represent the standard error of the mean. 
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4.3.3  Spheroid spreading 

 

Our next question is whether cells within a spheroid consist of debris are viable and feature 

both motility and dissemination. It is well established that healthy cells migrate out of spheres 

with a higher migration rate. Thus, we used the migration test to characterize the functional 

behavior of OECs in contact with debris. To assess the migration of cells out of a spheroid, 

we harvested the spheroids by breaking the LM, selected and seeded spheroids with 

diameters between 90–120μm at t=0 h in a 96-well plate. The OECs migrated out of the 

spheroids onto the surrounding surface. The spheroid spreading parameters are clearly 

visible. The changes in the OECs spreading area are illustrated in the respective fluorescent 

images, Fig. 4.7 A and 4.7 B. The ANOVA showed that there was significantly less 

migration (p< 0.001) of OECs from spheroids consist of debris. In contrast, OECs from 

spheroids without debris migrating out over an area 2–3 times larger, Fig. 4.7 C.   

 

 

 

 

Figure 4.7 Migration of cells out of spheroids grown with nerve debris: Co-

spheroids with OECs and nerve debris were removed from marbles and plated and 

cultured for 24h. Cells migrated further from spheroids grown without debris (A) than 

with debris (B) at the same cell-seeding densities. The scale bar is 100 μm. (C) Cells 

from spheroids grown without debris migrated significantly further than cells from 

spheroids containing debris (**p< 0.01; n= 30 spheroids). Data were analyzed using 

Student's t-test. Bars represent the mean; error bars represent the standard error of the 

mean. 
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4.3.4  Spheroid fusion 

 

Tissue fusion plays a central role in regeneration and repair. Moreover, it is critical to 

accelerating the cohesiveness of cellular aggregates to fuse and form larger functional 

structure. The viability and function of multicellular tissue with debris are critical for the 

fusion process. Thus, we sought to understand whether spheroid/debris complex initiates 

fusion upon contact. Two sets of spheroid conditions were generated: OECs spheroid with 

debris and without debris. To investigate the fusion of multicellular spheroids we developed a 

microfluidic chamber to trap the spheroids [24]. When the suspension of spheroids 

(approximately n=100) was injected into the device, spheroids disperse and captured onto the 

trap. Only 50% of the spheroids tend to settle in a linear array of two or more to establish a 

connection as clusters of spheroids along the trap. For measuring the fusion process, we 

select clusters of spheroid that lined up closely. Images of optical fluorescence microscopy 

were used to illustrate the morphological changes during the fusion process. Images were 

captured every 6 hours over a time period of 12 hours. Figure 4.8A and 4.8D depict the 

placement of trapped spheroids inside the chamber after 1 hour. In general, tissue spheroids 

without debris were more cohesive. The spheroids without debris form a better connection 

and initiate a fusion mechanism. As the fusion process begins, the area of aggregates 

decreases and gradually forms a tissue consist of compact spheroids after 6 hours, Fig 4.8 B. 

The length of the fused spheroids further decreased and formed a non-spheroidal like tissue at 

12 hours, Fig 4.8 C. In contrast, we observed that spheroid with debris possesses weaker 

connection after 1 hour, Fig. 4.8 D. The fusion rate was slower and nercosis of cells 

commenced at the outer layer between 6 to 12 hours, Fig. 4.8 E-F. The change of 

morphogenetic shape during fusion is dependent on the abundance of viable cells  in the outer 

layer of the spheroids. The active contact of viable cells may accelerate the migration of cells 

within the spheroids and enhances cell adherence. Subsequent cell-cell and cell-matrix 

interaction occurs and contributes to tissue contraction. In general, OECs mediates 

phagocytic clearance of apoptotic cells and cellular debris [18, 28]. However, it is unknown 

whether OECs sustains cell viability and preserves the cellular function after phagocytosis 

process.    
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Figure 4.8 Effect of nerve debris on spheroids fusion inside the microfluidic 

chamber: The spheroid fusion mechanism was assessed from images taken at an 

interval of 6. Spheroids grown without debris form contact in the microfluidic trap 

device at 1 hour (A) and fusion were seen after 6 hours (B). After 12 hours, individual 

spheroids were no longer identified, and tissue-like structures were observed (C). In 

contrast, spheroid with debris showed imperfect contact at 1 hour (D). After 6 hours, 

necrotic-like morphology was seen in the outer region of spheroids and exhibit limited 

fusion. (E). Necrosis accelerate after 12 hours and tissue size decreases (F). The white 

arrows indicate the necrotic regions. The scale bar is 200 μm 
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4.3.5  Coalescence of liquid marble to study cell interaction 

 

Next, we demonstrated the coalescence of LMs for studying cell-cell interactions. In the 

experiment, we generated the first LM encapsulated with meningeal fibroblast and nerve 

debris to serve as the hostile post-injury site. We then floated and incubated the first LM for 

24 hours to produce spheroids of fibroblast/debris complex. The nerve debris was seen 

associated with the outer layer of a fibroblast spheroid, Fig. 4.9D. Then, the first LM 

coalesced with a second LM carrying GFP-expressing OECs in suspension to serve as the 

transplanted therapeutic cells. After the coalescence, the merged LM served as a 3D post-

transplantation model. Over 24 hours of incubation, OECs eventually interact with 

fibroblast/debris spheroid and fused to form a single aggregate. We found that OECs exhibit 

invasion-like behavior and became concentrated in the center of the aggregate, Fig. 4.9E. In 

contrast, in the absence of debris, fibroblast spheroids fused to form larger aggregates. OECs 

encapsulated of the aggregates, Fig 4.9B. We then placed the aggregates on a flat surface to 

investigate the cell spreading behavior. In the absence of nerve debris, noticeably both OECs 

and fibroblast possess the migration capacity, Fig. 4.9C. Interestingly, with nerve debris 

OECs remain in its position, and only fibroblasts migrated out, Fig. 4.9F.  
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Figure 4.9 Interaction of meningeal fibroblast with OECs and cell debris: (A) 

Spheroids of meningeal fibroblast; (B) Co-culture of OECs (green) and fibroblast. 

OECs promotes fusion of meningeal fibroblast spheroids and became localized to the 

exterior of the fused spheroids and did not form a heterogeneous cell population; (C) 

Meningeal fibroblast and OECs migrate out of their co-cultured spheroid; (D) Nerve 

debris layered at the outer surrounding of meningeal fibroblast spheroid (white 

arrow); (E) OECs promote fusion of fibroblast/debris complex and exhibit invasion 

like behavior with debris; (F) The fibroblast migrated out of (fibroblast/debris 

complex + OECs) but not OECs. OECs remain localized in the interior core of the 

spheroid.  The scale bar is 100 μm. 
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4.4  Conclusion 

 

This paper presents a new method for recapitulating the behavior of transplanted cells in a 

host tissue. We simulated the hostile environment of the injury by encapsulating nerve debris 

with OECs inside the LM. The simplicity and reproducibility of LMs fulfil the requirement of 

a bioassay for studying the interaction between OECs and nerve debris. The ability to 

manipulate the coalescence of two liquid marbles as compartmentalized bioassays with a 

small volume has many practical applications in biotherapeutics development. This paper 

demonstrates the complete models of injury sites and post-transplantation site to gain 

preliminary understanding on the ability of OECs to interact with nerve debris and meningeal 

fibroblast. Clearly, LM is a paradigm-shifting and versatile tool for studying 3D in vitro 

post-injury models. The method can use to distinguish the differences in the behavior 

between distinct cell types or interaction of cells with other substances. The presented method 

minimizes animal models for evaluating the efficiency of cell-based therapy. Furthermore, 

the LMs and the coalescence method reported here potentially can serve a platform 

technology to expedite the interaction of cells and biomaterial for testing biocompatibility. 

The present study, of course, still has some limitations. The experiments are based on 

microscopic observations and are not associated with investigations at a molecular level. 

However, we have provided here the fundamental basis for the analysis of complex biological 

interactions, which can involve fluorescent labelled molecules or protein. Overall, LM 

reveals a promising milestone as a digital platform for large-scale drug screening at a higher 

throughput. The liquid marble platform would serve as a powerful tool to further expand the 

pipeline of therapeutic interventions. 
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Chapter 5: Evaporation and slow release effect in a liquid marble bioreactor with 

embedded hydrogel for cell spheroid culture 

 

 

 

Abstract 

Managing evaporation for cell-based microscale assays is critical for various applications. 

We have recently developed a floating liquid marble platform that allows cells to interact and 

develop into spheroids. The objective of the present work is to investigating the effect of 

evaporation and growth factor release in a liquid marble containing agarose gel. The role of 

the agarose in the evaporation of the liquid marble was determined by measuring water 

absorption inside the agarose gel and the behavior of the surface area of the marble over time. 

The data showed no clear trend in the change of volume of the agarose gel. We also found no 

obvious trend in the evaporation process of the liquid marble. Next, we tested whether the 

agarose gel can be utilized to release growth factor for three-dimensional (3D) cultures. The 

spherical agarose gel was loaded with epidermal growth factor (EGF) at various 

concentrations and placed within a suspension of olfactory ensheathing cells (OECs) in a 

liquid marble. After 24 hours, cells aggregate to form multiple spheroids and exhibit 

significant size variability, which indicates growth factor response. With the advantage of 

growth factor release, the platform can be scaled up for drug delivery studies in 3D cell 

culture without significant influence from evaporation. 
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5.1. Introduction 

 

The development of new microscale assays for culturing cells in a 3D format is in great 

demand. Among 3D tissue models, cell spheroids are the most popular as it could accurately 

mimic the native physiological condition [1]  The integration of a spheroid culture with 

microfluidic technology has recently shown improved reproducibility, suitablity for tissue 

construction [2, 3] and high throughput screening [4]. Spheroids are well suited for studying 

the therapeutic efficacy of drugs or growth factors that might occur in vivo. However, the 

small amount of liquid in a culture microenvironment suffers from evaporation over an 

extended period of time. We solve this bottle-neck problem with a liquid marble bioreactor. 

A liquid marble is a liquid droplet coated with hydrophobic powder. We used this platform to 

culture cell spheroids and to study the release of growth factor with minimal evaporation. 

 

Recently, many reports have demonstrated the use of liquid marble for culturing cell 

spheroids [5-7]. A liquid marble is produced by coating a small liquid droplet containing cells 

with polytetrafluoroethylene (PTFE) hydrophobic particle (nominal diameter of 1 µm).  The 

hydrophobic coating serves as an elastic shell with fine pores and allows for the exchange of 

gases. Moreover, the hydrophobic coating creates a non-wetting surface and prevents the 

physical contact between the liquid inside and the supporting liquid outside. Thus, nutrients 

cannot be exchanged through the pores. Furthermore, this hydrophobic coating also creates 

an air pocket between the PTFE particles and the liquid bath. Thus, the LM can float and 

exert Leidenfrost-like levitation driven motion, such as sliding and rolling movement across 

the liquid surface [8-12]. These features make liquid marbles ideal floating microbioreactors. 

When floating on the liquid bath, surface tension and buoyancy maintain the liquid flow 

within the marble and therefore minimizes the effect of the gravitation on cell sedimentation 

at the bottom of the LM. This unique feature is essential for promoting cell-cell interaction 

[13], which facilitates spheroid growth. 

 

In this paper, we investigate the release of growth factor and bioactivity of cells within a LM. 

Slow and sustaining release of drug is crucial for enhancing the repertoire of therapeutics and 

has proven to have an excellent effect on wound healing as well as tissue repair. Analyzing 

sustainable release of bioactive molecules in vivo can be complex. Moreover, the in vivo 

approach is not conducive to elucidate the relationship between diffusivity of the soluble 

factors and cellular physiology [14]. However, 3D tissue culture systems are desirable as they 
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simplify drug release study relevant to the native environment. To date, there are limited 

reports about 3D in vitro system for studying slow release of therapeutic with 3D culture in 

vitro. As such, we aim to achieve sustained release using spheroid-based 3D culture within a 

liquid marble. 

 

The efficacy of biomaterials is crucial for storage and release of soluble factors. Currently, a 

variety of biomaterials have been used for sustained drug release. One of them is the agarose 

hydrogel, a hydrophilic polysaccharide which serves as a simple porous material to retain 

water [15] The agarose hydrogel stores and sustains the release of soluble factors [16, 17]. 

Furthermore, agarose beads have been previously utilized for slow release of epidermal 

growth factor (EGF) [18]. We created a composite LM by embedding an agarose sphere 

loaded with EGF surrounded by a cell suspension. As a proof of concept, we examined the 

effect of EGF release on the formation of olfactory ensheathing cells (OECs) spheroids. The 

OEC has been accepted as a cell-based therapeutic and indicated a good prognosis in patients 

with spinal cord injury [19]. Targeting the EGF receptor has shown several advantages in 

treating nerve injuries[20, 21] and wound healing [22]. It is also evident that EGF serves as 

the survival factor of the precursor cells in the olfactory system [23, 24], Moreover, the 

survival and the ability of OECs to adhere to the injured milieu depends on the growth factor 

[25]. However, the role of EGF in regulating OECs function for neuroprotection has not been 

fully investigated.  

 

For this purpose, the physical properties and integrity of a liquid marble should be maintained 

for an extended period, preferably by limiting the its evaporation rate. The role of agarose in 

the evaporation process is not clear. Both, the evaporation of the liquid marble and the 

diffusion through agarose can adversely affect the concentrations of nutrients within the 

growth media. We evaluate the evaporation and swelling of agarose by measuring the 

volume change of the agarose and the liquid marble. In particular, we investigated the 

relationship between the evaporation rate and the concentration of the agarose gel, the 

volume of the agarose gel, and the volume of the surrounding liquid. We analyzed the shape 

of the liquid marble to measure the evaporation rate. The side view of the LM is captured 

with a camera and then processed using ImageJ (National Institutes of Health USA) with the 

Low-Bond Axisymmetric Drop Shape Analysis (LB-ADSA) plugin [8, 26]. Finally, we 
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demonstrate the effect of EGF response on spheroid size variability in a slow evaporating 

liquid marble. 

 

5.2 Methods 

 

5.2.1 Cell culture 

 

We used GFP-expressing immortalized mouse OECs. The cells were generated and reported 

previously by Velasquez et al.[27]. The cells were cultured in DMEM/F12 (Life 

Technologies) supplemented with 10% FBS (v/v), 2 μM forskolin (Sigma), 20 μg/mL 

pituitary extract (Gibco), 10 ng/mL FGF-2 (PeproTech), 10 ng/mL EGF (PeproTech) and 

0.5% (v/v) gentamicin (Life Technologies). The sub-confluent OECs in T25 were washed 

twice with Hanks' Balanced Salt Solution (HBSS) (Life Technologies) and detached with 

TrypLE Express (Life Technologies) for 5 minutes at 37°C. The enzymatic reaction was 

stopped by adding 2 mL 10% FBS media. The solution was subsequently centrifuged at 

1000 rpm for 5 minutes. Cells were cultured in a humidified atmosphere with 5% CO2 in air 

at 37°C.  

 

5.2.2 Preparation of low–melting point hydrogel. 

 

Low-melting point agarose powder (Invitrogen) and deionised (DI) water was used to prepare 

four agarose solutions of different concentration (2%, 1%, 0.5%, and 0.25%). To make 1% of 

agarose, we dissolved 0.01g agarose into a 10-mL falcon tube and dissolve the powder in 10 

mL of DI water. Then the solution was heated carefully to the boiling point using a 

microwave oven. The solution was stirred to facilitate complete dissolution while heated. The 

temperature of the solution was subsequently maintained at 40°C using a hot plate to avoid 

gelation. To load the growth factor, the desired concentration of EGF (10 to 50 ng/mL) was 

mixed with the agarose solution to make up a final concentration of 0.5%. The EGF was 

mixed with the medium and then added to the heated agarose at 40°C inside a 150μL 

Eppendorf tube to obtain the desired final concentration. The mixture was then loaded on the 

well plate containing hydrophobic powder to create an agarose sphere with growth factor. As 

agarose in the tube is susceptible to quick solidification, the entire process for creating 
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agarose sphere has to be carried out in less than 2 minutes. This procedure is critical as it also 

prevents thermal degradation of the growth factor. 

 

 

5.2.3 Preparation of liquid marble containing agarose gel and cells.  

 

The agarose sphere was produced by coating the surface of a droplet containing agarose 

solution with the hydrophobic particles. We used polytetrafluoroethylene (PTFE) powder 

with a nominal particle size of 1 μm (Sigma-Aldrich, product number 430935). The powder 

was deposited and distributed into  a 6 well plate to create an evenly layered powder bed. 

Then, a p100 micropipette was used to dispense a 10-µL 0.5 % low melting point agarose 

containing EGF on this hydrophobic powder bed, Fig. 5.1 A-B. Subsequently, the droplet was 

gently rolled by shaking the plate in a circular motion for 1 minute to form a spherical 

agarose marble. The agarose marble was kept inside the plate for 2 minutes to complete the 

gelation process, Fig. 5.1C. To encapsulate the agarose gel with cells, a 10µL droplet 

containing 5x103 cells was injected to collide with the top of the agarose gel, Fig. 5.1D. The 

collision creates a compound droplet on the powder bed. Initially, hydrophobic particles on 

the agarose hydrogel were stable at the liquid/air interface. Once the contact between the 

liquid and the hydrogel was made by the collision, particles migrate toward the outer 

liquid/air interface. The compound droplet was then rolled on the powder bed to create a 

composite liquid marble containing the agarose gel, Fig. 5.1E. The liquid marble was then 

dispensed into a 96 well plate and subsequently floated by carefully adding 100 μL of media 

into the well, underneath the marble, Fig. 5.1 G-I. After incubation for 24 hours at 37°C, the 

cell aggregated and formed spheroids, Fig. 5.1J.  The spheroids were then harvested by 

puncturing the marble with a needle, allowing the content to settle at the bottom of the 

well,(Fig.5.1 K-L). The spheroids were examined and characterized using fluorescent 

microscopy. 
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Figure 5.1 Preparation of a floating liquid marble containing agarose for EGF release : 

(A) An agarose gel was prepared by loaded EGF; (B) A predetermined volume of agarose 

containing EGF was dropped onto the polytetrafluoroethylene (PTFE) powder in 6-well 

plates; (C) The droplet was coated with PTFE by rolling it around on the powder bed; (D) 

After the gelation, a droplet of predetermined number of cells was injected to collide with 

the top of the agarose gel and then rolled on a powder bed; (E) A compound liquid marble 

consists of cells and agarose gel is formed; (F-G) The liquid marble is picked up and 

transferred using a pipette tip inside a 96 well plate; (H-I) The liquid marble is floated by 

carefully dispensing media against the wall of the well; (J) Spheroids are formed inside the 

compound liquid marble after incubation; (K) A needle is used to puncture the LM to 

release the spheroids; (L) The spheroids sink to the bottom of the well, ready for further 

examination. 
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5.2.4 Gravimetric measurement of the liquid marble.  

 

For gravimetric measurement, the liquid marble was placed on an electronic balance and the 

changes in mass were measured at a fixed time interval of 180 seconds. All measurements 

were conducted in an air-conditioned laboratory environment and at a temperature of 293.5 ± 

0.5 K, 1 atm pressure, and a relative humidity of 57.3 ± 3%. The auto zero feature was 

disabled to reduce the error caused by the temporal drift, which could arise from small mass 

measurements. Calibration procedure was carried out before each experiment. Theside view 

of the evaporating liquid marble was recorded using a camera (EO-5012C 1/2 in. CMOS 

color USB camera with 1.0× telecentric lens). The camera was mounted horizontally on a 

motorized linear stage (Zaber Technologies T-LS28M) to adjust the focus. 

 

5.2.5 Characterization of the evaporation of agarose gel.  

 

Figures 5.1 (A-D) describe the preparation of the agarose gel. The gel sphere was placed on 

the weighing pan of the electronic balance. The side view was recorded and its diameter was 

measured. The agarose gel was then placed within a marble with a liquid volume of 10 μl and 

an agarose gel volume of 5 μl for three minutes. A needle was used to puncture the liquid 

marble to isolate the agarose gel. The agarose gel was then carefully dragged out of the 

hydrophobic broken shell using a pipette tip. As PTFE particle forms cluster and stick on the 

agarose surface. A small volume of water was dropped on top of the agarose to wash these 

particles. The procedure was carried out quickly to ensure that water does not absorb into the 

agarose gel. Subsequently, the excess water on agarose gel was eliminated by using the lab 

wipes. The gel was then weighed and measured as mentioned above. Each process was 

repeated ten times. The entire experiment was triplicated for each agarose concentration. The 

volume of absorbed water aV  was calculated from the weight measurement. The volume of 

the agarose gel was calculated using its diameter and assuming the gel to be a perfect sphere. 

This method was chosen because the agarose gel volume used in this case is small and the gel 

tends to adopt a spherical shape.  
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5.3 Result and discussion  

 

5.3.1 Assessment of evaporation in a liquid marble.  

 

Compared to a liquid droplet, the hydrophobic powder coating of a liquid marble serves as a 

barrier to reduce evaporation. However, a stable sessile liquid marble placed on a solid 

surface still undergoes rapid evaporation. Water molecules diffuse through the PTFE 

microparticles at the water–air interface. A  liquid marble can only maintain its spherical 

shape for 26–60 minutes [28]. A number of studies have been conducted to characterize the 

evaporation process of a sessile liquid droplet [29-33]. The most popular method of 

describing the evaporation process is the measurement of the contact radius and contact angle 

of the liquid marble. However, the fuzzy marble coating presents a problem as it prevents the 

precise measurement of the contact angle and the contact radius. Moreover, the presence of 

the coating changes these parameters unpredictably. Gravimetric and volumetric 

measurements yielded better results with regard to the evaporation process. Bhosale and 

Panchagnula showed that the evaporation process of a sessile LM obeys the well-known “d-

square” law, where the square of the diameter decreases linearly with time [34].  

 

To verify the applicability of the “d-square” law, we discuss the assumptions of this law with 

regards to our case. Firstly, the law requires a spherical droplet without convection. The 

liquid marbles used in our study have small Bond numbers, the relative ratio between weight 

and surface tension, (Bo < 1). Therefore, the sessile liquid marble adopts a spherical shape. 

Since the liquid marble is non-wetting, the macroscopic contact angles are generally very 

large (more than 160o), which makes the liquid marble even more spherical. Secondly, an 

evaporating liquid marble is assumed to be axisymmetric. The axisymmetric assumption 

breaks down when the top of the liquid marble starts to collapse. Therefore, we exclude all 

post-collapse data in our analysis. The evaporation of the liquid marble occurred within a 

chamber with negligible convection effects. All of our experiments were conducted in a lab 

with a controlled environment. Lastly, we investigated the role of the agarose gel in the 

evaporation process. The agarose gel absorbs water from its surroundings and expands when 

immersed in water. Since the agarose gel is fully contained within the liquid marble, this 

absorption process will not change the total mass of the liquid marble. In terms of volume, 
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the rate of change of the liquid marble volume can be expressed as a sum of the rate of 

change of its components. This conservation of volume is expressed as: 

VVVVVV ewgeLM
  ,         (1) 

where 

LMV  is the rate of volume change of the LM as a whole (including the agarose gel); 

eV  is the rate of water loss as a result of the evaporation process at the LM surface; 

gV is the rate of expansion of the agarose gel; and 

wV  is the rate of water loss as a result of absorption of the agarose gel. 

The negative sign indicates a decreasing water volume as it is being absorbed. Note that the 

volume discrepancy term V represents the effect of the volume change caused by the 

presence of the agarose gel. Also note that the sign of LMV depends on the sum of its 

components.  

 

If the volume discrepancy term is very small, i.e., eVV   , it is safe to assume that the 

agarose gel plays no role in the evaporation process of the liquid marble. Otherwise, the 

absorption process of the agarose needs to be investigated and taken into account as well. The 

volume discrepancy of the agarose gel can be expressed in experimentally measurable 

parameters, such that:  

/mVVVV gwg
  ,         (2) 

where m is the rate of mass of the water absorbed into the agarose gel and ρ is the density of 

water, at 1 g/cm3. 
gV  is measured visually using the side view of the agarose gel alone, 

whereas m  is measured by weighing the agarose at specific time intervals.  

 

If the evaporating liquid marble containing agarose gel obeys the “d-square” law, we expect 

that: 

 

 
k

dt

dS

dt

rd


24
,          (3) 

where r is the instantaneous radius of the undeformed spherical liquid marble, S is the 

instantaneous surface area of the evaporating liquid marble, excluding the area of the  base Sb 

of the liquid marble; and k is the so-called evaporation constant. The area of the LM base is 

neglected in the evaporation process as it is much smaller than the surface area exposed to air 
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(Sb << S), and the concentration gradient of water there is practically zero. The surface area is 

approximated using ImageJ using the same surface profile optimization mentioned in the 

introduction.   

 

 

5.3.2 Role of the agarose gel in evaporation.  

 

To study the role of the agarose gel, we determine the rate of volume change of the gel and 

the water that is supposedly absorbed, Fig. 5.2 A. These quantities are compared to the rate of 

volume change of the liquid marble containing the gel, Equation (2). First, all the rates of 

volume change (liquid marble LMV , agarose gel 
gV , and absorbed water wV ) were 

approximated to be constant over time. The data show that the approximation works very 

well for the rate of volume change of the liquid marble, LMV with a coefficient of 

determination of R2 > 0.95. The other two rates of volume change have larger errors owing to 

an unstable trend. Since only the rates of change are of interest, the gradient of the volume 

versus time graphs are listed in Table 5.1. 

 

Table 5.1 shows the rates of volume change for the liquid marble, agarose gel, and absorbed 

water. All values are in μL/min. Note that positive value for
gV  and LMV  indicate loss of 

volume, whereas positive values for wV indicating water being rejected by the agarose gel into 

the surrounding liquid. Positive values for V mean that there is a net loss of volume due to 

the presence of the agarose gel. Table 5.1 indicates that the magnitude of V being about one 

order smaller than that of LMV . Therefore, we assume that the presence of the agarose gel 

does not contribute significantly to the overall evaporation process of the LM, i.e.

eLM VVV    . 
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Agarose 

concentration 

(%) LMV  gV  
wV  V  

 

Average values 

0.25 0.152 0.035 0.008 0.027 

0.5 0.134 0.008 -0.004 0.012 

1 0.132 0.034 0.040 -0.006 

2 0.120 0.019 0.000 0.019 

     

 

Standard errors 

0.25 0.006 0.040 0.027 0.039 

0.5 0.004 0.052 0.041 0.054 

1 0.006 0.038 0.025 0.037 

2 0.010 0.057 0.000 0.033 

 

 

Table 5.1 Rates of volume change for the liquid marble, agarose gel, and absorbed 

water.  All values are in μL/min. Note that a positive value for
gV  and LMV  indicating loss of 

volume, whereas positive values for wV indicating water being rejected by the agarose gel into 

the surrounding liquid. 
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Figure 5.2B illustrates the net effect of the presence of the agarose gel which dwells quite 

close to zero. These large errors are most likely caused by the small agarose volume, as well 

as the volume of water that might be absorbed or rejected. 
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Table 5.2 The rate of volume changes versus the agarose gel concentration: The blue circles 

represent the rate of volume change of the entire LM, LMV whereas the red squares represent the 

volume discrepancy term, V  
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5.3.3 Evaporation of the liquid marble containing agarose gel. 

 

If the evaporation process of the liquid marble satisfies the “d-square” law, the surface area 

decreases linearly with time. Figure 5.3 shows an example of such linearity using three runs 

of the same parameters. The gradient of each run is extracted and the repeats are averaged to 

yield the so-called evaporation constant k.  
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Table 5.3 The surface area of evaporating liquid marble containing an agarose gel 

versus time : Different symbols and colors represent different runs with the same 

parameters. The liquid volume and agarose gel volume used to be 10 μl and 5 μl 

respectively. The agarose concentration used was 0.5%. Inset photos illustrate the effect 

of evaporation on the shape of the liquid marble from the dataset of green trianges. 
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The evaporation constant is plotted against the various parameters of the experiments, namely 

the concentration and volume of the agarose gel, as well as the volume of the liquid within 

the liquid marble. Figure 5.4 shows the relationship between the evaporation constant and 

these parameters. The evaporation constant shows no obvious trend. 

 

Table 5. 4 The evaporation constant versus the agarose concentration, agarose 

volume, and liquid volume: Evaporation constant versus the agarose 

concentration, agarose volume, and liquid volume. (A) The agarose volume was 

fixed at 5 μl whereas  the liquid volume was fixed at 10 μl. (B) The agarose 

concentration was fixed at 0.5% whereas the liquid volume was fixed at 10 μl. (C) 

The agarose concentration was fixed at 0.5%, whereas the agarose volume was 

fixed at 5 μl. 
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 Even when the evaporation constants k are plotted against the ratio of liquid to agarose 

volume, there is still no clear trend, Fig. 5.5. Although the experiments with varying agarose 

concentrations seem to yield slightly higher values, these variations are expected to appear in 

other volumes as well and hence not significantly different. This stability, of the evaporation 

constant, k is expected since it is dependent on the diffusion coefficient, density ratio, 

humidity and temperature of the surroundings. These parameters have been kept constant 

throughout the experiments.   

 

 

 

 

Table 5.5 Evaporation constant versus the ratio of liquid to agarose gel 

volume: Blue circles indicate datasets with varying agarose gel volumes, red 

squares indicate datasets with varying liquid volumes, and green triangles indicate 

runs with varying agarose gel concentrations.  
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There were no significant changes in evaporation rate of the liquid marble despite the 

presence of agarose. Nonetheless medium evaporation can negatively impact cell growth. To 

address this concern, we observed spheroid formation using sessile, floating and composite 

liquid marbles. Naturally, a higher evaporation rate takes place during cell respiration. Cells 

grown in a sessile liquid marble placed on a solid surface showed wrinkles on the 

hydrophobic coating, and loses its spherical geometry after 24 hours. Our previous 

investigation showed that the spherical shape of a liquid marble is crucial for creating a 

conducive microenvironment for cell growth [6]. This indicates volume loss due to 

undesirable evaporation and resulted in generating less cell spheroids, Fig. 5.6A. In contrast, 

the proximity to a liquid bath increases the relative humidity and reduces the evaporation rate 

of a floating liquid marble. A floating liquid marble produces uniform spheroids with a 

higher yield, Fig. 5.6B. Furthermore, marble containing an agarose sphere inside did not 

show any wrinkle in the hydrophobic coating, but produces numerous small spheroids, Fig. 

5.6C. Thus, the present work investigates the role of the agarose gel in maintaining the 

integrity of the liquid marble and in the generation of spheroids over an extended duration. 
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Table 5. 6 Bottom view of liquid marbles with different conditions seeded with 

cells: At a concentration of 5 × 10
3

 cells in a 10 µL medium and cultured for 24 hours. 

(A) A sessile liquid marble on a  flat polystyrene surface; (B) A liquid marble floating 

on media; (C) A liquid marble containing agarose gel floating on media. The red circle 

indicates location of the agarose sphere. Scale bar in (A–C) is 500 μm.  
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In a previous study, the liquid marble floated on a liquid bath to reduce evaporation. The 

evaporation rate was significantly reduced and the cell culturing lasted up to 48 hours [6]. 

Thus, as a proof of concept we developed a floating liquid marble containing an agarose 

hydrogel to minimize the evaporation rate and to release growth factor into the surrounding 

cell suspension. In this platform, we examine the effect of EGF on spheroid formation. 

Fluorescent microscopy images showed that EGF affects OECs aggregation and generate 

larger spheroids.  It appears that spheroids size gradually increased upon exposure to EGF in 

a concentration-dependent manner as early as 24 hours, Fig. 5.7 A-D. As observed, the 

control liquid marble, which contains agarose without growth factor produces a smaller 

quantity of smaller spheroids Fig. 5.7 A. The liquid marble containing 10 ng/mL EGF, could 

yield spheroids with homogenous size. The spheroids are larger compared to those of non-

treated condition, Fig. 6B. Interestingly, larger spheroids  were created in liquid marbles 

containing 20 ng/mL and 50 ng/mL of EGF concentrations, however these spheroids were 

less in number, Fig. 5.7C and 5.7D. Next, we broke the liquid marbles to release their 

contents into the wells of a 96-well plate to examine the distribution of the spheroid 

diameters. One-way analysis of variance (ANOVA) indicated that agarose loaded with 

20 ng/mL and 50 ng/mL of EGF produced significantly larger spheroids with diameters of 

more than 150 μm. Figure 5.6E shows the overall distribution of the spheroid diameter. 

Usually, diluted growth factor in a solution degrade owing to their short half-lives. However, 

a slow release prolongs the half-life. Thus, this concept has the advantage of increasing the 

potency of growth factors and maintaining their bioactivity for an extended period of time. 

Thus, the slow release of growth factor potentially affects cellular growth and survival. 

However, further clarification is needed to elucidate whether EGF is responsible for 

increasing cell viability. Overall, this result indicates that the liquid marbles can be 

manipulated to serve as a microbioreactor, which also allows for the sustained release of 

growth factor or drugs.  
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Table 5.7 Effect of EGF on the distribution of spheroid size: The spheroid formation 

after 24 hours of incubation was compared with different concentration of EGF (A) 

control, EGF 0 ng/mL (B) EGF 10 ng/mL (C) EGF 20 ng/mL and (D) EGF 50 ng/mL at a 

seeding density of 500 cells/μL. The liquid marbles were broken and spheroids allowed to 

settle to the bottom of the well. The diameter of the spheroids was measured in all groups. 

(E) The distribution of spheroid diameter. The agarose containing EGF of 10ng/mL 

significantly produces more spheroids at the diameter ranged between 120 -150 μm (** p< 

0.01, n= 6 LM’s). There was a gradual increase in the number of spheroids in the diameter 

> 150 μm at EGF concentration of 50ng/mL (### p< 0.01, n= 6 LM’s) compared to 

treatment dose of 20ng/mL. All experiments were repeated three times. Bars represent the 

mean; error bars represent the standard error of the mean.Scale bar in (A–D) is 500μm.   
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5.4 Conclusion 

 

Testing all of variables indicated that agarose did not influence the evaporation of the liquid 

marble. However, more work is required to elucidate the long-term effect of evaporation on 

cell culture. The liquid marble containing agarose represents an exciting new platform for the 

delivery of soluble factors and drugs. Since this platform can generate spheroids, it serves as 

a simple model for monitoring the behavior of implanted biomaterial for sustained release in 

vivo. This technique can also be applied to understand how growth factor release can control 

self-assembly of cells to form 3D constructs. Furthermore, the platform reported here is a 

quick and cost-effective method to test and characterize biomaterias, particularly their 

biocompatibility, stability and degradation in a 3D format. Future work will focus on 

controlling the release properties of the loading reservoir. For instance, therapeutic release 

can be induced and controlled by integrating photo or ultrasound technology. Moreover, 

advances in digital microfluidics can potentially use for controlling critical variables in 

screening assays and tissue engineering.  
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Chapter 6: Liquid Marbles as Bioreactors for Engineering Three-Dimensional Toroid 

Tissue 

 

 

 

Abstract 

 

We describe a novel protocol for three-dimensional culturing of self-assembled toroidal 

tissue in a slow-releasing, non-adhesive and evaporation-reducing liquid marble (LM) 

bioreactor platform. LM is a liquid droplet coated with hydrophobic powder. The assay was 

constructed by embedding a hydrogel sphere containing growth factor inside a liquid 

marble filled with a suspension of dissociated cells. The hydrogel serves to maintain the 

water content and concurrently acts as a slow-release carrier to generate a concentration field 

of growth factor to induce cell migration and assembly into toroidal aggregates. A cell 

concentration at 2 x 103/µL in 10µL LM resulted in an ideal toroidal shape after just 12 

hours. Harvested toroidal tissue was successfully demonstrated to have a rapid closure of the 

inner opening when treated with the growth factor. We also present a geometric growth 

model to describe the shape of the toroidal tissue over time. The results reported here validate 

the use of a toroidal tissue for drug screening on the effect of cell migration in three 

dimensions. 
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6.1 Introduction 

 

Culturing cells in a three-dimensional (3D) format has been attracting attention from the 

research community due to the wide range of applications such as drug screening,[1] high-

throughput chemical analysis,[2] disease models [3] and, particularly cell transplantation for 

injury repair [4]. There is an urgent need for a technology that enables cells to grow in three 

dimensions in their native state without the restriction of supporting scaffolds, thus closely 

mimicking the natural in-vivo environment [5]. Currently, the most popular scaffold-free 

microfluidic concept for a 3D cell culture is growing spheroids in hanging drops [6]. 

Recently, high-throughput screening with cell spheroids has been achieved using the hanging 

drop concept [7] and non-adhesive microwell arrays [8]. However, challenges remain for 

growing tissues with complex shapes [9] such as toroids [10-12]. Whilst each of previously 

reported scaffold-free methods is relatively easy to implement, they all have performance 

limiting factors. For example, hanging as well as sessile droplets are exposed to the 

atmosphere and evaporate quickly [13, 14]. Due to the evaporation, the culture medium 

disappears within hours and sets a time limit on the culturing process. This bottle neck will be 

solved, if the culture environment could be maintained for a much longer period.  

 

Liquid marbles, liquid droplets coated with hydrophobic powder, have been recently used for 

culturing cells [15]. Evaporation of the culture medium still is a major problem of liquid 

marbles as bioreactors. Sessile liquid marbles on a solid surface evaporate and collapse 

within hours [14] and are not suitable for culturing cells over days and weeks. We have 

solved this problem previously by floating the marble on another liquid [16-18]. The 

proximity to the liquid surface allows floating liquid marbles to maintain their integrity for 

days and weeks. This unique property makes floating liquid marbles extremely attractive for 

serving as a digital microfluidic bioreactor platform. Culturing cell spheroids has been 

successfully demonstrated in this system [19]. Moreover, a liquid marble can mimic the 3D 

microenvironment for cell growth. Adding drugs or soluble factor to the liquid marble can 

particularly influence self-assembly of cells to form larger aggregates. 

The present paper reports another unique method to make a slow-evaporating liquid marble 

suitable for culturing 3D cell toroids. To date, the most common methods to engineer cell 

toroids are moulding with micro fabricated platform,[10] micro moulded hydrogels [11] and 

non-adhesive conical pegs [20]. The mould allows the cells to aggregate into the toroidal 
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shape. In this paper, we present a new method to allow cells to assemble by chemotaxis in a 

concentration gradient of growth factor. The key novelty of our method is the inclusion of a 

hydrogel sphere in the liquid marble. The hydrogel sphere serves as a storage of growth 

factor for slow release into the culture medium for sustainable growth of the 3D tissues. This 

platform offers additional controllability through careful manipulation of the marble and 

composition of the hydrogel sphere, which in turn generates a concentration gradient of 

growth factor for chemotaxis. This platform allows for the growth of not only conventional 

cell spheroids but also more complex tissue geometries such as cell toroids.  Cell toroids are 

tissues with a “doughnut-like” toroidal shape.  

 

To date, drug screening for studying cell migration is predominantly carried out in a two-

dimensional (2D) environment [21]. Cell migration induced by drug or growth factor has 

been examined by simple 2D scratch migration assays or single-cell assays, which may not 

accurately replicate the 3D in-vivo environment [22, 23]. In contrast, a 3D tissue model has 

recently gained increasing interest in studying cell migration,[24, 25] regeneration[26], and 

repair [27]. A 3D model matches the mammalian tissue niche morphologically and 

physiologically. At the cellular level, a 3D environment supports complex cell-matrix 

interaction and maximizes the cell-cell interaction [28] that closely emulate what cells in 

native tissue enviorment experience [29]. Additionally, the reorganization of actin 

cytoskeletal and cell–matrix adhesion is prerequisite for cells to adhere to the matrix and to 

exert contractile force to move forward. The cytoskeletal mediated tension in a 3D model 

leads to different migration speeds and patterns than that of a 2D model [29]. Moreover, 

scaffold-free 3D cultures are comprised of cells in spatial arrangement and leads to the 

synthesis of permissive ECM components [30]. Thus, 3D models enable the detailed analysis 

of the interaction between an active chemical substance and a biological system. This type of 

analysis is often required for in vivo toxicity analysis and drug screening. Recently, 3D cell-

based anti-invasive and migration assays have gained tremendous interest in drug discovery 

because they can solve the known problem of discrepancies between the behaviour of cells on 

a flat substrate and in vivo [31]. However, quantitative analysis and microscopic imaging of 

the morphodynamics during cell migration in a 3D tissue is technologically difficult. To 

address this challenge, we propose a toroid shaped tissue that is easily adaptable for 3D cell 

migration analysis using direct imaging of the inner opening closure.  
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At the molecular level, ligand and membrane receptors of cells in a 2D model are exposed 

evenly per unit area. In contrast, a 3D tissue has tightly packed clusters and more complex 

configurations [32]. Moreover, drug or soluble factors induce signal transduction and 

influence the cellular behaviour in three dimensions differently, because cellular topographic 

sensing is affected by spatial organization of the tissue [33]. Thus, in term of drug exposure, 

3D models are obviously advantageous in predicting the response of cells to drug. To date, 

3D cell migration assays are limited to embedding cells into a matrix, [34-36] fabrication of 

cells with biomaterials scaffolds [37-39] or tissue ring closure using magnetic levitation [40]. 

This paper reports a 3D model with the toroidal geometry formed by the self-assembly of 

cells.  

 

Furthermore, we demonstrate here the ability of olfactory ensheathing cells (OECs) to 

migrate from a toroidal multicellular tissue by evaluating the rate of closure. OECs have been 

considered as the potential candidates for transplantation therapy following a spinal cord 

injury (SCI) [41, 42]. The potential challenge of OEC-based therapy is enhancing the survival 

rate and the migration of OECs after the transplantation [43]. The migration of OECs is vital 

for the regeneration of neurons. As neurotrophic factors can promote the migration of 

OECs,[44-46] we employed glial derived neurotrophic factor (GDNF) in the experiments to 

promote cell migration and to evaluate the closure rate of the cell toroid. 
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6.2 Materials and Methods 

 

6.2.1 Cell culture 

 

The green fluorescent protein (GFP) expressing immortalized mouse OECs were obtained 

from Prof Filip Lim, Universidad Autonoma de Madrid, Madrid, Spain. Cells were cultured 

in DMEM/F12 (Life Technologies) supplemented with 10% FBS (vol/vol), 2μM forskolin 

(Sigma), 20μg ml−1 pituitary extract (Gibco), 10ng ml−1 FGF-2 (PeproTech), 10ng ml−1 

EGF (PeproTech) and 0.5% (vol/vol) gentamicin (Life Technologies). Cells at 75% 

confluence were harvested from in T25 flasks by washing twice with HBSS (Life 

Technologies) and detached with TrypLE Express (Life Technologies) for 5 minutes at 37°C. 

Subsequently, the enzymatic reaction was stopped using 2mL 10% FBS media and the 

solution centrifuged at 1000 rpm for 5 min. The OECs were grown by changing media every 

2 days. 

 

6.2.2 Preparation low–melting point hydrogel 

 

In the experiments of this paper, agarose serves as the hydrogel. An amount of 0.01 g low-

melting-point agarose (Invitrogen) was placed into a 10-mL falcon tube and diluted into 10 

ml HBSS to make a 1% agarose solution by careful heating with microwave oven until 

boiling, stirred to facilitate complete dissolution. When the temperature decreased to 40°C, 

the agarose solution was further diluted in 1:1 ratio with a medium, or medium containing 10 

ng/mL epidermal growth factor (EGF), and suspended in the 1.5-mL Eppendorf tube. The 

Eppendorf tube was heated at 37.5°C using a hot plate inside a hood. The mixture was heated 

on a hot plate in the cell culture hood until boiling.Subsequent stirring facilitates the complete 

dissolution of the agarose. EGF was mixed after cooling the agarose solution at 

approximately 40°C. Most experiments in this paper utilized 0.5% agarose. 
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6.2.3 Preparation of  hydrogel sphere 

 

Polytetrafluoroethylene (PTFE) powder with particle sizes of 1 μm (Sigma-Aldrich, product 

number 430935) was prepared inside a 6-well plate. A micropipette was then used to 

dispense 5 µL of 0.5% agarose on the hydrophobic powder bed.  The droplet was gently 

shaken in a circular motion for 2 minutes to form a hydrogel liquid marble. The hydrogel 

liquid marble was cooled down to 37°C for 3 minutes to ensure that agarose completely 

solidifies and forms a hydrogel sphere. 

 

6.2.4 Preparation of encapsulated hydrogel sphere with cells 

 

A pre-determined number of cells (1000 to 5000 cells/μL) in 10 µL were dispensed vertically 

on top of a sessile hydrogel liquid marble on a PTFE powder bed. The PTFE particles coated 

on hydrogel disperse and migrate out to the liquid-air interface, once merging with the second 

droplet containing cells. Finally, the compound droplet was rolled on the powder bed in a 

circular motion for two minutes to form the lager liquid marble containing both cells and the 

hydrogel sphere. Figure 1A shows the bioreactor system with a hydrogel sphere embedded in 

the liquid marble. 

 

6.2.5 Toroidal geometry mesurement 

 

We calculated the aspect ratio and the volume using the values of major (R) and minor (r) 

radii of the toroid. The radii values were determined based on average value obtain from ten 

measurements from each toroid tissue. The total number of toroids used in each group were 

n=5. We used the equation V = 2π2Rr2 and A = 4π2Rr for for calculating the volume and 

area, respectively. The aspect ratio is defined as  R/r. All measurements were carried out 

using ImageJ software.  
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6.2.6 Cell toroid closure assay 

 

 

For three-dimensional wound closure assays, individual cell toroid was harvested from the 

liquid marble. Subsequently, a media volume of 50 μL was dispensed using p1000 pipette 

tips into each well of a 96-well plate containing broken liquid marble followed by careful 

suspension and picking the cell toroids. Harvested cell toroids were transferred into a 384-

well plate with non-adherence surface. Finally, a media volume of 50 μL containing 10 

ng/mL  GDNF or test drugs were dispensed into the well. Bright field and fluorescent images 

were obtained using a microscope (Olympus IX70) equipped with the Axiocan camera. 

Fluorescent images were captured at 6-hour intervals for 24 hours. Images were analyzed 

using ImageJ software (NIH, USA). The confocal image was obtained using a confocal 

micrsocpe (Olympus FV1000). 
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6.3 Results  

6.3.1 Concept of slow evaporation  

 

We address the evaporation problem by including a hydrogel sphere inside the sessile liquid 

marble. Preliminary experiments indicated that a floating liquid marble with a hydrogel 

sphere rapidly form spheroids, similar to the case of a floating liquid marble without 

embedded hydrogel [19]. A floating liquid marble behaves like a Leidenfrost drop [47] and 

creates an internal flow that disperses the cells and let them interact freely to form multiple 

spheroids, Fig. 6.1A-C. In contrast, a sessile liquid marble on a solid surface generates toroid 

tissue. The formation of the toroid tissue is based on both chemotaxis and gravity driven self-

assembly of cells around the bottom of the hydrogel sphere, Fig. 1D-F.  

 

 

Figure 6.1 Physical properties of liquid marble for the generation of spheroid and toroid:  

(A) Schematic description of floating condition embedded with agarose hydrogel and the 

production of spheroids (bottom view). (B) Floating liquid marble producing multiple 

spheroids. (C) The morphology of spheroids harvested from several liquid marbles. (D) 

Schematic diagram showing toroid tissue generation inside a sessile LM (bottom view). (E) 

Toroid tissue formed inside a sessile marble. (F) The structure of toroids harvested from four 

sessile liquid marbles. Scale bar in (A) is 200 μm and (B, E & F) is 500 µm. 
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Embedding a hydrogel sphere inside the liquid marble can slow down evaporation. A liquid 

marble containing a sphere made of agarose as the hydrogel maintains after 24 hours its 

spherical shape without significant wrinkles on the hydrophobic coating, Fig. 6.2A,B. In 

contrast, a sessile liquid marble lost its liquid content, shrunk and formed wrinkles after 24 

hours, Fig. 6.2C,D. A sessile liquid marble suffers from excessive evaporation, which limits 

the life time of the cell culture. This phenomenon indicates that the embedded hydrogel 

sphere limited evaporation. 

 

 

 

Figure 6.2 Effect of evaporation on the structure of sessile liquid marble :  (A) Top 

view of a sessile liquid marble with embedded agarose hydrogel. (B) Bright field image of 

a liquid marble containing agarose gel. The surface of the liquid marble did not show 

wrinkles after 24 hours. (C) Top view of a shrunken sessile liquid marble without agarose 

hydrogel. (D) Wrinkles on the surface indicating excessive evaporation after 24 hours. The 

total volume of the liquid in the marble is 10 µL. Scale bars are 500 µm. 
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6.3.2 Concept of slow release  

 

We first numerically estimated the effect of diffusion in the liquid marble/hydrogel platform. 

The model predicts the concentration distribution of the growth factor, inside the marble in 

three dimensions. The formation process of the toroid tissue is constrained in the space 

between the hydrogel sphere and the shell of the liquid marble. In the present work, we used 

epidermal growth factor (EGF), which is well characterized and known for promoting cell 

migration. Numerous previous studies have reported the use of EGF for in vitro release from 

encapsulated hydrogel [48-50]. The slow release concept in this platform, possibly extends 

the half-life of the growth factor compared to that of growth factor diluted in a solution. 

 

Taking the Fick’s diffusion law into account, the diffusion time of the growth factor in a 

spherical liquid marble, or the time to have the growth factor equally distributed inside the 

marble, can be estimated as:[51] 

 

td = rLM
2/6D    (1) 

 

In our experiments, a 10-μL liquid marble has a radius of  rLM = 1.34 mm. Assuming a 

diffusion coefficient of the growth factor of D=10-7 cm2/s,[52] the release time of the growth 

factor is estimated to be td ≈ 8.27 h. Thus, the cells should have enough time in the first few 

hours to aggregate around the high concentration next to the hydrogel sphere.  

 

Next, we conducted a 3D numerical simulation (COMSOL Multiphysics, COMSOL, Inc., 

USA) of the diffusion process of the growth factor to predict the location of the cell 

aggregates. Figure 6.3A shows the model and the corresponding concentration distribution 

over time. Red and blue colors indicate high and low concentration, respectively. The initial 

condition is the uniform concentration of growth factor, inside the hydrogel sphere. The 

embedded hydrogel sphere is placed on the centre axis of a sessile liquid marble. The 

remaining space in the liquid marble is restricted by the hydrogel sphere and the non-

adhesive shell (blue area in Fig 6.3A, 0 min). This configuration represents the miniaturized 

3D version of the conventional 2D “under agarose assay”. Figure 6.3A shows that the agarose 

sphere also serves as a reservoir to sustain the slow release of growth factor and water. The 

well-controlled high concentration of chemoattractant allows cells to migrate into a ring-like 
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aggregate under the hydrogel sphere. According to the simulation, the higher concentration of 

growth factor at the bottom of the liquid marble can be maintained even after 12 hours of cell 

culture, when the tissue is ready to be harvested. The concentration distribution is caused by 

the unique relative position of the hydrogel sphere inside the sessile liquid marble. A 

hypotherical situation was simulated, to make the point that the growth factor distribution 

does not accumulate due to gravity, but purely governed by molecular diffusion. The 

concentration field around a hydrogel sphere placed at the centre of the marble shows an 

expected uniform radial distribution over time, Fig. 6.3B. We speculate that cell distribution 

was driven by the chemotaxis effect exerted by the growth factor diffusion. Generally, the 

establishment of chemotaxis gradient inside a microchamber depends on convective and 

diffusive mass transfer. However, in sessile LM the fluid flow and convective transport are 

almost negligible. Thus, we anticipate that the agarose gel inside the sessile LM delivers 

growth factor and establish a concentration gradient by molecular diffusion. Therefore, in this 

simulation, we did not include the role convection in chemotaxis and cell distribution.Thus, 

the distribution in Fig. 3A is unique for the sessile liquid marble used for growing the cell 

toroid described in the next section. 
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Figure 6.3 Simulated concentration distributions of growth factor over time inside 

the liquid marble through slow release from the embedded hydrogel sphere : (A) 

Volumes of the hydrogel sphere and the liquid marble are 3 μL and 5 μL, respectively. 

The diffusion coefficient of growth factor in both hydrogel and medium is assumed to be 

the same and has a value of D=10-7 cm2/s. In the initial state (0 min), red indicates the 

hydrogel sphere; blue indicates the medium seeded with cells. (B) The same simulation 

was carried out for a hydrogel sphere positioned in the center of the liquid marble. The 

radial concentration distribution is uniform. 
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6.3.3 Growing of toroidal tissue using the slow-evaporating liquid marble 

 

The key innovation of the platform reported here is the embedded hydrogel sphere. To start 

with, a 0.5% low melting (37 °C) agarose containing growth factors at 5-µL volume was 

coated with polytetrafluoroethylene (PTFE) powder with an average particle size of 1 μm 

(Sigma-Aldrich, product number 430935) by dispensing the gel onto the powder bed, Fig. 

6.4A1,2. The agarose droplet was rolled in a circular motion to ensure that the PTFE powder 

covered the surface evenly, Fig. .64A3. After 3 to 5 minutes, the agarose droplet solidifies to 

form a sphere. This critical step ensures that the agarose spheres are consistent in size. 

Subsequently, a second droplet containing a predetermined number of OECs in the volume of 

10 μL was injected to collide with the top of the agarose to form a single droplet containing 

cells and agarose, Fig. 6.4A4. By adjusting the pipetted volumes, liquid marbles with a 

volume ranging from 2 to 50 μL can be formed. For consistency, we kept the volume in this 

study constant at 10 μL. The hydrophobic particles on the agarose hydrogel were stable at the 

liquid/air interface. Once the contact between the liquid and the hydrogel was made (Fig. 

6.4A5), the particles migrated toward the outer liquid/air interface. As a result, the hydrogel 

marble and the cell marble merged to create a composite liquid marble.  Next, we gently 

rotated the composite droplet to create a robust liquid marble containing both cells and the 

agarose sphere, Fig. 6.4A6. Since the liquid marble is elastic, a cut 1000-μL pipette was used 

to handle the marble. The pipette was able to suck and hold the marble, Fig. 6.4A7. The 

marble was then dispensed into a U-bottom 96-well plate Fig. 6.4A8. The liquid marble was 

kept in the sessile condition for 12 hours and incubated at 37 °C, Fig. 6.4A9. The small 

particle size of the 1-μm PTFE powder creates a thin, porous coating, which allows for real-

time observation of the assembly process of the cells. This protocol is suitable for the use of 

time-lapse microscopy to access the behavior of toroidal tissue with different fluorescent 

labels. Finally, breaking the liquid marble (Fig. 6.4A10,11) releases the cell toroids which are 

subsequently seeded onto 96-well plates for further analysis Fig. 6.4A12. Figure 6.4B 

illustrates the schematic of the hydrogel/liquid marble bioreactor. Figure 4C shows the basic 

geometric parameters of the cell toroid, that were later used for its characterization. 
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Figure 6.4 Method for creating a slow-evaporating liquid marble with slow release of 

growth factor (GF) : (A) 1,2) Dispensing a hydrogel droplet on the powder bed. 3) Rolling the 

hydrogel droplet to coat it with hydrophobic powder. 4) Impacting an aqueous medium droplet 

containing cells on the hydrogel. 5) Encapsulating the hydrogel liquid marble with the medium 

and seeded cells. The hydrophobic powder of the hydrogel marble automatically migrates to the 

liquid/air interface of the larger droplet. 6) The composite liquid marble is rolled on the 

hydrophobic powder to ensure sufficient coating for maintaining its robustness. 7,8) The 

marble is picked up and transferred using a pipette tip and placed on 96 well plate. 9) A slow-

evaporating liquid marble with cells and hydrogel for slow release of growth factor, ready for 

incubation. 10) After incubation, the cells settled and migrated at the bottom of the liquid 

marble to form toroidal tissue construct. 11) Marbles can be broken with needles to releasethe 

toroid tissue. 12) The toroid tissue and the agarose gel at the bottom of the well are separated 

for further analysis. (B) A liquid marble with embedded hydrogel sphere. (C) The basic 

geometry of a toroid (major radius R, minor radius r, inner radius ri=R-r, volume 𝑽 = 𝟐𝝅𝟐𝑹𝒓𝟐, 

surface area 𝑨 = 𝟒𝝅𝟐𝑹𝒓, aspect ratio 𝜶 = 𝑹/𝒓).  
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6.3.4 Formation of toroidal tissue in the LM platform 

 

Next, we investigated the mechanism that governs the self-assembly of cells to form the cell 

toroid, particularly to understand the relationship between tissue shape and tissue 

deformation. We observed the cell-cell interaction by imaging the liquid marble at different 

instances. After about 30 minutes, the cells aggregate at the bottom of the liquid marble due 

to gravity and chemotaxis, Fig. 6.5 A,B. The cells assembled at the lower surface of the 

liquid marble. Subsequently, between 2 and 4 hours, the cells attract each other and aggregate 

into a ring shape around the agarose sphere, Fig. 6.5 C,D. Within 6 to 8 hours, the cell 

aggregates underwent two steps. In the first step, cell aggregates migrate underneath the 

agarose towards the bottom of the liquid marble, Fig. 6.5E. During this time, the inner shape 

of the toroid was still not completed, Fig. 6.5F. The second step is the self-assembly of cells 

into small unit blocks, which subsequently fuse into a thin toroid, Fig. 6.5G. Between 10 and 

12 hours the tissue contracted significantly and formed a perfect toroid, Fig. 6.5H. Cell 

assembly and compaction under the surface tension contributes to the formation of the 

toroidal shape, which has a perfect circular opening. 

 

 

 

Figure 6.5 The formation of toroidal tissue inside liquid marble over time : Scale bar is 

500µm 
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6.3.5 Optimizing the cell density for toroidal tissue generation 

 

We next quantified the effect of seeding concentration on the formation of a cell toroid. The 

ability of cells to self-assemble into a toroid depends on the number of viable cells and the 

concentration of the growth factor. We performed experiments with a fixed volume of 10 µL 

medium and 5 µl of 0.5% agarose solution, to determine the optimal cell concentration for the 

geometry of the final toroid. Cells were seeded with concentrations ranging from 0.5x103 to 

4x103 cells/µL. The tissue was allowed to assemble for 12 hours, Fig. 6.6A. The liquid 

marble was subsequently broken to release the cell toroids for measuring the geometric 

parameters such as the inner radius ri, the minor radius r, and the major radius R, Fig. 4C. 

 

A concentration of 1x103 cells/µL results in a thin toroid and a large surface area to volume 

ratio. Eventually, cell concentration of less than 1x103 cells/µL did not result in a uniform 

distribution. Therefore, the cells aggregated into irregular shapes or thin toroids that are prone 

to rupture. Figure 6.6B shows the aspect ratio R/r as a function of the cell concentrations, 

indicating a thicker toroid with a larger minor radius r and an almost constant major radius R. 

As the major radius R is determined by the constraining geometry of the liquid marble and 

the agarose sphere, this parameter does not vary with the concentration of the cells. However, 

the minor radius r depends on how fast the cells assemble and grow, thus depending on the 

cell concentration. A higher cell concentration results in a higher cell aggregation and a 

thicker toroid over the same culturing period. This result indicates that a significant number 

of cells are crucial for adjacent cells to self-assemble into a toroid.  

 

Figure 6.6C depicts the relationship between the ratio of surface area versus volume and the 

cell concentration. The surface area and volume are calculated according to the geometry of a 

torus depicted in Fig. 6.4C. The outer radius of the toroid did not significantly vary with 

increasing cell concentration, suggesting that the space between the hydrogel sphere and the 

shell determines the outer shape of the toroid. The inner radius ri decreases with increasing 

cell concentration leading to a lower surface area to volume ratio. At a concentration of 5x103 

cells/µL, the cells migrate, compact and take up a spherical shape.  The seeding concentration 

of 2x103 cells/µL produces cell toroid with a surface area to volume ratio of approximately 

0.04.  
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The criteria for an ideal toroid are as follow. (i) The toroid should have the largest surface 

area per unit volume for making efficient diffusion of nutrient and effectively dispel waste 

from the inner core. (ii) The opening should be symmetric because its diameter is critical for 

the use of the toroid as a 3D wound healing model. At a lower cell density ( 0.5-1 x 103 cells 

/µL), we obtained toroid tissue with a higher surface area per unit volume but the tissues were 

irregular in shape. Further increasing the cell density to 3 and 4 x 103 cells /µL produces 

thicker toroids with a smaller inner radius. A thicker toroid may affect the tissue viability. 

Thus, in our subsequent experiments, the optimal number of cells necessary to display a 

symmetrical, stable and functional toroid is 2 x 103 cells /µL, Fig. 6.7 A,B. 
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Figure 6.6 Effect of cell density on toroid tissue structure : (A) Toroids with different seeding 

cell concentrations. (B) Aspect ratio as function of seeding cell concentration. (C) Surface area to 

volume ratio as function of seeding cell concentration. All experiments were repeated three times 

with n=5 toroids each. Bars represent the mean; error bars represent the standard error of the 

mean.The scale bar inside the liquid marble is 500 µm and the harvested toroid is 200 µm. 
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6.3.6 The role of agarose concentration 

 

We created agarose spheres with a concentration between 0.25 and 2% with and without 

growth factor, to elucidate the contribution of agarose in the formation of the toroidal tissue. 

Particularly, we aimed to determine whether the toroid formation is caused by cell 

sedimentation at the bottom of the liquid marble. The formation of the toroid was observed 

with these agarose spheres at 4, 8 and 12 hours, Fig. 8. Surprisingly, cells did not assemble to 

form toroid in the absence of growth factor under all conditions. Furthermore, the high 

concentration of the 2% agarose failed to create a cell toroid even with growth factor 

treatment, Fig. 6.8 A-C. There is an inverse relationship between gel concentration and pore 

size [53]. A smaller range of pore sizes exists in a more concentrated agarose and increases 

its stiffness. Therefore, gels with a agarose concentration  of 2% possibly impede the 

diffusive transport of EGF. Thus, concentrated gel is not favorable to create a chemotactic 

gradient. As a result, the cells did not migrate under the agarose and also exhibit poor cell 

assembly rate, especially after 12 hours. Also observed that, cell aggregates were not 

uniformly distributed in a circular pattern at 4 hours in the absence of growth factor. 

 

 

 

 

Figure 6. 7 Image of toroidal tissue : (A) A single confocal slice of the toroid. (B) 

The assembled 3D image indicates a toroidal shape. Scale bar is 200µm 
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Interestingly, cells assembled under the agarose sphere to form the toroidal shape at agarose 

concentrations of 0.5 and 1%. However, we did not observe any obvious differences between 

these concentrations. An ideal toroidal shape was observed with the agarose concentration of 

0.5%, Fig. 6.8 M-O. The pore size of 0.5% agarose range approximately between  is  0.5-

1μm, which is larger that the size of EGF [54]. At a lower concentration such as 0.25%. the 

gel is soft and moist. The fragility of the gel can be critical for slow release. It can be 

suggested that a larger pore can rapidly dispenses the growth factors and inhibits sustained 

release. 

 

As observed, at 0.25% agarose an irregular toroidal shape with a larger inner radius is 

formed, Fig. 6.8S-U. Overall, these observation further supports the role of agarose in 

stimulating cell aggregation and assembly by the slow release of growth factor through the 

diffusion process. The release process depends on the concentration of the agarose and the 

corresponding porosity. Higher or lower agarose concentrations may release growth factor 

too slow or too fast for the required cell assembly. In this study the diffusion of EGF is 

assumed to be optimal inside 0.5% agarose gel. 

 

The sedimentation of cells inside the LM and the subsequent formation of cell toroids are 

facilitated by the following mechanisms: (i) gravity enforced assembly of cells, (ii) cell-cell 

cohesion, (iii) chemotaxis due to growth factor release from the agarose. After an initial 

incubation time, the seeded cells settled at the bottom of the liquid marble. Subsequently, the 

cells aggregate and assemble into a ring shape around the lower region of the agarose sphere. 

In the absence of growth factor, cells aggregate into irregular clusters. As shown in the  

numerical simulation, the growth factor concentration is higher at the lower hemisphere of 

the liquid marble. The high concentration of the growth factor directs the cell migration and 

enhances cell-to-cell adhesion around the bottom of the agarose gel.  As a result, cell–cell 

interactions contributes to cell contraction and self-assemble into a toroid. We also found that 

the opening of the toroid did not match that of the diameter of the agarose sphere. In fact, the 

diameter of the opening decreases with increasing cell concentration. Thus, we hypothesize 

that the contribution of the growth factor to the formation of the toroid dominate over the 

gravity effect and the surface properties of the agarose. 
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Figure 6.8 The role of agarose and growth factor in toroid tissue formation : The release of 

growth factor and cell assembly to form of cell toroids from 4 to 12 hours (A-C). Toroid formation 

was disrupted at 2% agarose with growth factor. Irregular toroidal tissues are formed at 1% agarose 

(G-I) and at 0.25% agarose (S-U). The ideal toroid was formed with 0.5% agarose containing 

growth factor (M-O). Cells did not assemble into toroid in all conditions without growth factor. 

The scale bar is 500µm. 
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6.3.7 Closure of the 3D toroidal tissue 

 

We use a geometric growth model to predict the tissue closure based on a constant linear 

growth rate. The measure of lumen closure is the instantaneous value of appreciable cell 

migration, which models the mechanism of wound closure in three dimensions. Figure 9 

shows the closing process of a cell toroid after harvesting them from the liquid 

marble/agarose bioreactor. Figure 6.9A indicates that glial cell-derived neurotrophic factor 

(GDNF) increases the percentage of inner circumference closure at a time instance between 6 

to 24 hours as compared to the control. The data indicate that the closure of toroid lumen 

progressively  increase from 0 to 12 hours, suggesting that in early stage cells actively 

migrate instead of proliferation. Subsequently, the closure rate decreased, and complete 

lumen closure occurred between 18 to 24. At this stage, the cell population may involve both 

cell migration and proliferation. Previous investigation indicated that mitotically active cells 

depends on cell doubling time, which are prominent and persist 24 h after wounding [55]. 

Moreover, the outer diameter of the toroid in our study decreases over time and did not show 

evidence of outward spreading. These observations allow us to hypothesise that cell 

migration is actively involved, evidiently through the persistent closing of the lumen. In 

addition, the wound closure rate is chemotactically driven by GDNF, which is known to 

induce OECs migration,[45] but not proliferation [56]. In this regards, cell migration can be 

the dominant mechanism, and cell proliferation is assumed to be a secondary event during the 

lumen closure process. 
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The geometric model for interpreting the experimental data of Fig. 9 A assumes a linear 

growth rate in the radial direction of the minor radius r(t): 

r(t) = r0 + kt (2) 

where r0 is the initial minor radius of the toroidal tissue and t is the time. The growth rate k 

depends on the culture medium, e.g. the concentration of the growth factor and the cell 

concentration. The existence of growth factor contributes to a higher growth rate. The time 

dependent shape of the surface of the toroid can then be described based on the geometry as 

follows: 

 

 
 

Figure 6. 9 The effect of GDNF on the closure process of a toroidal tissue : (A) 

Toroidal shapes over time. (B) The geometric model of the closure process with a 

constant growth rate (R=300 μm, r0=120 μm, k=5 μm/hr). Scale bar is 200 µm. 
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x(t) = [R + r(t) cos θ] cos φ (3) 

y(t) = [R + r(t) cos θ] sin φ (4) 

z(t) = r(t) sin θ (5) 

where  θ and  φ are the rotating angle around the minor and major axis of the toroid, 

respectively. Figure 9B shows the closure process of a representative toroidal tissue with a 

major radius R=300 μm, initial minor radius r0=120 μm and a grow rate of k=5 μm/hr. The 

results indicate that the geometric model with a linear growth rate describes well the observed 

process depicted in Fig. 9A. To confirm the linear model, we evaluated the geometric 

parameters of the toroidal tissue for both control and GDNF over time. 

Figure 6.10A shows the inner radius  ri = R − r or the cavity radius as a function of time. A 

clear linear behaviour could be observed in both control and GDNF. Figure 6.10B shows the 

outer radius of the toroid as a function of time, indicating the overall shrinking of the cell 

toroid. In contrast to the linear growth model, the outer radius of the toroid decreases linearly 

over time, indicating continuous compaction of the tissue. Linear behaviour is reflected well 

in the aspect ratio of the toroidal tissue, Fig. 10C. Assuming that a cell toroid with an inner 

radius of  ri,0 = (R − r)0  grows in a radial direction at a constant rate k (Equation 3), the 

function of the inner radius over time t is: 

 

ri(t) = ri,0 − kt  (6) 

Thus the cavity closure as a function of time can be estimated as: 

α =
A0−A(t)

A0
× 100% = [1 − (1 − kt/ri,0)

2
] × 100% (7) 

where A0  and A(t)  are the initial cavity area and the time dependent cavity area, 

respectively. The inner radius grows radially inward at a constant rate k (Equation 3). The 

closure rate k can be determined from the measurement of the inner radius and a linear fit 

over time. The closure rates of the control experiments and experiments with GDNF are 

3.04 μm/hr and 4.54 μm/hr, respectively. As mentioned above, the outer diameter of the 

toroid decreases over time, but at a lower rate than the closure rate. The outer radius 

decreases at a rate of 1.44 μm/hr and 1.52 μm/hr for control and GDNF, respectively, Fig. 10 

A and B. The reason for the shrinking behaviour of the outer diameter could be the 

compaction of the tissue to minimize its overall surface area as a result of the closure. Figure 
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10D shows the evaluated cavity closure (7) of both cases over time. Clearly, GDNF has 

contributed to a faster closure of the cell toroid. 

 

Figure 6.10 The  effect of GDNF on the geometric parameters of the toroidal tissue : (A) 

Inner radius over time (B) Outer radius over time  (C) Aspect ratio over time (D) Percentage 

of closure areas over time. Lines are fitting functions based on the respective linear models of 

(4), (7) and (8). 
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6.4  Discussion 

 

First, we demonstrated the use of a liquid marble with embedded hydrogel as an ideal 

bioreactor platform to engineer cell toroid and its application as a 3D wound closure assay. 

The embedded hydrogel maintains the water content critical for culturing cells. Most 

microfluidic cell culture platforms use a small volume of liquid, and therefore evaporation is 

a major problem even in a humidified environment. Moreover, evaporation in a small volume 

affects the osmolality of the extracellular environment that alters the biochemical balance and 

impedes cell growth [57]. The hydrophobic and porous shell of a liquid marble is permeable, 

allowing for the gas exchange that is vital for cell culture. At the same time, this porous shell 

makes it prone to evaporation. Our system uses a hydrogel sphere as the water storage [53] to 

reduce evaporation. Hydrogel is a water-absorbing polymer, which has been extensively used 

in the field of agriculture and biomedicine. The absorption and retention of water occur when 

the hydrogel is exposed to an aqueous environment. Thus, hydrogel has a potential 

applications in the field of cell culture, particularly for  reducing medium evaporation. 

 

Second, the hydrogel sphere facilitates growth factor release and attracts cells to settle on the 

bottom of the liquid marble in a ring. In an aqueous environment, hydrogel swells by 

absorbing water and simultaneously release loaded growth factor. The fundamentals of the 

swelling process and slow release of the hydrogel have been well reported [58].  From a 

thermodynamics perspective, swollen hydrogel  generates a pressure and expands the 

polymer network [59]. The swelling then acts against the osmotic force and expands the 

polymeric network. At this state the swelling hydrogel acts as an elastic pressure-generating 

device that squeezes out the solvents or drugs from thepolymeric networks [60]. This process 

continues until the equilibrium of swelling occurs, where elasticity and osmotic forces are 

balanced.  

 

Their porosity permits loading of the drug or growth factor. The released molecules diffuse to 

the surroundings, allowing slow drug release.[61],[62] Our optimization experiments 

indicated that a liquid marble seeded with 2x103 cells and 0.5% agarose containing growth 

factor resulted in an ideal toroid shape in just 12 hours. Hydrogels with larger pores cause 

premature dissolution or rapid drug release in a shorter time span. Our experimental data 

confirm this hypothesis. At an agarose concentration of 2.5%, we did not observe toroid 
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tissue formation. Furthermore, at this concentration, the agarose may deform and do not 

maintain a spherical shape due to the lower interfacial tension relative to its weight.  

 

Third, the bioreactor platform is sufficiently sensitive for the assessment of chemotaxis 

induced self-assembly of cells. Chemotactic stimuli display signal transduction events that 

activate directed cell migration as collective units [63, 64]. An organized migration toward 

external cues is critical for cells to aggregate into a uniform ring-like pattern, only 4-6 hours 

after seeding. In a liquid marble containing agarose without growth factor, cells are not able 

to migrate effectively. Experimental data show a decrease in cellular cohesion and non-

homotypic aggregation. This observation evidently validates the hypothesis that cells undergo 

cluster attraction and migrate along the gradient of the growth factor. We formulated and 

carried out a numerical simulation of the concentration distribution of growth factor over 

time and found an agreement with chemotaxis-driven cell aggregation in our experiments. In 

addition to chemotaxis, cytoskeletal mediated tension/contraction contributes directed self-

assembly to form a complex toroidal microtissues [12].  

 

Fourth, our bioreactor platform allows for the regulation of the size of a cell toroid using the 

seeding concentration. Appropriate seeding concentration is crucial for obtaining the ideal 

toroid geometry due to the higher assembly or growth rate. Non-axisymmetric toroidal shapes 

are possible at low cell concentration. In contrast, a lower aspect ratio of approximately 1.0 

was observed at a higher seeding concentration. The observation confirms that seeding 

concentration influences the migration and aggregation dynamics. Geometric parameters of 

cell toroid such as volume, surface area, minor and major radii are critical for tissue viability 

and functionality. For instance, a toroid with a large surface area to volume ratio is desirable, 

as sufficient nutrient diffusion and supporting metabolites can reach the interior milieu of 

intact cells. Moreover, enhanced solubility and stimuli of growth factor are mediated by 

abundant cell-surface receptors, which promote cell signalling and tissue growth. 

Interestingly, we identified a toroid with surface-area-to-volume ratios as high as 0.04 at a 

cell concentration of 2 x 103 cells/µL could conserve appropriate function for wound healing 

or 3D cell migration assay.  
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Finally, we demonstrated that the cultured cell toroid serves well as a 3D wound closure 

assay. Rapid closure of the toroid inner circumference was achieved if the tissue was treated 

with 10 ng/ml growth factor. Experimental data agreed well with the model of a constant 

closure rate. Toroidal tissues treated with growth factor clearly showed a higher closure rate 

than that without growth factor. 

 

6.5  Conclusions 

 

The bioreactor platform reported here is useful for studying drug stimuli on cell sorting, cell-

cell interaction and self-assembly to engineer the 3D unit of a more complex tissue structure. 

In addition, this technology could potentially be used to test different biomaterials in 

conjunction with drug eluting strategy to engineer tissue formation.  Further work is needed 

to scale up this technology to large-scale production of cell toroids suitable for various 

applications ranging from drug discovery to 3D bio printing.  
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Chapter 7: Conclusions and perspectives 

 

7.1  Conclusions 

 

The conclusion of any research project opens opportunities to new endeavors and challenges. 

The present work has introduced new approaches to the areas of liquid marble manipulation 

and application for 3D cell culture. The results emphasized the reliability of liquid marbles of 

various applications in tissue engineering. A liquid marble also serves as a miniaturized 

model that bridges the gap between conventional artificial 2D monolayer systems and the 

actual in-vivo microenvironment. Certainly, this platform could potentially revolutionize the 

challenges in 3D scaffold-free tissue engineering. 

 

In brief,  2D cell-based assays have failed to deliver clinically relevant outcomes, 

particularly, in drug testing and mimicking the pathophysiological conditions in vitro. The 

failure in translating preclinical findings to the clinical setting led to the paradigm of 3D cell 

culture. Culturing cells in 3D is the state of the art in tissue engineering. Tremendous efforts 

have been made in developing microscale 3D culture systems. A number of studies are 

needed to meet the specific requirements of 3D culture: (i) understanding the basic aspects of 

tissue engineering, (ii) developing platforms for toxicological screening and (iii) mimicking 

in vivo functionality. Current literature shows an increasing number of papers describing the 

validation, the accessibility, and the reproducibility of 3D cell culture systems. Despite 

fulfilling the particular requirements of various applications, 3D cultures still cannot mimic 

the complexity and physiology of in vivo tissue niches. Furthermore, more technological 

advances are needed to create 3D culture platforms that are suitable for high-throughput drug 

development. Advancement in microtechnology makes it possible to tailor a 

microenvironment to study cell-cell interactions that are relevant to native tissues.  
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The overall aim of this thesis was to develop a novel droplet-based bioreactor platform to 

generate 3D tissues. The opening chapter of the thesis summarizes the work relevant to the 

research questions and aims. The thesis subsequently focuses on establishing the proof of 

concept of the use of floating liquid marbles as a bioreactors and microenvironments for cell 

growth. Chapter 2 provides a literature review on the application of microfluidics for the 

growth of spheroids. This chapter highlights  recent advances in microfluidic technology for 

tissue engineering. More importantly, the chapter discusses the application of microfluidic 

technology for spheroid growth for the use in drug development and therapeutic intervention.  

 

The present thesis is the first to demonstrate the use of liquid marbles for various aspects of 

3D cell culture. Liquid marbles were successfully implemented and evaluated as bioreactors 

that reduce evaporation, enhance cell-cell interaction, release drug or soluble factors in 3D 

tissue models such as spheroid and toroid. The present work advances further the state-of-the-

art in 3D culture models and provides perspectives on how liquid marbles can be utilized for 

drug screening at a higher throughput. The technique of floating liquid marble can be used for 

developing more relevant pathophysiological features in an in vitro microenvironment. With 

the help of a liquid marble as a niche model, the behavior of transplanted cells to survive and 

integrate into a hostile environment can be investigated. The investigations enabled by this 

model helps to answer cell-cell interaction and provides alternatives to mimic pathological 

conditions of a native environment.  
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7.2  Perspectives  

 

7.2.1 The perspective of liquid marbles for spheroid growth 

 

Chapter 3 describes a new method using of floating liquid marble to create optimal cell 

aggregation and to form spheroids efficiently. The floating liquid marble is a liquid droplet 

coated with hydrophobic powder and placed on a liquid bath. The floating liquid marble was 

demonstrated and validated as a reliable droplet-based bioreactor. The liquid marble is 

scalable to volumes ranging from 1 to 50 µL. However, because the spherical shape of a 

liquid marble is critical for multiple spheroids, a volume of 10 µL is optimal for the purpose 

of bioreactor. The method reported in this thesis ensures the production of controllable and 

reproducible liquid marbles. In the sessile condition, the liquid marble is prone to excessive 

evaporation and overtime losses its spherical geometry. The floating condition enables liquid 

marble to behave like a propelling elastic soft solid. The liquid bath creates an air-liquid 

surface which produces a buoyancy force acting on the liquid marble. Moreover,  floating 

liquid marble could reduce evaporation and maintains the spherical shape. This platform was 

suitable for the growth of multiple spheroids with excellent uniformity in size and geometry. 

However, this platform fails to generate multiple spheroids at a cell density exceeding 5x103 

cells/10µL. The internal flow upon floating was not sufficient to create a cell suspension 

inside the liquid marble at higher cell density. Thus, we developed an innovative platform to 

explore a wide range of techniques to control the movement of a liquid marble and 

consequently its internal flow. We introduced various amounts of iron oxide powder into a 

liquid marble with the higher cell density and spun the liquid marble with an external magnet. 

The marble was robust over 5 days of spinning and did not collapse or shrink due to 

evaporation. However, the approach was not successfully optimized as the iron oxide 

particles mixed and disrupted the cells, Fig. 7.1A. The presence of iron oxide particles did not 

favor cell viability and the formation of the spheroid. We noticed that the liquid marble 

containing 100 µg of magnetic powder produces a small number of spheroids, Fig. 7.1B. 

However, this observation did not verify the viability of cells. Thus, we speculated that 

spheroids can be generated by spinning with other methods without the iron oxide particles.  
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The liquid marble with the embedded agarose hydrogel sphere described in Chapter 4 can 

provide an ideal system to develop a programmable and synchronous spinning. In the future 

work, we will perform a basic experiment by loading a larger magnetic bead with agarose 

droplet to obtain a “magnetic agarose sphere”. This magnetic agarose sphere serves as an 

actuator and a source for solute release to enhance growth, Fig. 7.2. The spinning speed can 

be programmed in accordance with cell density. The motion of the liquid marble enables cells 

to freely distribute and associate,  avoiding cell sedimentation.  

 

 

 

 

 

 

 

Figure 7.1 Effect of iron oxide particles on cells: Cells of sedimentation with iron 

oxide occurs in the non-spinning condition. The white arrow indicates that the iron 

oxide powder affects the cell viability; (B) Spheroid formation was seen as indicated by 

red arrow. The iron oxide powder did not mix with cells. Scale bar is 250µM. 

 



 

178 
 

  

7.2.2 The perspective of liquid marbles for co-culture spheroids and toroids. 

 

Work with floating liquid marble continues in Chapter 3 to investigate the generation of co-

cultured spheroids. This platform provides an easy solution to mix different cell types that 

interact heterotypically and become co-cultured spheroids. Specifically, we first developed 

co-culture spheroids of different glial cell types. The characteristic of growth behavior and 

interaction within different glial cells can then be investigated. We observed that OECs 

differently enwrap Schwann cells. In contrast, they formed a heterotypic mixture with 

astrocyte. Chapter 3 reports the first study that demonstrates the co-culture of spheroids of 

glial cells. Despite this interesting approach, the current co-culture glial model may still 

require further optimization and future research to incorporate molecular biology techniques. 

This is essential to understand the molecular identity underlying the glial behavior. Further 

consideration of protein-protein interaction involved in the 3D glial co-culture model is still 

needed, especially in response to understanding the organization of cellular components. 

Chapter 6 reports the development of a toroidal tissue in a liquid marble. We have shown that 

monodispersed cells formed a multicellular toroid tissue by chemotaxis-driven assembly. For 

the first time, we showed that toroid tissue can function as a 3D wound closure model. As a 

 

 

 

 

 

 

 

 

 

 

Figure 7.2 Proposed model for spinning liquid marble containing cells by using 

magnetic particles embedded inside agarose gel 
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proof of principle, the chapter shows that the toroid tissue on a non-adhesive flat surface 

contact and begin to close the lumen after exposure to the growth factor. In contrast, toroid 

tissue spread out on an adhesive surface. These cells spreading patterns in relation to toroid 

geometry comprise two types of spreading dynamics. First, the cells spread inward towards 

the centre of the inner circumference. Second, cell migrates out from the outer circumference. 

Comparatively, our previous observation of cell spreading dynamic from spheroid tissue 

restricted to the cell population at the outer layer. The inner core of spheroid consists of death 

cells and subject to limited diffusion or penetration of soluble factors.  Since the dimension 

and lumen size of toroid tissue is critical as to enhance diffusivity of soluble factors, toroid 

tissue is more suitable than spheroidal sprouting assay for studying cell spreading. In 

addition, generating a co-cultured toroid with cancer and endothelial cells can be useful to 

study cancer progression, malignancy or invasion. Moreover, this will be an ideal 3D model 

to investigate cell responses to therapeutics for evaluating cytotoxicity or anti-migratory.   

As a second direction, we suggest that co-culture toroid tissue can be useful to mimic 3D 

blood-brain barrier (BBB). For instance, multicellular composition of astrocyte, endothelial 

cells and neurons can be used to assemble and form toroid tissue.  Developing a 3D toroidal 

in vitro BBB model ease the transport and diffusion of the mechanism of test drugs compared 

to the spheroidal structure.  The next logical step is fabricating an array of toroid tissues in a 

chip to function as BBB organoid-on-a-chip.   
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7.2.3   The perspective of liquid marble for studying cell interactions  

 

In Chapter 4, liquid marbles are considered as a discrete microenvironment to study cell-cell 

interactions. We successfully created a hostile environment consisting of nerve debris 

featuring spinal cord injury. Since oxidative stresses have a significant role in the 

pathophysiology of spinal cord injury, modeling a microenvironment comprising oxidative 

stresses and OECs will benefit screening of bioactive compounds as potential neuroprotection 

antioxidant properties. We have shown for the first time how coalescence of liquid marbles 

can be utilized to mix solutes and distinct cell types. We anticipate the development of an 

auto-coalescence platform by incorporating magnetic agarose hydrogel sphere inside a liquid 

marble. By controlling magnetic actuation, two liquid marbles can coalesce by horizontal 

movement. Initially,  liquid marble can be immobilized on a horizontal axis as non-attractive 

poles (Fig 7.3 A), and then release towards collision upon unmagnetized, Fig 7.3B. The 

colliding LMs are projected towards each other. The kinematic and dynamic conditions for 

collision are unknown and need to be investigated. This work offers a digital microfluidics 

platform to study the interaction of two compartmentalized microenvironments.  

 

Magnetize

U nm agnetize

A

B

 

Figure 7.3 Schematic representatives of the proposed model for auto-

coalescence of liquid marble: (A) The marble was immobilized with magnetic 

force; (B) marble coalesce upon releasing the magnet. 

 

 

 

 




