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Microfluidic handling of particles toward three-dimensional 

tissue printing and point of care diagnostics 
 

By 

Munaz Ahmed 
 

ABSTRACT 
 

The present thesis aims to develop a Lab-on-Chip (LOC) platform technology for mixing, 

separation, and trapping of biological samples, in particular for handling biological and non-

biological particles with application in three-dimensional tissue printing and point of care 

diagnostics. Numerical models for the different manipulation tasks were first established. 

Physical parameters such as magnetic flux density, pressure, velocity of the fluids, particle 

trajectory, and species concentration were numerically simulated. The numerical model was 

then used to optimise mixing, separation, and trapping of biological particles such as cells and 

exosomes. Hydrodynamic trapping of three-dimensional (3D) spheroids was demonstrated as 

a passive separation method. The developed LOC device facilitates trapping, culturing and 

fusion of cell spheroids in a single system. The successful test of the device indicates its 

potential therapeutic application in the repair of nerve injuries. Furthermore, active 

manipulation was employed to initiate mixing and separation of non-magnetic particles using 

negative magnetophoresis. The proposed mixing platform offers an optimised and low-cost 

solution by separating the permanent magnets from the LOC device. Separation of 

nonmagnetic fluorescent particles with a subtle size difference was demonstrated. The problem 

of clogging the channel by magnetic nanoparticles was solved by introducing multiple 

ferrofluid streams with different concentrations.  Finally, positive magnetophoresis was utilised 

to implement on-chip mixing and subsequent separation of a biological sample for cancer 

detection. The device with integrated sample preparation promises applications in Point-of-

Care (POC) diagnostics of early stage cancer. 
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Chapter 1: Introduction 

1.1 Background and motivations 

Microfluidics is the research field dealing with science and engineering of fluid flow in 

microscale [1, 2]. Microfluidic devices that can shrink a complex lab protocol on a single chip 

are called lab-on-chip (LOC). LOC includes microchannels machined in materials such as 

glass, silicon, and polymer. The basic principle of a microfluidic device is manipulating a small 

amount of samples and reagents to carry out particular tasks such as cell culturing, mixing, 

separation and analysis of the targets with a low cost and in a short time period [3].  

The main benefit of a LOC device is being small in scale, and thus requiring minimum use of 

sample fluids [4]. A LOC device can handle fluids with a volume ranging from nanolitre to 

microlitre scale. Common fluids and samples used in the device include but not limited to blood 

samples, cells and DNA suspended in an appropriate medium, protein or antibody solutions 

with different viscosities, as well as non-biological beads (magnetic, nonmagnetic) suspended 

in a number of buffers [5-7].  

Based on the manipulation approach of fluids, microfluidic methods can be classified into 

passive and active techniques [8]. Passive manipulation does not require any external energy 

sources. Passive manipulation completely relies on molecular diffusion or hydrodynamic 

advection of fluids [9]. Increasing the contact area and time between the fluid samples can 

enhance passive manipulation. Modifying the microchannel with specially designed 

geometries can enhance the contact area and shorten the mixing time. Passive mixing is simpler 

in terms of system setup. However, passive designs are sometimes very complex and not 

suitable for the mass production, especially for clinical applications. Serial and parallel 

lamination, differential inertial focusing, hydrodynamic trapping and switching are some of the 

major techniques for passive manipulation [5, 10].  

Active manipulation involves the use of an external energy or moving parts to induce fluid 

disturbances. Active manipulation uses external energy such as pressure, electrostatic, acoustic, 

optic or magnetic source [11]. The manipulation is more efficient and faster, because the 

external disturbance generates secondary flow within the primary flow. Ultrasonic, 

dielectrophoretic, electrokinetic, pressure perturbation, magnetic actuation, thermal and 

electrohydrodynamic forces are some of the common active manipulation techniques. 

However, an external energy source and the corresponding setup make the system more 

complicated. 
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Among the various external energy sources for active manipulation, the use of magnetic force 

for pumping, mixing, and separation of fluids has attracted a considerable interest from the 

research community due to its benefits such as contactless manipulation, biocompatibility, 

chemical inertness, no change in surface charge, temperature and the relatively low cost [12, 

13]. Magnetic forces can easily be adjusted to control a wide range of biological and non-

biological particles  [14, 15]. A magnetic field gradient can efficiently manipulate magnetic 

fluids. Dynamic movement of magnetic field is proven to be more efficient over a static 

magnetic field for mixing of biological samples [7, 10, 16-20]. On the other hand, the static 

magnetic field is suitable for the separation and trapping of targeted cells [13, 21-23]. 

The major advantages of LOC are the minimum use of the reagent, low cost, rapid analysis, 

high throughput, and easy handling [24]. LOC devices are useful for many biological and 

chemical applications ranging from cancer diagnosis, DNA sequencing, organ model, drug 

delivery, cell response, and pathogen detection [3, 25]. All these applications require basic 

functionalities such as cell trapping, sample mixing, targeted separation, and specific isolation 

[26-30].  These functions can be implemented by passive and active manipulation to suit the 

applications.  

LOC can also be used as a platform to simulate in-vivo conditions without the need of host 

objects. Within the last ten years, great advancement has been made by the microfluidic 

community [26, 31]. More complex designs have been adopted for disease diagnosis by several 

research groups [32-36]. These devices have the ability to form two-dimensional (2D) and 

three-dimensional (3D) cell cultures for different applications. A 2D system offers a monolayer 

cell culture and does not mimic the morphological characteristics of the in-vivo environment 

[37]. Culturing a 3D tissue increases the biological relevance of a cell-based model over the 

monolayer of a 2D culture. 3D culture possesses more in-vivo like cell-cell and cell-matrix 

interactions [38, 39]. 3D Cell response and organ modeling have yet to be utilized fully by the 

LOC platform. With the advancement of three-dimensional (3D) printing, microenvironment 

similar to the host object is possible to be replicated [40, 41]. 3D tissue printing incorporating 

into a LOC may open up a new research area within microfluidics. Reproducing a 3D condition 

in an in-vitro model will enable the discovery of cause of diseases [42].  

The first motivation of this thesis is to address the challenges of making 3D tissue models by 

trapping pre-cultured cell spheroids in a LOC device using hydrodynamics. This challenge will 

be overcome by elaborated technical considerations. The second motivation is to use an active 
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method such as magnetophoresis for the manipulation of biological particles.  The challenge 

of manipulating non-magnetic particles such as cells with magnetism is addressed by utilising 

the phenomenon called negative magnetophoresis. Negative magnetophoresis may lead to 

efficient mixing of non-magnetic particles. The third motivation is to address the challenge 

of separating non-magnetic particles with a small size variation. This challenge will be 

addressed with the delicate use of a concentration gradient of ferrofluid. The fourth 

motivation is to address the challenge of integrating all manipulating tasks into a single device. 

This challenge will be addressed by an improved cascaded mixing platform and on-chip 

isolation of the biological sample based on magnetophoresis.  Both mixing and subsequent 

separation of cells and particles will lead to the implementation of the point-of-care diagnosis 

devices. 

  

1.2 Research scope and objective 

The scope of this thesis is to introduce a novel LOC platform that can control particles towards 

3D tissue printing and point-of-care disease diagnosis. Easy design, low-cost fabrication, rapid 

investigation, and biocompatibility are the key considerations during the execution of the 

research tasks.  Following are the objectives of the research. 

Passive manipulation techniques will be employed to investigate the fusion process of the 3D 

Olfactory Ensheathing Cell (OEC) spheroids. Hydrodynamic flow will be utilised to effectively 

trap the cell spheroids without harming its structural integrity in designated trapping zones. 

The research will provide important insights into integrating 3D cell spheroids in a LOC.  

Magnetophoresis will be used as an active manipulation approach for efficient mixing of fluid 

sample. A dynamic magnet array will be used to provide a convenient and cheap option for 

rapid mixing. The results will lead to a mixing platform, suitable for mass production.  

Next, an active manipulation method with magnetophoresis will be developed to separate 

diamagnetic particles of subtle size variation. Effective separation with subtle size variation 

will enable the isolation of pathogenic bacteria, cell synchronization, counting of dead cells 

and early-stage diagnosis of diseases such as cancer. 

Finally, a LOC device will be demonstrated with an improved mixing scheme and subsequent 

isolation based on magnetophoresisfor the detection of cancer specific exosomes. The 

attachment of the exosomes to magnetic beads such as dynabead conjugated CD9 antibody will 

be demonstrated. The attachments of a breast cancer specific antibody to the isolated exosome 
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will validate the effectiveness of the proposed design. The design will serve as a demonstrator 

for point-of-care diagnosis of early-stage cancer. 

All research tasks will include the design, the simulation, and the characterization of each 

device for the respective application. High reliability, high throughput, and biocompatibility 

will be considered as the outcome of parametric optimisation of the design. The biological 

study will confirm the capability of handling viable cells in a LOC. The basic working steps 

i.e. mixing, separation, and on-chip detection will be demonstrated. The feasibility of 

integrating the basic working steps in a point-of-care disease diagnosis platform will also be 

discussed. 

 

1.3 Research questions and specific aims 

Research question 1 (Chapter 3): how to trap biological particles efficiently? 

Three-dimensional (3D) culture of human tissues and organs have been an exciting field of 

research in the past decade. A significant amount of research is still going on to overcome the 

existing technological and biological barriers. Among the various cell types, we have selected 

OEC spheroids as the transplantable bio-material, which has an excellent therapeutic potential 

for the repair of neural injuries in central nervous system (CNS) and peripheral nervous system 

(PNS) caused by accidents, strokes or Parkinson’s disease. However, OEC is very sensitive to 

the surrounding environment. The formation of OEC spheroids with a liquid marble bio-reactor 

and their transfer into a LOC device have not yet been performed. We aim to develop a 

microfluidic device to trap a 3D cell spheroid with high efficiency and low cost. This device 

can be used in all investigations related to cell spheroids such as their fusion, response to drugs. 

Maximum trapping efficiency, minimum use of sample and a low cost are the major objectives 

of this research task. 

The particular research questions are: 

 How to maximize the trapping efficiency? 

 How to minimize sample use? 

 How to reduce the trapping time? 

 How do trapped 3D cell spheroids behave in-vitro in a LOC device?  

 How do the cell spheroid response over a time period?   
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Specific aim 1 (Chapter 3) 

The aim of the research task of Chapter 3 is to develop a microfluidic platform for trapping and 

culturing cell spheroids suitable for transplantation, drug screening, and diagnosis. The primary 

intention is to investigate the fusion process of the spheroids to improve cell transplantation 

therapies for repairing spinal cord injuries. The successful fusion of the spheroids will lead to 

an alternative transplantation strategy. As an initial step, we will fabricate a microfluidic lab-

on-a-chip device using soft-lithography to culture OEC spheroids already created with floating 

liquid marble technology developed by our research group. We will show the benefits of the 

spheroids over mono-layer cell culture, allowing their in-vitro fusion inside of a LOC device. 

Throughout the fusion process, we will observe shape changes, which are coordinated 

movement of cells within individual spheroids. The conducted research will validate the proof 

of concept of the LOC device for successful 3D spheroid fusion and drug screening. Current 

knowledge about spheroids formation and transplantation will guide the formulation of a bio-

ink for 3D bio-printing. We hope to utilize 3D bio-printing technologies in the near future to 

create more complex 3D tissues similar to in vivo conditions and to observe their drug 

responses.  

 

Research question 2 (Chapter 5): how to mix non-magnetic particles efficiently? 

Mixing of sample is one of the fundamental requirements of any chemical and biological 

analysis. The main applications include but are not limited to in-vitro drug testing, binding the 

targeted sample with magnetic or non-magnetic beads, enzymatic assay, and cell lysis. 

Magnetic energy for active mixing is promising due to its contactless nature that retains the 

integrity of the biological sample. Positive magnetophoresis uses magnetic beads to label the 

targeted cells for their subsequent mixing and separation. However, the labelling step, and the 

consecutive cleaning steps are not convenient for point-of-care clinical applications. 

Interestingly label-free flow manipulation of non-magnetic particles using negative 

magnetophoresis for efficient mixing has not been fully explored. Non-magnetic particles such 

as cells or fluorescent beads can easily be controlled for efficient mixing and separation under 

an external magnetic field by emerging them in a paramagnetic medium. We will explore 

negative magnetophoresis for efficient mixing of diamagnetic particles in a paramagnetic 

medium. The behavior of the flow patterns under different physical conditions and geometric 

parameters are also the aims of this chapter. We will develop a microfluidic platform capable 

of mixing of the targeted particles with sample fluids.  
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The specific questions are: 

 How to achieve rapid mixing of non-magnetic particles? 

 How to introduce an easy, simple and low-cost design? 

 Can negative magnetophoresis be used for mixing? 

 Can dynamic movement of magnets improve the mixing process? 

Specific aim 2 (Chapter 5) 

Spreading of ferrofluid and particle manipulation can be achieved with a stationary magnet 

array. However, higher mixing efficiency will be needed for clinical samples. Dynamic 

movement of the magnet array will offer an extra dimension to enhance the biomolecular 

interactions.  

The aim of this chapter is to investigate negative magnetophoresis for efficient mixing over a 

short time period. We will numerically investigate the magnet flux distribution, and particle 

deflection towards the performance of mixing. We will experimentally investigate the magnet 

movement, particle deflection, and mixing efficiency over a range of flow rate. 

 

Research question 3 (Chapter 6): how to separate non-magnetic particles efficiently? 

Particle separation based on magnetophoresis is a simple, reliable and low-cost method. The 

separation concept can be utilized for a range of biomedical applications from genetic 

engineering, cell transplantation, and immunology. Efforts have been made to utilise negative 

magnetophoresis for separating cells. Most of the reported works focused on the separation of 

particles and cells with a large size difference. Particle separation with a subtle size variation 

is challenging. The same batch of cells may have variable sizes from one micrometer to several 

micrometers. Besides, separating homogeneous and heterogeneous cells can provide important 

information on cell synchronization and early-stage disease diagnosis.  

The challenge of negative magnetophoresis is to retain biocompatibility even with the use of a 

magnetic fluid. Magnetic fluid such as ferrofluid (maghemite Fe2O3, or magnetite Fe3O4 

nanoparticles suspended in a liquid) may affect the cell integrity in long-term investigations, 

as the attachment of the nanoparticles to the cells, and subsequent washing steps are involved. 

Besides, the highly concentrated magnetic fluid may clog the microchannel under an external 

magnetic field, and drastically reduce the device performance. The research in this chapter will 

develop a technology to separate diamagnetic particle of subtle size variation using negative 

magnetophoresis. The research task mitigates the problem of accumulation of magnetic 
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nanoparticles within the microchannel. We will introduce a parallel ferrofluid stream with a 

predefined concentration gradient. The low-concentration stream moves towards the stronger 

magnetic field, thus avoiding the accumulation of magnetic nanoparticles.  

The specific questions are: 

 What are the key factors for a subtle size separation by negative magnetophoresis? 

 How magnetic arrangement may promote negative magnetophoresis? 

 How to avoid clogging of the nanoparticles? 

 What are the effects of parallel streams with different concentrations? 

Specific aim 3 (Chapter 6) 

We will investigate the factors affecting the separation performance of particles by negative 

magnetophoresis. We will numerically investigate the flow rate ratio, viscosity and magnetic 

force towards the performance of separation. We will investigate experimentally how parallel 

flow streams with different viscosity may promote negative magnetophoresis for efficient 

separation. The repulsive force between each magnet and its effects on separation performance 

will also be investigated.  

 

Research question 4 (Chapter 7): how to implement mixing, and separation of particles 

in a POC device? 

Simple, and low-cost Point-of-Care (POC) disease diagnosis platform is sought after by the 

scientific community as well as by the biomedical industry. Early-stage cancer detection with 

reliable POC diagnostic device can save both human life and resources. A portable POC device 

requires simultaneous operation of sample mixing, targeted isolation, and on-chip detection. 

Unfortunately, very few research works have been reported on POC devices for early-stage 

cancer detection. Furthermore, POC devices utilising magnetophoresis are yet to be developed 

where mixing of the sample, separation of the targets, and their on-chip detections are 

integrated on a single chip. 

In Chapter 7, we will develop a simple, and low-cost POC device for the detection of early-

stage cancer based on magnetophoresis. The previously developed mixing platform (Chapter 

5) will be improved to handle samples such as exosomes.  Subsequent trapping and detection 

of the target exosomes will be addressed in the same LOC that are the prerequisites of the POC 

concept. 

The specific research questions are: 
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 Is magnetophoresis suitable for a POC device? 

 How to handle low volume biological sample? 

 Is it possible to detect the cancer specific exosomes with the device? 

 How to improve the sample mixing in the device? 

 How to combine the mixing, isolation and on-chip detection of the biological sample? 

Specific aim 4 (Chapter 7) 

The specific aim of the project is to develop a POC device that can implement mixing, isolation, 

and detection of cancer-specific exosomes of low volume. An improved cascaded mixing 

platform has to be designed. The mixing platform aims to bind magnetic beads (streptavidin 

coated dynabeads conjugated with the biotinylated CD9 antibody) with cancer-specific 

exosomes. The effectiveness of mixing will be optimised in terms of magnetic field 

distribution, inlet condition, and flow rates of the system. Subsequent isolation of the 

conjugated dynabeads-CD9-exosome has to be implemented in the separation channel. The 

magnet distance and the field strength must be optimised for effective isolation of the targeted 

sample. FITC HER2 antibody will be used to identify breast cancer specific exosomes that 

validate the effectiveness of the POC. 

 

1.4 Thesis framework  

The thesis consists of eight chapters. Chapter 1 provides an introduction to the thesis. The 

background and motivation of the thesis are discussed elaborately. Chapter 2 addresses the 

current limitations, challenges and future perspectives of 3D bioprinting for constructing tissue 

and organ models. Details from preparing bio-ink to the modification of print heads are 

discussed. Design considerations are addressed to resolve the technical challenges of bio-ink 

deposition. Replicating the in-vivo environment in terms of the constructed cells, tissues, and 

organ models are addressed. The conclusion highlights the benefits of 3D printing towards cell 

therapy, and drug discovery. Magnetophoretic particle handling towards point-of-care disease 

diagnosis are discussed in Chapter 4. Fundamental theory of magnetophoresis is elaborated in 

details. The application and future perspective of magnetophoresis are elaborated. The chapter 

also discusses LOCs developed by various research groups for application such as mixing, 

separation, and trapping of both biological cells and non-biological particles. Based on the 

literature reviews of Chapters 2 and 4, trapping, mixing and separation of cells and particles 

are investigated systematically in the subsequent chapters. 



9 
 

Chapter 3 presents a novel method for 3D tissue formation using OEC spheroids and their 

hydrodynamic trapping in a LOC device. The cultured OEC tissue is observed over a period of 

time to analyze the morphological changes. Chapter 5 utilises the magnetic force to manipulate 

non-magnetic particles inside a microchannel. The research serves as a guide towards 

implementing mixing of biochemical samples in a point-of-care diagnosis platform. Chapter 6 

uses magnetic forces to separate particles of subtle size variation. Detailed numerical 

simulations are carried out to optimize the device performance. The experimental and 

simulation results are then compared. Chapter 7 provides an improved mixing platform based 

on the previously demonstrated design. Subsequent isolation and on-chip detection of 

biological samples are demonstrated for early-stage cancer diagnosis.  Chapter 8 provides the 

conclusion and future perspective of the research presented in this thesis. Figure 1.1 presents 

the framework of this thesis.  

 

 

Figure 1.1 The structure of the thesis, and the relationship between the chapters published 

as research papers. 
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1.5 General methods and materials   

This section briefly describes the general methods and materials for the numerical analysis, 

fabrication procedures, sample preparation steps, and image processing carried out through the 

thesis. More detailed information will be presented in the respective chapters. 

 

1.5.1 Finite Element Analysis (FEA) 

COMSOL Multiphysics 5.2 (COMSOL Inc., USA) was employed as the FEA tool to optimise 

the device parameters. A number of design parameters were optimised in the conceptual phase 

to maximise the performance of the targeted application. The geometrical optimisation was 

conducted by varying one parameter while keeping the others constant. Materials with 

appropriate value were selected for each of the geometry. Fine meshing was incorporated into 

the model to achieve realistic data from the models. Necessary physics for the investigation 

was incorporated in the model to finalize the design.  

For the magnetic field, no current (MFNC) physics was used to optimise the magnet distance 

from the channel, magnet size, and magnet pole alignment. Creeping flow (SPF2) physics was 

employed to optimise the flow rates, velocity, and pressure distribution across the channel 

width of the system. The SPF2 model considered the shallow channel approximation with an 

appropriate channel thickness. The option provided Pseudo 3D simulation that offers more 

realistic results. Fluid particle tracing (FPT) was employed and coupled with the MFNC and 

SPF2 model to observe the trajectories of the particle within the channel. Particles with 

different diameter and magnetic permeability were investigated for a number of flow rate 

ratios. Transport of diluted species (TDS) was employed and coupled with the MFNC and 

SPF2 model to investigate the concentration distribution of the paramagnetic ferrofluids. 

Our systematic study provided a clear guide for setting up the experiments with less resource 

and time. The numerical simulation was subsequently compared with the experimental data. 

Agreeing results verified the reliability of the simulation. Deviations of numerical data from 

experimental data were clearly explained with references. 

 

1.5.2 Device design 

A number of commercial software was used to design the platform of the system and the LOC 

devices. Clewin 3.0 software was utilised to design the master molds with the designated 

pattern (Chapter 3, Chapter 7) and the subsequent soft-lithography methods. CorelDraw (Corel 
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Co., Canada) was employed to design the mixing platform, LOC channel, and magnet holder 

(Chapter 5). Autodesk (123D design) was utilised to model the 3D LOC devices (Chapter 6). 

The model was converted into Standard Tessellation Language (STL) format to fabricate the 

master mould using 3D printing.  

 

1.5.3 Device fabrication 

Conventional machining such as CO2 laser engraving system (Trotec/Rayjet 300) was 

employed to fabricate the device holders. Acrylic sheets with different thicknesses were cut 

according to the model diagram. Each part of the platform was milled and attached according 

to the design specification. The holder of the magnet was fabricated using the laser system. The 

LOC was fabricated by soft-lithography (Chapter 3, Chapter 7), novel tape attachment methods 

(Chapter 5), and 3D laser printing (Chapter 6) according to the requirements of the applications.  

Producing the moulds: Fig. 1.2 shows the step-by-step fabrication of the microfluidic device. 

In details, the designed pattern of the LOC (Clewin 3.0) was printed into a 2822 mm plastic 

mask (IGI-sing, Singapore) for the replication. A layer of SU8-3050 photoresist was spin 

coated at 3300 rpm onto a clean silicon wafer. The deposited photoresist was soft baked through 

a series of steps (65 °C for 10 min, 95 °C for 30 min, 50 °C to cool down). UV exposure at 

920 mJ/cm2 for 35 seconds followed by a post-baking step (65 °C for 1 min, 95 °C for 10 min) 

allowed pattern transfer to the wafer. The exposed wafer was developed by 1-methoxy-2-

propanol acetate for 15 minutes. 

We also developed a fast, convenient, and novel methods to fabricate the LOC device avoiding 

the more sophisticated soft-lithography technique. After a number of trials, we utilised a 

laminated plastic sheet with the thickness of approximately 250±30 µm to pattern the 

microchannel. CO2 laser system (Trotec/Rayjet 300) with appropriate power and speed was 

employed to achieve the fine cuts of the microchannel. The milled parts were cleaned in an 

ultrasonic bath for 10 minutes to remove any residual parts from the microchannel. A double-

sided adhesive tape (Scotch, 3M) was attached with the clean glass slides (sizes of 50×76 mm). 

The glass slide ensures the flatness of the PDMS replication for proper plasma bonding. The 

laser milled microchannel was carefully positioned on top of the adhesive tape and works as 

the master mould for the replication. 
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We used a commercial 3D laser printer (Nobel 1.0A, XYZ printing, USA) to fabricate the 

master moulds of the LOC device. An appropriate setting was employed in the 3D printer to 

process the STL file. The master mould was carefully cleaned with ethyl alcohol to remove 

any residual resins. Subsequently, the mould was cured with UV exposure (Tray-Lux M5, 

Taiwan) and cleaned with DI water. The mold was kept in the oven for an hour before the 

PDMS casting. 

PDMS casting: Polydimethylsiloxane (PDMS) prepolymer (Sylgard 184 elastomer kit, Dow 

Corning, USA) was mixed with the crosslinker at 10:1 volume ratio. The mixed solution was 

degassed for 30 minutes to remove any residual bubbles. The mixture was poured carefully 

onto the master mould. The master mould was further degassed for 15 minutes to remove any 

remaining air bubbles. The mould was cured in the oven for an hour at 800 C. The cured PDMS 

was peeled off from the master mould. Inlet and outlet ports were created by punching 1.5 mm 

holes. 

Plasma bonding: The cured PDMS was cleaned with isopropanol and DI water to ensure a 

dust-free surface. The cured PDMS was dried to avoid any liquid remaining in the mould prior 

 

Figure 1.2. Step-by-step fabrication of the microfluidic device. A number of step is needed 

to obtain the post-baked silicon wafer. Cured PDMS is deposited on the master mould to 

fabricate the device. The inlet, and outlet for the media flow are introduced by punching a 

hole. Plasma bonding with a clean glass slide was initiated to finalise the LOC. 
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to plasma bonding. Plasma bonding was initiated with oxygen plasma (Harrick Plasma) for 45 

seconds on the surface of the patterned mould and the glass slides. Immediate bonding was 

achieved between the replica and the glass slide. The attached device was kept in the oven for 

an hour at 800 C to ensure strong bonding. 

 

1.5.4 Experimental setup 

Strict protocols were maintained through the projects before conducting any experiments. 

Setup of the microscope with appropriate filters, arrangement of the syringe pump to achieve 

optimised flow rates, and controlling the rotation of the DC motor was the main steps 

throughout the thesis. The fabricated LOC microchannel was cleaned with 80% ethanol for 10 

minutes and cured at 800 C in the oven for 30 minutes. Subsequent UV exposure for 5 minutes 

mitigate the contamination before introducing the biological sample. The details are discussed 

in the following sections. 

Setup of the microscope: The biological cells and cell spheroids were monitored through an 

inverted optical-fluorescent microscope (Olympus IX70). The FITC (B-2A, EX 450-490) filter 

was used to observe the cell spheroids. The image was merged with bright field modes for 

further investigation (Chapter 3). An inverted microscope (Nikon Eclipse TE-100) was utilised 

to visualise non-biological fluid streams, particles, and magnetic beads such as dynabeads in 

the remaining projects (Chapter 5, 6, 7). FITC (B-2A, EX 450-490), and TRITC (G-2A, Ex 

510-560) filters were utilised to trace green and red fluorescent particles respectively through 

the 4×, and 10×-objective lens. An USB camera (Edmund Optics, Germany) was mounted on 

the microscope to record still images and videos of the experiments. Associate software (uEye 

Cockpit) was used to process the recorded images.  The videos were recorded at 10 frames per 

second for a period of 60 seconds to investigate the experimental data. 

The arrangement of the syringe pumps: A number of precision syringe pumps (SPM-100, 

SIMTech Microfluidics Foundry) were utilised to deliver the flow, cells, and particle mixtures 

throughout the experiments (Chapter 5, 6). Teflon tubes (1.5 mm diameter) with appropriate 

length were connected between the syringe pumps and the device inlets. Built-in SPM-100 

software was used to control the flow rates of the system. A precision syringe pump (CETONI-

Base 120, CETONI, Germany) was used in the withdrawal mode to handle a small amount 

biological sample (CD9 conjugated dynabeads and exosomes) in Chapter 7. A 200-µm tip was 

directly attached to the inlet ports to avoid sample loss. The pump was connected to the outlet  
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ports using 1.5-mm Teflon tubes. Built-in QmixElements software was utilised to handle the 

sample flow. 

Controlling the DC motor: For the mixing experiments, Arduino board (Duinotech Uno-XC 

4410, China) was used to control the rotational speed of the magnet heads. The magnet head 

was connected to a DC motor (5V, 2A). Mixing performance was maximized at an optimum 

rotational speed of the DC motor. Fig. 1.3 shows the Arduino board setup and the connection 

of the DC motor with the magnetic heads. The microprocessor from the board was coded to 

precisely control the speed range of 20-220 rpm. Arduino 1.6.10 (freeware) software was used 

to provide necessary instructions to the control boards, Appendix A.1. The control board was 

powered by a programmable DC power supply (Keithley 2200-30-5, Tektronix, UK). 

The arrangement of the magnets: Magnetophoretic force was externally induced by 

arranging a set of NdFeB magnets. For the mixing work (Chapter 5), a cylindrical PMMA base 

was fabricated to hold a number of magnets on the motor shafts. One to four cylindrical 

permanent NdFeB magnets (grading N38, 5×6 mm, AFM Magnetics, Australia) were 

incorporated into the magnet holder. Specific pole alignment between 1 to 4 magnets was 

 

Figure 1.3. Controlling the DC motor with the Arduino board (Duinotech Uno-XC 4410). 

The magnetic head is connected with the DC motor. 
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optimised through COMSOL simulation and implemented in the experiments. The optimised 

magnet array maximizes the mixing performance. 

For the separation work (Chapter 6), five rectangular permanent magnets (grading N42, 3×6×3 

mm, AFM Magnetics, Australia) were arranged 3 mm apart from the microchannel. A laser 

machined PMMA frame holds each of the magnets 3 mm apart from each other. The repulsive 

magnetic force was utilised for separation that is also validated by the COMSOL simulation. 

The magnetic field strength was measured by a Gauss meter (Hirst Magnetic Instruments Ltd., 

UK). The point-of-care (POC) diagnostic device used two-cylindrical permanent NdFeB 

magnets (Chapter 7). The magnets were repulsive to each other and attached to the magnet 

holder. This setup initiates mixing in the cascaded chambers of the device. Trapping of the 

conjugated biological sample was adopted by a stack of three rectangular NdFeB magnets 

(Grades N42, 5×5×3 mm, AFM Magnetics, Australia), 1 mm adjacent to the trapping channel. 

 

1.5.5 Sample preparation 

We used standard cell culture protocols for the fusion experiments (Chapter 3). A paramagnetic 

medium such as ferrofluid, a diamagnetic medium such as deionized (DI) water, and 

fluorescent particles with different sizes were employed throughout the experiments (Chapter 

5, and 6). Magnetic beads such streptavidin coated dynabeads, primary antibody such as CD9, 

cancer positive exosomes, and the breast cancer-specific FITC-HER2 antibody were prepared 

and maintained according to the protocols recommended by the manufacturer (Chapter 7). 

Details are discussed in the subsequent paragraphs. 

Cell cultures and spheroids formation: Olfactory ensheathing cells were cultured in a 

standard T75 flask with the appropriate medium. The medium contains DMEM/F12 (Life 

Technologies) enriched with 10% FBS, 2 µM forskolin (Sigma), 20 µg/mL bovine pituitary 

extract (Gibco), 10 ng/mL FGF-2 (Pepro Tech), 10 ng/mL EGF (Pepro Tech), and 0.5% 

(vol/vol) gentamicin (Life Technologies). The cells were harnessed every 2-3 days when 

reached a confluence of 70% to 80%. The cell proliferation was maintained in a standard 

incubator at 370 C, 5% CO2. 

3D spheroids were generated with seeding of 5,000 cells per 10 µL cell media droplets. In 

details, floating liquid marbles were formed by a coating of polytetrafluoroethylene powder 

(PTFE) with a particle diameter of 1 µm (Sigma-Aldrich, USA). The cell-medium droplets 

were deposited onto the PTFE powder bed inside a petri dish through micro-pipetting. A 
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circular motion of the dish allowed covering the droplets with PTFE powder. The formed 

marble was placed into a 96 well plate. Each of the wells contains 100 µL of cell medium. The 

medium assists floating of the marble. Further incubation of 24 hours at 370 C assists cell-cell 

interactions within the liquid marble. The interaction produces uniform 3D cell spheroids. A 

number of OEC spheroids with an average diameter of 80-120 µm were observed inside the 

liquid marbles. An average of 15 to 25 spheroids were observed in each of the marbles. 

Sample mixture preparation: Unless otherwise stated, the following protocols were 

maintained throughout the thesis to prepare the sample mixture. To observe the fusion 

experiments (Chapter 3), spheroids from each of the marbles were harvested by a relatively 

low centrifugal speed of 500 rpm for 5 minutes. This low centrifugal force ensured the 

structural integrity of the spheroids. Debris and matured media were removed by micro-

pipetting. Fresh OEC media were mixed with the sediment pallets and carefully suspended to 

formulate the sample. The sample was carefully injected with an appropriate flow rate to 

investigate the fusion process. 

A water-based ferrofluid (EMG 707, Ferrotec, USA) at 1% vol. concentration was used to 

investigate the effects of the flow stream and particle trajectories (Chapter 5). Green fluorescent 

polyethylene microspheres (1.00 g/cc, 30 µm, Cospheric, USA) was mixed with the ferrofluid 

to observe the mixing effects by negative magnetophoresis. Fluorescent polyethylene 

microbeads with diameters of 3.2 µm (red) and 4.8 µm (green) (1.00 g/cc, Thermo scientific 

Inc., USA) was mixed with 0.5% vol. concentrated ferrofluid (EMG 707, Ferrotec, USA) 

solution to investigate the separation performance of the LOC device. The mixture served as 

the sample fluid in the system. Ferrofluid with different volume concentrations (0.25%, 0.5%, 

and 1.0% vol.) was delivered as a sheath, and buffer streams to focus the sample mixture 

(Chapter 6).  

Exosome extractions, and conjugation of the reagents: A breast cancer cell line (TD-47) 

was grown and maintained with 10% exosome depleted foetal bovine serum (Life Technology, 

Australia), and 1% penicillin/streptomycin (Life Technology, Australia). The cell line was 

incubated in 5% CO2 at 37 0C. The media was collected at 70% cell confluency and centrifuged 

at 2,000g for 30 mins. This centrifugation eliminates all the contaminated cells and debris 

from the media. Total exosome isolation reagent (Life Technology, Australia) was used to 

extract the exosomes. In details, the supernatant was transferred to a new tube without 

disrupting the pallets. The total exosome isolation reagent was added at 2:1 ratio. The sample 
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was incubated overnight at 4 0C. The sample was subsequently centrifuged at 10,000g for an 

hour. The exosome pallets were resuspended to the required volume in phosphate-buffered 

saline (PBS, 10 mM, pH 7.0) and stored in -20 0 C for future use. 

Streptavidin-coated dynabeads (1 m, 10 mg/mL) were purchased from Thermo Fisher 

Scientific, Australia. The anti-CD9 antibody was purchased from Abcam, Australia. The CD9 

was biotinylated to functionalise with the dynabeads. The concentration was fixed at 10 g/mL 

for the CD9 antibody. HER2 antibody (2G11, FITC) was purchased from Thermo Fisher 

Scientific, Australia to trace the breast cancer specific exosomes. DNase/RNase-free distilled 

water (Invitrogen, Australia) was used for all aqueous solutions. 

 

1.5.6 Image processing  

At least three videos for each data set was used to analyse the experimental results. ImageJ 

software (NIH, imagej.net) was utilised to convert the recorded video into still images. An 

average 16-50 still images were analysed to obtain the average parametric values. This average 

value authenticates the reliability of the conducted experiments. Contrasting, sharpening, and 

thresholding was adjusted through ImageJ to enhance the image quality. A customised 

MATLAB code (MathWorks) was utilised to remove the background noise and stationary 

particles from the targeted region, Appendix A.2. Fusion command was used to observe the 

streamline of the particles, Appendix A.3. Mixing efficiency was evaluated by a MATLAB 

codes, Appendix A.4. 
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Chapter 2 

Literature review-1, 3D bio-printing 

Journal of Science: Advanced Materials and Devices, (2016) 1(1), 1-17 

 

 

This chapter presents an overview on three-dimensional (3D) printing of biological matters 

such as cells and cell spheroids to potentially form body tissues and organs. The review 

furthermore discusses the current technological and biological challenges associated with 

printing of a bio-ink including cells and tissues. The technological challenges include mapping, 

formation, transportation, and synchronization of the bio-ink with the printing hardware. The 

biological challenges include viability, proliferation, and integrity maintenance of the cells and 

cell spheroids before, during, and after the printing. The chapter outlines the fusion process of 

the printed cells and cell spheroids. The feasibility of organ printing with state-of-the-art 

technologies is also briefly presented. This extensive literature review delivers a clear 

understanding and insights towards the transportation of delicate cells, and cell spheroids inside 

of a microfluidic platform, and the development of a Point-of-Care (POC) diagnostic devices.  
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Chapter 2: Three-dimensional printing of biological matters 

Abstract 

Three-dimensional (3D) printing of human tissues and organ has been an exciting research 

topic in the past three decades. However, existing technological and biological challenges still 

require a significant amount of research. This chapter highlights these challenges and discusses 

their potential solutions such as mapping and converting a human organ onto a 3D virtual 

design, synchronizing the virtual design with the printing hardware. Moreover, the chapter 

discusses in details recent advances in formulating bio-inks and challenges in tissue 

construction with or without scaffold. Next, the chapter reviews fusion processes effecting 

vascular cells and tissues. Finally, the chapter deliberates the feasibility of organ printing with 

state-of-the-art technologies. 
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2.1 Introduction  

The invention of the printing press changed the course of human history. The disruptive 

technology of printing text and images impacted society globally, acting as media for 

education, religion, politics, language, and culture [1]. Since then, a number of innovations 

further enhanced the printing technologies. For example, the introduction of dot matrix printers 

revolutionized the consumer market, where a computer linked to a printer as its peripheral 

device allowed desktop publishing and on-demand printing, reducing cost and time. The advent 

of the Internet introduced further advancement, which allows documents to be available 

anywhere and printed just by the click of the mouse. Personalised printing made education, 

scientific research and arts more accessible to the broad population. Table-2.1 lists the major 

milestones in the history of printing technology. Although Charles Hull first introduced in the 

late 1980 three-dimensional (3D) printing through the so-called stereo lithography technology, 

its significance only started to materialise at the turn of the 21st century [2, 3]. This versatile 

printing technology allows the fabrication of a wide range of 3D objects, from electric 

components to biological implants, through layer-by-layer patterning with ultraviolet (UV) 

exposure of photoresist films [4].  

A 3D printer can also dispense biological materials making bio-printing possible. Generally, 

bio-printing can be achieved with layer-by-layer positioning of biomaterials as well as living 

cells. The precise spatial control of the functional materials allows for the fabrication of 3D 

tissue structures such as skin, cartilage, tendon, cardiac muscle, and bone. The process starts 

with the selection of the corresponding cells for the tissue [5]. Next, a viable bio-ink material 

is prepared from a suitable cell carrier and media. Finally, the cells are printed for subsequent 

culture into the required dimensions. The several approaches of 3D bio-printing are 

biomimicry, autonomous self-assembly and mini-tissue building blocks [6]. In contrast to 

conventional 3D printing, 3D bio-printing is more complex in terms of the selection of 

materials, cell types, growth/differentiation factors, and sensitivity of the living cells 

construction.  

A typical 3D bio-printing process consists of the pre-processing, processing and post-

processing stages. Pre-processing consists of the formation of an organ blueprint from a clinical 

bio-imaging system (i.e. MRI) and the conversion of this information into a direct instruction 

software of the standard template library (STL) for the printing hardware, which includes but 

is not limited to a series of integrated tools such as automated robotic tools, 3D positioning 
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systems with printing head, ink reservoir, nozzle systems, video cameras, fiberoptic light 

sources, temperature controllers, piezoelectric humidifiers, and integrated controlling software.  

Table 2.1. Major milestones of the history of printing technology. 

Milestone Year (CE) Details 

 

 

 

 

Book printing 

200 Woodblock printing used in China. 

1040 Letters rearranged for each page in movable typing 

1440 Printing press introduced by Johannes Gutenberg. 

1884 Introduction of hot metal typesetting. 

1907 George C. Beidler invented the Photostat machine. 

 

 

Desktop printing 

1968 Dot matrix printing invented by Digital Equipment Corporation. 

1970 Inkjet printing produced by Epson, Hewlett-Packard, Cannon. 

1979 Laser printer developed by HP for desktop. 

 

 

 

 

3D printing 

 

1984 3D printing invented by Charles Hull called stereo-lithography.   

1991 Word’s first fused deposition modelling (FDM) invented by stratasys that uses plastic and 

an extruder to make 3D model. 

1992 Selective laser sintering machine (SLS) invented by DTM using power with laser to print the 

3D model. 

2000 3D ink jet printer and multi-colour printer produced. Following year, desktop 3D printer 

introduced. 

2009 Commercial 3D printer available to market. 

 

The processing stage is the actual printing session of the bio-ink using the bio-printers. The 

processing stage includes bio-ink preparation, clinical cell sorters (e.g. Celution, Cytori 

therapeutics), cell propagation bioreactors (e.g. Aastrom Bioscience), and cell differentiators 

to construct the desired biological structures.   

The post-processing stage comprises the necessary procedures to transform the printed 

construct into a functional tissue-engineered organ, suitable for surgical implantations. The 

post-processing stage may also include perfusion bioreactors, cell encapsulators and a set of 

bio-monitoring systems [7]. Each of these auxiliary machines has their own important roles for 

scaling up bio-printing. For example, cell encapsulators and bioreactors are essential to restrict 

undesirable fusion processes after the construction. Mironov et al. proposed a bio-reactor that 

is believed to maintain fragile tissue construct with sufficient time for post-processing of tissue 

fusion, maturation and remodelling [8].  

 

 



26 
 

2.2 Technological considerations 

The main technological challenges of 3D bio-printing are (i) the 3D positioning process, (ii) 

the formulation of a bio-ink and (iii) the dispensing system.  

 

2.2.1 Three-dimensional positioning 

Precise positioning of the print head plays a crucial role for the additive layer-by-layer 

construction of a 3D object. The positioning system is sometimes referred to as the bio-

assembly tool (BAT) that utilizes computer aided design/manufacturing (CAD/CAM) software 

to precisely deposit various 3D heterogeneous cells [9]. BAT generally consists of multiple 

printing heads that can travel in a XY plane and adding through the Z axis the printed layer 

[10]. A number of sensors are necessary to detect the thickness of each printed layer, and to 

adjust the print head for the next layer. Control software allows for the synchronization of these 

printing heads in the 3D space. The software may also consist of a number of text files or scripts 

for organizing the movement of the BAT and controlling the speed, air pressure as well as 

temperature. The 3D platform should be able to stop at various points during the printing 

process to change the bio-ink if necessary. Figure 2.1 illustrates a typical 3D positioning system 

incorporating a print head and a printing bed. 

 

 

 

Figure 2.1. Schematic of a 3D positioning system incorporating a print head and printing 

bed system. 
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For mapping a human organ, an X-ray, magnetic resonance imaging (MRI) or computed 

tomography (CT) scan can be converted to a bio-computer aided design (Bio-CAD) [11, 12]. 

Surgical navigation software such as Stryker (Kalamazoo, United States), MedCAD (Dallas, 

United States) are some of the commercially available Bio-CAD packages. The Bio-CAD 

software visualizes 3D anatomic structures, differentiates heterogeneous tissue types, measures 

and differentiates vascular and nerve tissues and generates the desired computational tissue 

model [13]. A specialized software such as Rhinoceros 4.0 (real-time simulation integrated 

with MATLAB/Simulink) can modify this bio-CAD design in extremely detailed slices with 

contour boundary paths that then can be synchronized with the 3D positioning system [13-16]. 

The software consists of a console and a master. The console analyses the 3D model, renders 

it onto a series of commands to be sent to the positioning stage. The master controls the 

positioning coordinates of the print head. 

Surface mapping observes the printing status of each layer and decides the time to begin the 

construction of the next layer. The waiting time may vary from material to material, depending 

on its concentration and its thickness. For instance, Song et al. utilized a prototype system 

consisting of stepper motors for each X, Y, and Z axis movement and another axis for 

dispensing materials with a syringe. The positioning system had a precision of approximately 

0.05 µm along the X and Y axis and of 0.125 µm in the Z axis. The optimum speed for 

depositing the material is typically between 1 to10 mm/s. The software transferred the CAD 

model to a layered process path in Extensible Markup Language (XML) that directly controls 

the positioning system [17]. 

One of the most common problems of additive printing is the accumulation of errors that is 

associated with the printing height. This problem poses a big challenge to the construction of 

a large number of layers [18]. The accumulative errors eventually lead to an unsuccessful 

attempt for the 3D construct. However, for better observation and mitigating these errors, each 

print head could have individual controllable video cameras attached. Furthermore, fiberoptic 

light sources will illuminate and cure the constructed layer. A controlled heaters and 

piezoelectric humidifiers can prevent the polymerization in each head. Biomaterials such as 

collagen and pluronic-F127 can be easily constructed for a finite number of layers but will 

eventually lose shape due to swelling or dissolution [19, 20]. Specialized techniques 

incorporating other bio-degradable materials may solve this problem.  
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Surface mapping feedback (SMF) is an algorithm-based geometric feedback software that can 

find errors between the printed layers. The software compares the measurement of the 

constructed cell with the virtual CAD model. Accounting for the errors detected by a 

displacement sensor, the deposited parameter can then be adjusted for in subsequent layers 

[21].  

The BAT reported by Smith et al. has a resolution of around 5 µm, a linear speed between 

10 µm/s to 50 mm/s and a deposition rate between 12 nl/s to 1 ml/s [10]. Smith’s group 

developed a script to construct a five-layer artery branch of a pig heart using bovine aortic 

endothelial cells (BAECs) suspended in type 1 collagen. Cohen et al. improved upon a custom 

built robotic platform for solid-free fabrication of alginate hydrogel and calcium sulphate to 

construct pre-seeded living implants of arbitrary geometries [19]. The robotic platform has X-

Y axes with a maximum transverse speed of 50 mm/s. The Z-stage served as a building surface 

with a positioning precision of 25 µm. Keating et al. used a 6 axis robotic arm (KUKA KR5 

sixx R850) that limits the deposition of support material by building a rotating platform for 

printing complex structures [22]. The first 3 axes are used to position the robotic arm and the 

last 3 axes move the platform. The robotic arm used KUKA robot language and Python scripts 

to control the movement of the axes.  

 

2.2.2 Bio-ink 

Bio-ink developments are one of the most challenging issues in the 3D bio-printing process. 

Generally, the ink must fulfil the biological, physical and mechanical requirements of the 

printing process. Firstly, from a biological aspect, the ink should be biocompatible whilst 

allowing cell adhesion and proliferation. Physically, the ink requires a viscosity low enough to 

dispense from the print head. Finally, the paramount mechanical requirement is to provide 

sufficient strength and stiffness to maintain structural integrity of the ink after printing. Bio-

inks are composed of living cells (typically 10,000-30,000 cells per a 10-20 µL droplet) 

suspended in a medium or pre-gel solution by polymer crosslinkers (such as thrombin, CaCl2, 

gelatin, fibrinogen, NaCl) that are activated by photo or thermal processes. For instance, poly 

(L-lactic acid) and poly (D, L- Lactic acid) can be dissolved in dioxane, with bone morphogenic 

protein grounded into particles and suspended in deionized water which can be used for making 

bone scaffold material [23]. 

Bio-inks without living cells are generally used to form scaffold support for later cell culture 

and growth. Typical scaffold materials include hydrogels such as agarose, alginate, chitosan, 
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fibrin, gelatin, poly(ethylene glycol)-PEG hydrogels, poloxamers and poly(2-hydroxyethyl 

methacrylate)-pHEMA [24-28]. Besides forming the scaffold, these materials also help to 

culture functionalize cells. For example, agarose is a natural polymer that forms a gel at room 

temperature. Low melting point at 37 degrees revert the gel into a solution allowing it to be 

washed away [29, 30]. Alginate is a linear copolymer found in the walls of brown algae. 

Crosslinking with CaCl2 at high concentration and low temperature, alginate can rabidly form 

a gel with high viscosity [29]. Chitosan is another linear polysaccharide obtained from shrimp 

and crustacean shells. Crosslinking with NaOH allows chitosan to rapidly form a gel matrix 

[29]. Collagen is a natural protein found in the body, as one of the materials in cartilage and 

bone tissues [29, 31]. Fibrin is a protein produced in human body after the injury. Scaffolds 

with fibrin can help to repair bone cavities, neurons, heart valves in the human body [31, 32]. 

Gelatin is a protein that helps to strengthen bones, joints, fingernails and hair qualities [33]. 

Poly(ethylene glycol) (PEG) hydrogels provide excellent biocompatibility, because this 

material can attach to most proteins, cells and antibodies [29]. Most common PEG hydrogels 

used for scaffold materials are polyethylene (glycol) diacrylate (PEGDA), poly (ethylene 

glycol) methacrylate/dimethacrylate (PEGDMA), poly (D, L)–lactic acid-co-glycolic acid. 

These hydrogels exhibit different transitional temperature. Poloxamer is a copolymer soluble 

in aqueous, polar and non-polar organic solvents [29]. The most common poloxamer for 3D 

printing is pluronic F127. This material is liquid at 4-50 C and becomes a gel at room 

temperature (>160 C). Poly(2-hydroxyethyl methacrylate)-pHEMA is a transparent polymer 

forming hydrogel in water. Oxygen to diffuse through the layer, makes them a good selection 

for bio-scaffolds [34].  

Due to the ability to rapidly form a gel, the above hydrogels are suitable candidates for scaffold 

supports in later cell cultures. Figure-2.2 shows the schematic presentations of the bio-ink for 

hard and soft biomaterials. The next two sub-sections will discuss their formulations. 

 

2.2.3 Bio-ink for hard materials  

Bone marrow stromal cells (BMSCs), calcium phosphate (CaP), tri-calcium phosphate (TCP),  

poly(lactic acid) (PLA), poly-glycolic acid (PGA), poly-caprolactone (PCL) have been used to 

formulate bio-ink for hard materials [35, 38-42]. BMSCs is a source of surrounding tissues 

with capability to migrate extensively in bone, cartilage and fat. This material also results in 

muscle degeneration. CaP has chemical similarity, biocompatibility and mechanical strength 

of bone, offering a huge potential for its construction, and repair. Over 70% of the bone is 
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formed with CaP minerals. Another unique property of CaP is the ability to absorb different 

chemical species onto their surfaces [43]. Different compositions of CaP provide beneficiaries 

for the formulation of the bone grafts and its surroundings. TCP is one of the major components 

of bone mineral. The crystalline polymorphs of alpha/beta TCP provides improved 

compressive strength and better osteo conductivity. Hydroxyapatite (HA) is another form of 

CaP  that efficiently purifies and separates proteins, enzymes, nucleic acids, growth factors and  

other macromolecules surrounding the bones [44]. Tetra calcium phosphate (TTCP) formed at 

temperature above 13000 C is used for self-setting CaP bone cements [45]. Biphasic calcium 

phosphate (BCP) is a mixture of HA, Ca and beta-TCP. This material is used in orthopaedic 

and dental applications for forming micro porous structures with higher compressive strength, 

and better osteo conductivity [46].  PLA, PGA and PCL are the most common synthetic 

biodegradable polymers for bone fixations and cartilage repairs because of their excellent 

biocompatibilities, biodegradability’s and mechanical strength [47]. These synthetic polymers 

accelerate the bone repair process without any sign of inflammation or foreign body reactions 

[48].   

Bio-ink used for hard biomaterials were utilized predominately to construct strong connective 

tissue (i.e. bone). However, before forming a bio-ink, essential parameters such as powder 

packing density, flow ability, wettability, drop volume needs to be optimized [40].  Moreover, 

the printed bio-material should serve as ample support for the embedded cells, e.g. stiff enough 

to allow fiber arrangement whilst sustaining the force for handling and implantation. 

Zhou et al. prepared a bio-ink material for hard tissue constructions (natural bone) with CaP 

(hydroxyapatite, HA and beta tricalcium phosphate, β-TCP) blended in calcium sulfate 

(CaSO4) at different ratios [35]. Bergmann et al. fabricated a bone scaffolds by utilizing β-TCP 

as a bone cement mixing with bio-active glasses (45S5 Henchglass) [49]. Different 

combination of orthophosphoric acid (H3PO4), pyrophosphoric acid (H7P2O7), isopropanol 

solution mixed with the processed powder, formed the predesigned scaffold structures. Inzana 

et al. implanted a 3D printed bone graft for tissue engineering applications in a mouse model 

[50], and subsequently proposed a number of steps to achieve a composite material of α-TCP 

and HA from CaP power solutions. Their acidic binder solutions were prepared by dissolving 
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collagen into phosphoric acid and the two solutions produces dicalcium phosphate dehydrate 

(DCPD) that was printed through a thermal ink jet printer.  

Incorporating collagen in to CaP improved the overall bone strength, the osteo conductive and 

the osteo inductive characteristics, as well as the cellular attachments, viabilities, and 

proliferation of the cells. To observe the cell viability on the scaffolds, C3H/10T1/2 cells were 

seeded onto the printed constructs, which showed excellent biocompatibility and growth up to 

72 hours [50]. Kao et al. formulated a number of bio-ink materials as functionalized 3D printed 

scaffolds from poly(lactic acid) (PLA) [51]. However, the hydrophobic nature of PLA resulted 

in less cell recognition. So subsequently, polydopamine (PDA) surface coating was required to 

improve cell adhesion, proliferation and differentiation. Human adipose-derived stem cells 

(hADSCs) seeded on various fabricated PDA coated PLA scaffolds displayed improved cell 

adhesion and extracellular matrix (ECM) secretion. In conjunction with collagen, Shim et al. 

encapsulated recombinant human bone morphogenetic protein-2 (rhBMP-2) cells within 

collagen and gelatin solutions and dispensed them into a hollow cylindrical type PCL/PLGA 

scaffolds [52]. The combination of PCL/PLGA/collagen/rhBMP-2 showed a better bone 

healing capability over PCL/PLGA/gelatin/rhBMP-2 in a rabbit model. The 20-mm bone 

defects partially regenerated through newly formed bone tissue, fused with the rabbits native 

tissue after eight weeks post injury. Moreover, sufficient incorporation of oxygen and nutrients 

are imperative for hard tissue such as bone, in order to functionalize the printed structures and 

to facilitate vascularization into the host tissue [53, 54].  

 

 

Figure 2.2. Bio-inks for hard and soft materials (rearranged and redrawn from [35-37]). 
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2.2.4 Bio-ink for soft materials 

Collagen, fibrin and decellularized adipose tissue (DAT) were used as ECM for soft materials 

bio-ink. Human mesenchymal stem cells (hMSCs), SMCs, HeLa, hepatocarcinoma (HepG2), 

fibroblasts, ovary cells, keratinocytes, neural cells, BMSCs, chondrocytes, epithelial cells, 

ADSC, ovary cells, hepatocytes cells have all been integrated into soft bio-materials [24, 55-

60]. Cui et al. developed a bio-ink for repairing defects in bone-cartilage plugs by combining 

human articular chondrocytes and PEG/DMA with a photo-initiator [61]. The printed construct 

produced excellent viabilities of almost 89.2 %. Li et al. developed a bio-ink materials for 

constructing vascular channels using a combination of gelatin/alginate/chitosan/fibrinogen 

hydrogels as the supporting materials and rat primary hepatocytes (ADSCs) cells cross linked 

with thrombin, CaCl2, Na5P3O10 and glutardialdehyde [62]. A combination of these hydrogels 

and cross linkers can enhance the integrity of the vascular channels for more than two weeks. 

Human livers can be repaired or fabricated by seeding this ADSCs that performed liver like 

metabolic functions. 

Each of the cells used in bio-ink need a different preparation process, so that they can retain 

their natural extracellular environment. For example, for forming a bio-ink with adipose tissue, 

decellularization is first needed. To decellularize the adipose tissue and achieve a high 

concentrated solution for printing, a number of steps were initiated to completely remove the 

cell’s nuclei from the tissue for extrusion through the printing nozzles [63]. Decellularized 

extracellular matrix (dECM) was one of the best options for bio-ink material, as these cells can 

naturally obtain the microenvironment similar to their parent tissues. However, the challenge 

of formulating the bio-ink is to minimize the cellular material while keeping ECM loss and 

damage to a minimum. Pati et al. successful decellularized adipose (adECM), cartilage 

(cdECM) and cardiac muscle (hdECM) tissues utilizing physical, chemical and enzymatic 

processes with 3D open porous structures. The decellularization efficiency was quantified 

through DNA analysis, showing a 98% reduction of cellular contents [37]. Furthermore, the 

authors successfully printed these soft material structures up to a thickness of 10 layers. Song 

et al. used a hyaluronic acid-HA (an extra cellular matrix protein) based hydrogel as the bio-

ink. To form the gel, HA was cross linked with poly(ethylene glycol) which can be used at a 

later date as the base material for bio-printing [17]. De Maria et al. trialled human skin 

fibroblast at concentrations of 100,000 cells/ml in the bio-ink, that is supported by Eagle’s 

minimum essential medium (EMEM). In this case, 360 drops or 50 µl (about 5,000 cells) were 
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dispensed in a predesigned well, and the well was filled with 450 µl EMEM to avoid the impact 

of the droplets with the rigid substrate [64].  

Hydrogel materials pose excellent bio compatibility, bio-degradability and tuneable 

mechanical properties, albeit their high water content. Hydrogel materials are reported as an 

encapsulator for viable cells, as they can keep cells alive without affecting cell-cell interaction 

and to support the cell constructions. For example, Duan et al. implemented a 3D bio-printing 

system to fabricate an aortic valve conduits [65]. Aortic root sinus smooth muscle cells (SMC) 

and aortic valve leaflet interstitial cells (VIC) were separately encapsulated in an 

alginate/gelatin hydrogel solution. These encapsulated cells were still viable within the 

hydrogel encapsulator over a seven day culture (81.4±3.4% for SMC and 83.2±4% for VIC). 

Lozano et al. constructed a 3D brain like structures with bio-ink materials consisting of primary 

cortical neurons encapsulated by gellan gum arginine-glycine-aspartate (RGD-GG) which is a 

modified bio-polymer hydrogel [66]. To stabilize the pH of the bio-ink, NaOH was added 

afterwards. The study of Lozano et al. suggested that the gellan gum (GG) is a good 

encapsulation material for neuronal cells with low cost, high gelling efficiency, and improved 

bio-compatibility [67]. Moreover, GG modified with RGD increases cell adhesion and 

proliferation. Chung et al. utilized three different concentrations of sodium alginate solutions 

in phosphate buffered saline (PBS) separately blended with gelatin solutions [68]. The solution 

was ionically cross-linked with CaCl2 and equilibrated in dulbecco’s modified eagle medium 

(DMEM)/ fetal bovine serum (FBS) culture medium. Primary myoblast (BL6) cells were 

cultured with appropriate media (Hams F10, FBS, penicilin) and combined with the solution 

as an encapsulator. The prepared hydrogel-based bio-ink showed excellent cell culture viability 

support and cell proliferative facilitation for primary muscle growth. Lee et al. fabricated a 

hybrid scaffold material consisting of an acrylate trimethylene carbonate (TMC)/ 

trimethylolpropane (TMP) and alginate hydrogel solutions to encapsulate chondrocyte cells. 

The seeded cells and the scaffolds structures remained stable up to four weeks upon implanting 

into a mouse model [69, 70]. 

Miniature tissue spheroids can be incorporated into a bio-ink, allowing uniform geometry that 

is necessary for cell-cell interactions [71, 72]. Tissue spheroids are sphere shaped groups of 

cells formed by spontaneous assembly within cellular suspensions. Uniform sized tissue 

spheroids are essential for bio-printing large tissues and organs. As tissue spheroids are formed 

by aggregation of cells, they possess maximum possible cell density within each spheroid. The 

average diameter of the tissue spheroids ranges from 100 to 300 µm [73]. Spheroids intrinsic 
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capacity of being fused over time, makes them an ideal candidate for forming bio-ink materials 

[74].  

Norotte et al. used Chinese hamster ovary (CHO) cells, human umbilical vein smooth muscle 

cells (HUVSMCs), human skin fibroblasts (HSFs) cells cultured in various ratios to form a 

desired cell spheroids as a bio-ink materials to construct vascular tubes [73]. The spheroids 

fused within 5-7 days resulting the final structure. However, a large quantity of spheroids for 

constructing longer structure is time consuming and a long fusion time could lead to a non-

uniform hollow structures. Almost 4000 spheroids of 300 µm were needed to construct a simple 

10 cm long and 1.5 mm diameter tube. Therefore, to form a large structure, rapid deposition 

process and fast fusion of spheroids are necessary. This research group also developed a bio-

ink with similar cells (multicellular cylinder as a bio-ink) dispensing continuously to form a 

cylindrical shapes. The multicellular cylinders fused faster than the spheroids structure, and 

needed only 2 –to 4 days to form the final shapes. However, the outer diameter of 900 µm 

(dispended with 300-500-µm diameter micropipette) limits the cell viabilities. A smaller 

micropipette could construct a narrower tube resulting in more viable cells. 

Recently Raja et al. exploited the floating liquid marble platform to generate spheroids of 

olfactory ensheathing cells (OEC) [75]. 5000 cells per 10 µL of marble generated numerous 

uniformed spheroids (around 30 spheroids per marble) with an average diameter of 90-120 µm. 

The OEC spheroids showed extensive cell-cell interactions indicating robust growth and 

healthy behaviour over time. The floating marble on appropriate culturing medium provided 

sufficient nutrients for the cell spheroids to survive. The group is expecting to utilize these 

OEC spheroids as a 3D printable bio-ink material to analyse spinal cord injury system in in-

vivo applications. It is possible to formulate enormous amount of spheroids within a short 

period of time. 

Furthermore, cells must be encapsulated in a non-adhesive and lubricated hydrogel such as 

hyaluronan to prevent preliminary tissue fusion inside the cellular suspension reservoir. Tan et 

al. formed tissue spheroids by mixing ECs and SMCs (1:1 ratio) seeded into non-adhesive 

agarose hydrogel moulds [76]. Approximately 840 uniformed cell spheroids with an average 

uniform diameter of 300 µm were prepared and printed. The cells can further be encapsulated 

within other hydrogel material such as alginate, collagen and cross linked with Ca2+ solutions 

to restrict their aggregation and sedimentation. However, these encapsulating approaches are 

not suitable for all cell types, as some cell types require a specific arrangement according to 
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their phenotypic functions [24]. For instance, Ferris et al. tested a consistent printing output of 

cells without allowing for settling and aggregation, over an extended time periods [77]. Ferris 

et al. formed a micro gel with biopolymer gellam gum combined with DMEM, and/or 

poloxamer 188 surfactant in different concentrations. C2C12, PC12 and L929 cells were 

separately maintained in DMEM, FBS and mixed with the microgel solution to form the bio-

ink. The printed construct on collagen hydrogel makes the cells hydrated and viable without 

settling and aggregated for a long time period. Table-2.2 presents the bio-ink materials with 

appropriate media/cross linkers conducted by various groups. 

It is important to find out the nature of the extruded bio-inks. For example, if the bio-ink is 

acidic in nature, it must first be adjusted to the physiological pH before encapsulation with 

cells, whilst maintaining the desired temperature [37]. Rutz et al. proposed a versatile method 

with various hydrogels that can tune the mechanical, physical, chemical and biological 

properties of the bio-ink [78]. Investigations were conducted to validate these formulations for 

cell viabilities after printing with live/dead assays in PEGX-gelatin and PEGX-fibrinogen. 

 

2.2.5 Modification of the print head 

Depending on the deposition technique of the print head and the bio-ink, bio-printers are 

categorized in three types: (i) ink jet, (ii) laser jet and (iii) extrusion.  

An ink-jet printer consists of an ink chamber with a number of nozzles. A short current pulse 

passes through an integrated heating element creating a bubble forcing the ink out of the 

nozzles [84]. A piezoelectric actuator can also be used for this purpose. A voltage pulse induces 

a charge on the piezoelectric material and ejects droplets out of the nozzle [85]. The ink-jet 

technique offers advantages such as low cost and minimal contamination of the cells due to the 

non-contact deposition technique. However, heat, mechanical stress and vibration could 

adversely affect the cell viability, clog the nozzle and make it harder to construct a multi-layer 

3D structure [86].  

Laser jet is the next deposition technique that utilizes the energy of a laser pulse to create the 

actuation bubble ejecting the cells onto a substrate [55]. This technology can work with a high-

viscosity bio-inks such as hydrogel consisting of alginate and collagen and provides a high 

degree of precision. However, the relatively long printing time and the heat generated from the 

laser lead to a higher rate of damaged cells [87].  
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Extrusion technique is another deposition technology that utilizes a pneumatic dispensing 

system for delivering the cells. This technology suits a wide range of bio-ink viscosities and 

allows continuous deposition, fast printing time and better structural integrity [87]. Even 

though extrusion process is considered to be the most adopted technique to date, the technology 

also faces several limitations such as limited material selection due to rapid cell encapsulation 

and increased shear stress resulting in more cell injuries [86]. 

 

Table 2.2. Bio-ink materials with appropriate media/cross-linkers. 
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tissues 
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HA:CaSO4 
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- 

 

Water based 

binders 

 

- 

 

In-vitro 

 

[35] 

- β-TCP, bio-

active glass 

(45S5 Hench 

glass) 

 

- - H3PO4 , 

H7P2O7 

- In-vitro  [49] 

Thermal  CaP solutions 

with α-TCP 

and HA 

 

- C3H/10T1/2  Collagen, 

Acidic binder 

(phosphoric 

acid) 

- In-vitro 

/In-vivo 

[50] 

- PLA coated 

with PDA 

 

- hADSCs  - DMEM, FBS, 

penicillin, 

streptomycin 

In-vitro [51] 

Extrusion  PCL,PLGA 

 

Collagen, 

gelatin 

hTMSCs, 

rhBMP-2 

 

- DMEM, FBS In-vitro 

/In-vivo 

[52] 

Thermal  Chondrogenic 

progenitor 

plugs (bio-

paper) 

 

PEGDMA  Human 

articular 

chondrocytes 

Photo 

initiator 

DMEM, Human 

serum, penicillin, 

streptomycin, 

glutamine  

In-vitro [61] 

Laser  Titanium 

powder 

 

- Human 

osteogenic 

sarcoma 

(MG63) 

 

Silica sol - In-vitro [79] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Soft 

tissues 

 

Extrusion - Agarose rods  CHO, 

HUVSMCs, 

HSFs, 

PASMCs 

 

- DMEM, FBS, 

antibiotics 

(penicillin, 

streptomycin, 

gentamicin), 

Geneticin,  Hams 

F12, glutamine, 

gelatin 

 

In-vitro 

[73] 

 

Extrusion  

 

Gelatin, 

alginate, 

chitosan, 

fibrinogen 

 

 

Gelatin, 

alginate, 

chitosan, 

fibrinogen  

  

Hepatocytes, 

ADSCs 

 

Thrombin, 

CaCl2, 

Na5P3O10 and 

glutaraldehyd

e 

 

DMEM, FBS, 

penicillin, 

streptomycin, 

aprotinin,   

 

In-vitro 

 

[62] 

Extrusion  PCL DAT hASCs - DMEM, FBS, 

penicillin, 

streptomycin 

 

In-vivo [63] 

Extrusion  PCL adECM, 

cdECM, 

hdECM 

 hASCs, 

hTMSCs 

- DMEM,  αMEM, 

FBS, antibiotics 

(penicillin, 

streptomycin) 

 

In-vitro [37] 
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Extrusion  - RGD-GG Primary 

cortical 

neural cells  

DMEM or 

CaCl2 

Collagenase, FBS, 

neurobasal media, 

glutamine,  

penicillin/strepto

mycin 

  

In-vitro [66] 

Extrusion  - Sodium 

alginate, 

gelatin 

Primary 

myoblast 

(BL6)  

 CaCl2 DMEM, FBS, 

penicillin, 

streptomycin, 

Hams F10, 

glutamine 

 

In-vitro [68] 

Ink jet - Sodium 

alginate 

ECs and 

SMCs 

 CaCl2 , 

gelatin 

EGM-2 

(Endothelial 

growth medium) 

 

In-vitro [76] 

Piezo-Ink-

jet 

Collagen bio-

paper 

Gellam gum C2C12, PC12 

and L929  

Poloxamer 

188 (P188) 

and/or 

fluorinate 

 

DMEM, FBS, HS 

(horse serum) 

 

In-vitro [77] 

Extrusion - Gelatin, 

fibrinogen, 4 

arm PEG 

amine 

HDFs, 

HUVECs 

PEGX-

gelatin, 

PEGX-

fibrinogen, 

EDC {N-(3-

Dimethylami

nopropyl)-N-

ethylcarbodii

mide}, NHS 

(N-

Hydroxysucci

nimide), 

thrombin 

 

PBS (phosphate-

buffered saline) or 

DMEM, FBS, 

antibiotics 

(penicillin, 

streptomycin) 

In-vitro [78] 

Thermal  Sodium 

alginate-

collagen 

composite 

- hAFSCs, 

dSMCs, bECs  

 

CaCl2 MEM, DMEM, 

EBM-2, clonetics, 

FBS, glutamine, 

penicillin/strepto

mycin   

  

In-vitro 

/In-vivo 

[80] 

Extrusion Gelatin 

methacrylami

de 

Hydrogel 

solutions 

(Bovine type 

B gelatin)  

HepG2  1-{4-(2-

Hydroxyetho

xy)-phenyl}-

2methyl-1-

propane-1-

one, and 2,2’-

Azobis{2-

methyl-N-(2-

hydroxyethyl)

propionamide

} 

 

DMEM, FBS, 

penicillin and 

streptomycin 

 

In-vitro [81] 

- - - HAFs and 

HUVECs 

- DMEM, 

penicillin/strepto

mycin, EGM-2 

 

In-vitro [82] 

Extrusion PCL, alginate 

solution 

Sodium 

alginate 

Chondrocytes

,  osteoblast 

CaCl2, NaCl 

solutions 

DMEM/FBS/peni

cillin and 

streptomycin. 

In-vitro [83] 
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Figure 2.3 illustrates the above-mentioned printing technologies. Each of the printing 

technologies has their own advantages and limitations. A suitable technology and the 

corresponding print head must be considered based on the cell characteristic, resolution, 

desired accuracy, number of deposition layers, structure of the constructed tissue, printable size 

and overall printing time before experimentation. A print head generally consists of a dispenser 

control unit, a number of sensors, a set of reservoirs, biocompatible nozzles, and supplementary 

components such as filter, hose tubes, camera and curing light. The print head needs to be 

biocompatible allowing for non-toxic delivery of bio-ink without exposing the cells to elevated 

temperatures and pressures. Conventional print heads have fixed structural parameters and 

operational characteristics. Only a small number of selective materials can be dispensed from 

these print heads. For the purpose of bio-printing, the head needs to be modified allowing multi-

nozzle capabilities to dispense different polymers, hydrogels or the combination of both, 

simultaneously [8]. To date, researchers have always customized and modified the print head 

according to their specific needs [88, 89]. Thus, the print-head operation may vary from 

continuous flow to extrusion modes to drop on demand (DOD) modes [64]. Print head 

clogging, reduced cell viability, and DNA damage of cells are a few among many challenges 

in designing and modifying a print head.  

De Maria et al. modified a piezo-electric ink jet print head. The flow was controlled by an 

electronic board equipped with a micro-controller (ATmega328P) [64]. Ang et al. utilized a 

print head consisting of a robotic dispensing system and a pneumatic dispenser to deliver 

chitosan at a variety of viscosities [90]. Moreover, the authors used Teflon lined nozzle to 

 

 

Figure 2.3. Schematic diagram of (A) thermal ink-jet printers, (B) piezo-electric ink-jet 

printers, (C) extrusion printers, and (D) Laser printers. 
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prevent adhesion and accumulation of cells around the nozzle tip. Pati et al. utilized six printing 

heads and six holders to dispense different the simultaneously. Each of the print heads operated 

at a different temperatures depending on the properties of the materials [63]. Norotte et al. used 

two print heads to simultaneously deposit scaffolds in the form of gels and multicellular 

mixture [73]. Coatney et al. used three print heads to construct blood vessels and cardiac 

tissues. Coatney et al. utilized the first two print heads to dispense cardiac and endothelial cells. 

The third print head dispenses collagen to ensure support for the cell structure during the 

printing [91].  

Dispensing bio-ink through a modified print head has to consider the shear rate the cell will 

endure during the extrusion. The average shear rate is the ratio between the speed of a droplet 

(ms-1) and its radius (m). Previous reports suggested that the allowable shear rate for cell 

survival should be below 5×105 s-1 [92]. Therefore, the expected shear rate has to be determined 

before the printing process, and correlated with the viscosity of the cells. A high shear force 

will damage the cells and thus reducing their viability in the printed construction [37]. For 

instance, in syringe based bio-printing, dispensed cells will endure higher shear force with 

small nozzle diameters. The movements of the print head could expose the constructed cells to 

either compressive or tensile forces. Chang et al. examined the effect of pressures and varying 

nozzle sizes on viability, recovery, and functional behaviour of HepG2 liver cells encapsulated 

by alginate [93]. The report suggested that cell viability is proportional to nozzle diameter, and 

inversely proportional to the applied pressure.  

Commercially available one or two reservoir systems have been reported incorporating a 

nozzle system with an average inner diameter of 200 µm to 1600 µm. Reservoir material could 

be made of aluminium, stainless steel, polyethylene or polypropylene coated by bio compatible 

solutions [94]. Each reservoir can carry specific scaffold or cell materials. These reservoirs 

could have a number of sensors to synchronise the nozzles of the print head. 

Selecting a right nozzle for printing biological cells is another crucial design consideration for 

a print head. Conventional nozzles/needle could be converted into biocompatible nozzles by 

coating bio-compatible silicone to increase the hydrophobicity of the inner and outer surfaces. 

The coating prevents ink adhesion within the nozzle/needle [64]. Nozzle size also affects the 

printing speed. Song et al. showed that printing speed linearly increases with reduced needle 

diameters [17]. However, a small needle diameter would result in a smaller printed pattern. So 

the right reservoir and nozzle has to be selected depending on the characteristics of the cells 
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and the constructed tissues. The nozzle can be controlled to dispense bio-ink droplets of 

different sizes.  

Billiet et al. conducted an experiment with the nozzle shapes (conical and cylindrical) on 

HepG2 cells. The results showed higher cell viabilities using conical shaped nozzle compared 

to cylindrical shape nozzles under low inlet pressures [81]. Moreover, cells printed with a 

bigger nozzle diameter maintained a higher cell survival rates of around 97% then smaller 

diameters. Yan and his groups varied the process parameters such as applied pressure and 

nozzle size affecting the cell viabilities [95]. They conducted a computational fluid dynamic 

(CFD) analysis based on shear stress and exposure time in term of cell damage. Experiments 

were carried out on cells (Rat adrenal medulla endothelial cells-RAMEC) mixed with alginate 

solutions deposited on calcium chloride solutions with different pressure and nozzles sizes. The 

experimental data shows that cell damage increases with high pressure whereas larger nozzle 

diameter minimizes it. Moreover, exposure time also has an impact on cell viabilities. A 

combination of higher pressure, and longer exposure time could lead to a higher cell damage.   

Jones et al. examined the effects of nozzle length on cell viabilities. The result suggested that 

the short nozzle length (8.9 mm) provides higher cell viabilities of almost 84% compared with 

the long nozzle length (24.4 mm) with a cell viabilities of 71% [96]. As long nozzle increases 

the dispensing time of cells subjected to face shear forces throughout the nozzles, viability of 

the cells dramatically reduces. 

 

2.2.6 Computer aided design and manufacturing (CAD/CAM) 

As mentioned in the earlier section, the information of the sliced layered design with individual 

cell types and sizes passes to the control of the nozzle position [97]. The software (called 

synchronizer or advance programming interface (API) synchronizer), the motion control unit, 

and the reservoirs connected to the print head work in a real time. The software passes signals 

requesting material information from the sensor in the reservoirs. The designated sensor then 

sends back the present status of the material of an individual reservoir [15]. Subsequently, the 

controller sends a set of commands to the individual reservoir to dispense the bio-ink droplets 

considering the specific cell types, cell sizes and viscosities. After dispensing the droplets 

containing the cells, feedback information returns to the control unit. This unit has a 

microcontroller-based motion control software that directs the print head to a specific 

coordinate according to the pattern and changes the reservoir and supplementary component if 
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different materials are needed [15]. Figure 2.4 illustrates the representative working steps of a 

hypothetic human organ transferring into a printed model. Depending on the needs, more print 

heads associated with a set of reservoirs, nozzle systems, and sensors can be appended. 

For printing, heads containing multiple nozzle systems and a set of microcontroller units 

synchronize the multiple nozzles with the positioning system. The control software might be 

integrated with the 3D positioning software or could work independently. However, the 

software must know the position and the type of material to be deposited. In this regard, both 

the dispensing software and the 3D positioning software need to be synchronized. Users should 

be able to configure each nozzle depending on their need. For example, Yan et al. designed a 

multi-nozzle deposition system based on extrusion printing for fabricating scaffolds of bone 

tissue structures [23]. Each of the nozzles played a different role for the construction and the 

maintenance of the cells. The first nozzle (screw pump) deposited a composite of poly (L-latic 

acid), tri calcium phosphate (TCP) to form bone tissue scaffolds. The second nozzle (solenoid) 

dispensed de-ionized water as a supportive material, and the third nozzle (ultra-sonic 

homogenizer) sprayed bone morphogenic protein (BMP) particles with de-ionized water to 

recruit stem cells from the surroundings.  

The selection of the print head and the nozzle type depends on the property of the bio-ink. For 

example, extrusion type print head and nozzle with high dispensing pressure are suitable for 

bio-inks with high viscosity. For inks with medium viscosity, a screw pump design can be 

selected to dispense cells with high viability. For ink with low viscosity, a solenoid nozzle is 

preferable [23]. Saedan et al. developed two types of nozzle systems: piezoelectric nozzle for 

materials with low viscosity and low flow rates, and the solenoid nozzle for materials with 

relatively high viscosity [15].  Khalil et al. constructed a multiple nozzle system for up to 40 

layers of hydrogel scaffold made of sodium alginate of various viscosities [98]. Each of these 

nozzles has a different deposition technique. For example, a current pulse activates solenoid 

nozzles. An applied voltage actuates a piezoelectric nozzle made of a glass capillary. Pneumatic 

syringe nozzles operate with a pressure pulse. A spray nozzle also operates with a pressure 

pulse. These nozzles are also capable of printing cells, growth factors and other scaffold 

materials.  
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To speed up the printing process, it is possible to use more than one automated arm with 

multiple print heads. Ozbolat et al. developed two independent and identical 3-axes bio-printers 

called multi-armed bio-printer (MABP), capable of printing multiple bio-inks simultaneously 

[99]. This deposition system operated with stepper motors and linear actuators. The dispensing 

nozzle is connected with a pneumatic fluid dispenser. The deposition rate of the bio-ink is 

controlled during the deposition process. Modified ink jet printers with piezoelectric pumps 

have been reported for assembling cells onto a 3D shape. The modified printers use individual 

cell spheroids to form the 3D scaffolds [88, 89]. The modified ink jet printer works similar to 

the BAT system. They utilize a syringe and a needle tip capable of sterilizing separately. The 

print head can be modified to allow multiple nozzles to work at the same extrusion time to form 

cell patterns.  

 

2.3 Recent applications of 3D bio-printing  

The human body consists of more than 200 different and sophisticated cell types with their 

own biological, chemical, and physical properties [100]. The main aim of bio-printing is 

achieving printed functional cell and tissue systems towards organ printing. To achieve this 

aim, researchers need to investigate the viability and longevity of cells during and after the 

printing process. This section will elaborate recent attempts of printing cells, tissues and 

organs. 

 

 

Figure 2.4. Representative working steps of a human organ transferring into a printed 

model.  
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2.3.1 Simple construct of cells  

The shape of the printed cell structures plays a significant role for its viability, legibility, and 

longevity. For example, dome shaped structures show better stress distribution over cubic 

structures [63]. The design should provide sufficient transportation of nutrition and oxygen 

within the tissue to keep the cell alive. Diffusion of nutrition, oxygen and protein has limited 

depth dependency of about a few hundred microns. To keep the cells and tissues alive, the 

printed structures should have ample vascular space. For this purpose, porosity between cells 

and cell layers is required to facilitate cell viability and proliferation.  

It is also important to select the right scaffold to prevent the cell structures from collapsing and 

to support remodelling and repair. A scaffold is a three dimensional porous substrate, where 

cells are cultured to form living tissues. Generally, low-viscosity bio-inks are dispensed onto a 

more viscous bio-substrate to produce the scaffold. During the in-vitro experiments, desired 

cells are placed into the biomaterial scaffolds to provide structural and logistic templates for 

tissue formation. Later the whole construction is cultured in a bioreactor to promote continued 

cell growth prior to being implanted into the host body to further mature and integrate. 

However, as the constructed cells release their own ECM, the scaffold biomaterial should fully 

degrade to form tissue like structures that can subsequently integrate within the surrounding 

host tissue upon implantation [101, 102].  

Conventional scaffold manufacturing techniques are fiber bonding, solvent casting, particulate 

leaching, membrane lamination, and melt bonding [23]. To date, polycaprolactone (PCL) 

[103], modified PCL with calcium phosphate [104], glycerol with soy protein [105], PLC with 

alginate [83], collagen and gelatin [106] have been reported as potential candidates for scaffold 

materials. The major issues for forming a scaffold are balanced apoptosis, cell proliferation, 

cell attachment, cell density, cell differentiation and migration, as well as mechanical, 

biological and chemical transduction to guide the constructed cells [8, 73]. Moreover, 

depending on the characteristics of the cells, the properties of the scaffolds should vary 

including scaffolds porosity, elasticity, stiffness, and anatomical shapes. For instance, a 

polycaprolactone (PCL) framework as a base has been reported for tissues printing. Pati et al. 

utilizes scaffold based PCL material to support Decellularized Adipose Tissue (DAT) 

encapsulated with human adipose tissue-derived mesenchymal stem cells (hASCs) as a bio-ink 

material to form adipose tissue construct [63]. 
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The viability was evaluated in mice showing positive tissue infiltration, remodelling and 

formation in both top and middle layers between 1 and 14 days. Shim et al. used PCL and two 

alginate solutions as a supporting framework to construct a 3D porous structures with 

chondrocytes and osteoblast cells utilizing a printer with six dispensing heads [83]. The cells 

were encapsulated in sodium alginate, diluted with DMEM and cross-linked by CaCl2, NaCl 

solutions. The dispensed cells remained viable for at least seven days with a rate of 95.6±1.8%. 

The PCL framework provides enhanced mechanical stability whereas the encapsulated alginate 

solution allows suitable environment for the cellular arrangements and prevent damage from 

the printing pressures.  

Xu et al. prepared multiple cell types such as human amniotic fluid-derived stem cells 

(hAFSCs), canine smooth muscle cells (dSMCs), bovine aortic endothelial cells (bECS) 

separately mixed with calcium chloride (CaCl2) cross linkers to print with a thermal inkjet 

printer [80]. The multiple cell types were delivered onto an alginate-collagen composite 

scaffold. The 3D pie shaped constructions survived and matured as functional tissues in mice 

over seven days with a cell viability of almost 90%.  Schurman et al. utilized sodium alginate 

solution dispensed between polycaprolactone (PCL) strands crosslinked by CaCl2 solution  to 

create a viable hybrid construct [107]. Combination of alginate-PLC structures shows a better 

mechanical property then alginate alone, PCL alone structures. C20A4 cells (cultured in 

DMEM, supplemented with FBS, penicillin, and streptomycin) were embedded in sterilized 

alginate solution as a bio-ink material and deposited on the hybrid structures. The printed cell 

shows a high cell viability of almost 80% just after the printing.  

Decellularized adipose tissue (DAT) and injectable DAT based micro carriers allow for the 

formation of adipo-inductive substrate for human adipose derived stem cells (ASCs). This 

adipo-inductive substrate can act as scaffolds for adipose generation [108]. Stable non-cross 

linked porous foam utilizing human DAT has been reported as scaffolds for tissue engineering 

mimicking biochemical and biomechanical properties of the native cell [109]. The paper 

suggested advantages of the DAT foam based scaffold over the DAT scaffold with higher 

angiogenic capacity, better cell migration and suitable degradation. Work has been conducted 

on direct cartilage repair using a 3D printed biomaterial scaffold. For instance, Cui et al. 

modified a thermal inkjet printer and utilized a combination of poly(ethylene glycol) 

dimethacrylate (PEGDMA) and human chondrocytes to repair osteochondral plugs for 

cartilage [61].  Significantly improved printing resolution was reported with cell viabilities of 

89.23.6% for simultaneous photo polymerization. 
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Hydrogels such as alginate, collagen, chitosan, fabrin and synthetic polymer such as pluronics, 

polyethylene glycol [86] has been used as a 3D scaffolds for cell culturing, monitoring cell-

cell interaction, and cell control for both soft and hard tissue regenerations [110]. Their 

presence increases the cell seeding efficiency. Griffith et al. introduced two DNA-based 

hydrogels for forming a bio-degradable bio-ink, one consisting of polypeptide-DNA and 

another of double stranded DNA (dsDNA). The inks were extruded from a modified 3D printer 

[111]. Due to the bio-degradability of the DNA bio-ink system, the rapid formation of a 3D 

constructs for temporary scaffolding in biomedical applications was achieved.  

Lee et al. developed a 3D printing method to construct a larger fluidic vascular channel (lumen 

size of around 1 mm) allowing an adjacent capillary network through a natural maturation 

process [112]. Collagen hydrogel was used as a main scaffold material and gelatin as a 

sacrificial material to create the channels. Fibrinogen, thrombin, human umbilical vein 

endothelial cells (HUVECs), normal human lung fibroblasts (NHLFs) with a combination of 

growth factors and culture medium were mixed and deposited between the two vascular 

channels. HUVECs were seeded into the channel to create the cell lining. Flowing media 

through the channel shows robust interconnected vascular lumen up to few weeks. Hydrogel 

bio-paper (fibrin, matrigel, fibrinogen, polyethylene glycol tetra-acrylates) could also be used 

as a temporary supports for the deposited bio-ink material for large tissue and organ 

constructions [28]. Aria et al. uses a bio-paper with hydrogel consisting of CaCl2, polyvinyl 

alcohol (PVA) and hyaluronan for supporting the alginate based bio-ink material [113]. Boland 

et al. utilizes a thermos-sensitive gel (N-isopropylacryamide-co-2-(N,N-dimethylamino)-ethyl 

acrylate) above 32O C to serve as a bio-paper for 3D construction of cells [89]. This bio-paper 

could easily be removed after the fusion of the printed cell spheroids. 

The stiffness of the framework is sometimes greater than the printed tissues and causes 

problems for future adjustment with the native cells [63]. The mechanical properties of a 

scaffold should also match with the native cells, and thus do not create any complications. 

Scaffold degradation, mechanical mismatch with native cells causing immunogenicity, 

toxicity, and host inflammatory response are the issues of using scaffold as printed tissue 
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supports [73]. Moreover, the residual polymer from the scaffolds may disrupt the normal 

activities of the constructed cells.  

Many research groups also focused on fabrication techniques for scaffold-free engineered 

tissues. In order to maintain a certain shape, integrity and composition, the printed cell 

construct must have a rapid tissue maturation process in the absence of solid scaffolds. Some 

of the common advantages of this approach is the absence of scaffold degradation, better 

intercellular communication due to similar host environment and more functional capability 

with host cells, high cell density, rapid tissue formation [114]. Scaffold-free vascular 

reconstruction in-vitro for smooth muscle cells and fibroblasts have been reported for layer-

by-layer printing on agarose rods [73]. Tan et al. proposed and developed an alginate based 

fabrication process [76]. The group fabricated a ring shaped structures with micro droplets of 

alginate solution (tissue spheroids consists of ECs and SMCs encapsulated by the alginate) 

deposited onto an alginate hydrogel substrate. The analysis showed a sufficient amount of 

collagen-1 secretion from the construction promoting cell-cell adhesion, formation and 

maturations. Figure 2.5 illustrates the different combination of scaffold-based and scaffold-free 

approaches for constructing 3D bio-structures. Both approaches need to maintain sufficient 

waiting time to stabilize each layer before constructing another new layer. Otherwise, the whole 

structures may deform or collapse.  

 

Figure 2.5. Tissue constructions with pores (A) continuous deposition of scaffolds materials 

without cells; (B) with only cells; (C) Combination of cells  and scaffold materials; and (D) 

drop on  demand deposition of scaffolds materials without cells; (E) with only cells,  (F) 

combination of cells  and scaffold materials. 
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The scaffold-free approach also faces a number of challenges. For instance, the fabrication 

process needs a large amount of spheroids that consume much time affecting the subsequent 

fusion process. Further problems are vascularization of thick tissue construct, and precise 

positioning of various multiple cell types [8]. The reports suggested thermoreversible, 

photosensitive moulding gels, stimuli sensitive polymers for scaffold free solutions that reduce 

the complexity to separate the gels, while a complicated vascular structure needs to be printed 

[73, 115]. As both scaffold-based (indirect printing) and scaffold-free (direct printing) 

approaches have their own advantages and limitations, a hybrid method incorporating both 

approaches may solve the above challenges.  

 

2.3.2 Tissue printing 

One key construction process of cell structure is tissue fusion [116]. Tissue fusion is a process 

where multiple tissues merge together due to this surface tension forces and cell intergrowth. 

Tissue fusion relies on self-organizing properties of cells that in turn promote cell proliferation, 

cell-cell and cell-ECM interactions. Moreover, cell polarity is an important factor for the fusion 

process allowing mutual adhesiveness of different cells to merge together. Merging similar cell 

types is called homotypic cell fusion. Osteoclast - bone cells that maintain, repair and remodel 

bones - is an example of homotypic cell fusions [117]. Merging different cell types is called 

heterotypic cell fusion. Bone marrow derived dendritic cells (BMDCs) fused with neuron/glial 

cells of brain, or with myocyte cells of the heart are an example of this heterotypic cell fusion 

[118].  

The printed cell structure may shrink or become shorter after a certain time due to the fusion 

phenomena. This shrinking of multiple cells could deform the whole printed structures. 

Sufficient scaffold supports (scaffold-based approaches) around the fused cells or deposited 

hydrogel substrate (scaffold-free approaches) can prevent the undesired deformation. The 

fusion process also helps to shape the structures while unwanted fusion stages are avoided. For 

example, Thompson et al. chopped embryonic avian heart tubes into myocardial rings, and then 

made them fuse and morph overnight onto a synchronized heart tube for supporting a tubular 

frameworks [119]. This process is due to the biological capacity allowing closely positioned 

soft tissue fragments to fuse over time [120]. Figure 2.6 presents the formation of 

heterogeneous cell spheroids from individual cells. Cell spheroids can be used as a potential 

bio-ink material to construct multi-layer artery system. The printing process fuses and forms 
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the final shapes. For a large volume of tissue and organ printing, a fast fusion process might be 

needed. Fast fusion can be achieved by reducing the distance between the cells (high resolution) 

through shaking in a way that the printed constructs do not deform [121, 122]. 

Vascular systems are one of the major tasks in bio-printing. The vascular system is a network 

of perfusable channel capable of delivering oxygen, nutrients and removing waste solutions to 

confirm the viability and functionality of the printed construct. A vascular system consists of 

a complex network of blood vessels with various lengths and diameters. The diameter ranges 

from 20 µm to 2.5 cm from very fine capillaries to the aorta of the body [123]. However, the 

inner part of the whole vascular system is unique and is lined with a monolayer of flat 

endothelial cells (ECs).  Without a vascular system, adequate perfusion of growth factors (such 

as proteins or hormones), oxygen and nutrition is not feasible leading to both normal and 

premature cell death [120]. Another essential prerequisite for constructing vascular cells are to 

have both defined inlet and outlet branches to pass on these growth factors, oxygen and 

nutrition.  

Before printing a functional human organ such as lung or kidney, a blueprint of the vascular 

system has to be designed. For printing the complex networks, developmental mechanism of 

the vascular system has to be understood in details. For example, vasculogenesis (forming new 

 

Figure 2.6. Step by step construction of an artery wall for multi-cellular artery systems. 
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micro vessels from non-endothelial cells) [124, 125], angiogenesis (forming new micro vessels 

from endothelial cells) [125], and arteriogenesis (remodelling small vessels into larger one) 

[126, 127] are essential prerequisites to create the intra-organ hierarchical vascular branched 

of different diameters. Recent papers suggested that the printed vascular segment undergoes 

on a retraction stages which results almost a two folds reduction in its printed dimensions [128]. 

Therefore, the designed blue print should be as twice of its final sizes to achieve a viable 

vascular tree. However, the compaction and the retraction properties of tissues are different. A 

systematic research accounting the predicted construct after the printing is necessary.  

Researchers considered all of these issues for vascular vessel printing. For example, Kucukgul 

et al. constructed an anatomically correct macro vascular aorta from a real human aorta model 

[129]. To avoid compaction and retraction of the model, a computer-aided algorithm was 

developed. The aorta was constructed utilizing primary mouse embryonic fibroblast cells 

supported by a thermos-responsive hydrogel named Novogel. The accuracy of the constructed 

cellular structures was around 91-95% with 97% for the support materials. Hockaday et al. 

fabricated an anatomically accurate, heterogeneous aortic valve of inner diameters ranging 

from 12-22 mm [130]. Porcine aortic valve interstitial cells (PAVIC) were seeded with the 

PEG-DA hydrogel to formulate the constructions. Alginate-gelatin solution was used to 

support the constructed geometry of the overhanging ostia and leaflets. The printed geometric 

accuracy (swelling affects) was quantified for each layers with the micro-CT scan and 

compared with the corresponding CAD STL files. The comparison indicates higher geometric 

precision of almost 93% that reduced somewhat as inner diameter of the valve decreases. The 

constructed valve swells outwards due to the surface tensions indicating for printing of tinner 

wall to match the target shapes. The printed aortic valve maintained near 100% of cell viably 

over 21 days. 

Kelm et al. reported a scaffold-free concept to create blood vessels of small diameter utilizing 

the self-assembly of human artery-derived fibroblasts (HAFs) and human umbilical vein 

endothelial cells (HUVECs) under pulsatile flows. This approach required around 4000-5000 

micro tissues to fabricate a vessel of 5-mm length, 3-mm diameter and 1-mm thickness of the 

wall [82]. Lee et al. developed a methodology to form a functional in-vitro vascular channel 

(up to 5 mm distance and 5 million cells/mL density) within thick collagen hydrogel scaffolds 

[131]. The biomaterial includes HUVECs of different densities in 5% CO2 and endothelial cell 

growth medium-2 (EGM-2). Gelatin was used as a sacrificial material to create the fluidic 

channels. The process yields a high cell viability of almost 90% in only two weeks. Nishiyama 
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et al. formed alginate-based tubular structures into CaCl2 solution allowing an adjustable 

thickness from 30 to 40 µm and an inner diameter from 30-200 µm respectively by varying the 

micro gel solution [132]. Xu et al. used an inkjet bio-printer to construct a vertical vascular 

tube using hemi-branching points. They successfully formed a 5-mm long freestanding tube 

consisting of 210 layers of Ca-alginate droplets [133]. However, alginate is not a good selection 

for constructing a vascular network as it does not help cells to grow and bond. Moreover, 

biodegradability of this material has not yet been confirmed by in-vivo applications. Therefore, 

more research is needed for including alginate with other materials allowing native ECM like 

behaviours [134]. 

Norotte et al. reported a scaffold-free approach using agarose rods to construct a multi-layer 

vascular tube using human uterine smooth muscle cells (HUSMC) and human skin fibroblast 

(HSF) cells. These printed tubes are similar to vessels in microvasculature with diameters 

ranging from 0.9 to 2.5 mm. The fused constructions are sufficiently stable to handle and to 

transfer into a specifically designed bio-reactor for further maturation and for implantation 

[73]. Li et al. constructed a vertical hollow channel without scaffold support using various 

combinations of alginate/gelatin/chitosan/fibrinogen hydrogel as a printed material [62].  

A double-layer sturdy tube could also be made with HUVSMCs and human dermal fibroblast 

(HDFs) capable of transferring directly onto a bio-reactor for further maturation [135]. Miller 

et al. introduced rapid casting of a vascular channel based on carbohydrates with a mixture of 

glucose, sucrose, dextran forming self-supporting lattices. The diameter of the vascular channel 

ranges between 150-750 µm, coated and encapsulated by poly(lactid-co-glycolid) (PLGA) and 

living cells of fibrin/agarose/matrigel/poly(ethylene glycol) (PEG), respectively [136]. 

Engelhardt et al. conducted a free-form construction of a tubular system with diameters ranging 

from 10 µm to 100 µm with synthetic polymer-protein microstructures. Due to the hydrophobic 

nature of the material in an aqueous environment, the vascular network retains its shape and 

mechanical properties allowing a higher elasticity [137]. 

Sometimes, the printed cells cannot survive even with ample supply of proteins, oxygen and 

nutrition.  A new technique needed to be developed to increase the life span of the printed cells. 

For example, Wu et al. utilized laser assisted printing technology to construct human umbilical 

vein endothelial cells (HUVECs) on a branch/stem structure. The printed structures fused and 

connected with each other within one day, but could not survive longer [138]. Introducing an 

extra layer of human umbilical vein smooth muscles cells (HUVSMCs) on HUVECs 
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dramatically increases the longevity of the constructed blood vessels. It is likely that the 

HUVEC and HUVSMC have the symbiotic relationship allowing proliferative state and higher 

viabilities. The constructed branch remains intact after 9 days of deposition. Campos et al. 

fabricated high-aspect-ratio hollow tubes using a syringe-based deposition of agarose hydrogel 

encapsulating human mesenchymal stem cells (hMSCs) and human MG-63 cells [139]. The 

construction was submerged in a hydrophobic high-density fluid named perfluorotributylamine 

(C12F27N) promoting mechanical supports and higher cell proliferations. This fluid reduces the 

surface tension, increases the contact angel of each droplets (from 55º of air to almost 70º into 

the fluid). Fabrication of complex and large volume of vascular tree without a supporting 

scaffold is achievable with this approach. Moreover, the fluorocarbon allows sufficient oxygen 

and carbon dioxide diffusion that keeps the cell alive for a long printing time. The printed cells 

were viable up to 21 days from deposition. However, once printing is done, the fluid needs to 

be replaced with cell culture medium. This process could deform the complex printed 

structures. Moreover, printing speed and resolution need a major improvement.  

 

2.3.3 Organ printing  

One of the biggest issues of human organ transplantation is the limited number of donors 

compared to the number of patients. Sometimes, infection and rejection of the organ causes 

suffering and often death [140]. The ultimate aim of bio-printing technology is the rapid design 

and fabrication of operational human tissues and organs to replace those damaged, injured or 

lost. Moreover, the organ of a living body needs a network of vessels and capillaries to provide 

sufficient oxygen, cytokines, nutrients, as well as to remove the toxic waste from them.  

For this purpose, all constructed cells need to be interconnected and placed close to the capillary 

network to receive enough oxygen and nutrients. For example, kidney vascular tree consists of 

10-12 branches incorporating around 10,000 of segments. If the researchers can successfully 

design and fabricate functional, long and viable blood vessels, organ printing of for example 

lung or kidney will become close to the reality. As tissue engineering is still in its early stage, 

fabricating a whole operational organ needs to solve a number of current challenges such as 

printing speed, resolution, biocompatibility, cell viability, cytotoxicity, and gentle fusion.  

Tissues utilize organizational capacity and chemical signals from cells to build a specific 

structure leading to the organ formation by copying the natural morphogenesis. For example, 

ECs will form tubular like structures on their own due to the genetically predestined form, if a 
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suitable external environment is provided. Supplying sufficient media incorporating nutrients, 

oxygen, and proteins can create suitable environment. A bioreactor can provide this 

environment, the structural and functional maturation of the printed organ/tissues [141].  Iwsaki 

et al. developed a pulsatile bioreactor that regulates pressures, flow circulations, heart rates, 

concentration of carbon di-oxide and pH of an engineered in-vitro blood vessels. The group 

fabricated a three-layer robust and elastic artery system from polyglycolic acid (PGA) seeded 

with smooth muscle cells (SMCs), PCL seeded with SMCs, and PGA seeded with fibroblasts. 

The whole construct was wrapped around a silicon tubing [142]. After removing the supportive 

tube, the lumen was seeded with ECs and was mounted with the bioreactors. The result shows 

a similar appearance, strength and elasticity of a native artery. As the fabrication process was 

conventional, the results can be acknowledged to formulate a more complex 3D printed 

vascular systems and functional organs with similar pulsative bioreactors.   

3D bio-printing has been utilized in urologic applications particularly for bladder replacements 

[143, 144]. The process involves the collection of tissues from the bladder and cells 

proliferation outside the body. The fabricated bladder scaffold was then covered with the 

harvested cells that can be later implanted. Atala et al. successfully fabricated a whole human 

bladder of three distinctive layers with modified ink-jet bio-printing technologies [145, 146]. 

The bladder scaffolds were fabricated from collagen or a composite of collagen and 

polyglycolic acid (PGA) [147, 148]. The smooth muscle cells (SMCs) collected from 

individual patients were seeded on the exterior surface of the biodegradable bladder-shaped 

scaffolds. After settling of the exterior parts, inner surface were seeded by coating the urothelial 

cells. Finally the whole construction were wrapped with omental during the implantations for 

enhance vascularization of flaps and grafts. The printed bladder was transplanted on different 

patients with end-stage bladder disease requiring cystoplasty. The engineered bladder showed 

long term functionality with no major complications. Moreover, report suggested silk fibroin 

as a promising bio-material over collagen-PGA scaffolds that has been tested on mice bladder 

constructions [149]. However, before the clinical reality of the bladder reconstructions, a 

number of improved trials with more legitimate functional and durable steps are needed to be 

validated for these experimental approaches.   
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Figure 2.7 shows the representative construction of a human lung system. A number of robotic 

arms each incorporating number of reservoir’s with heterogeneous bio-ink are needed to print 

the whole functional lung systems. The multiple robotic arms build the desired trachea, 

bronchus, bronchi and bronchioles system with diverse tissue spheroids integral to the organ. 

The organ tissues can be created from vascularized organo-specific tissue spheroids. Post 

processing stages are essential to keep the organ fully functional before implanting in the host 

body. For printing a whole organ with multiple cell types, bio-plotting technology (printing the 

construct into a less viscous solution by utilizing buoyancy compensation principle) could 

perhaps be a good options to reduce the surface tension and the gravitational force of large 

printed structures [94, 127]. The printed structure of this method has a smooth surface, which 

is not suitable for cell adhesions and cell-cell interactions. A surface treatment could solve 

these problems. Moreover, several challenges such as accuracy, resolution, limited range of 

scaffold materials, processing speeds, and cell encapsulation, all of which need to be addressed 

and improved in order to print a large structures.   

High cell density obviously allows for quick tissue assembly and cell maturation, suitable for 

organ printing. For example, to fabricate a human kidney, over one million glomeruli and 

nephrons are needed which seems practically not feasible with current technologies [8]. Self-

assembly and self-organisation, which are autonomous processes of cells to form from an initial 

state to a final pattern, could make this complex fabrication process more practical. An example 

 

Figure 2.7. Demonstration of organ printing from multi-layer complex bronchi system of a 

lung to whole printed lung. The printing process can be initiated from bottom-up setup 

incorporating multiple robotic dispensing systems with number of reservoir and nozzles. 

Sacrificial scaffolds are used to hold the structures if necessary. 
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of these two phenomena are the histogenesis and organogenesis of cells leading to a cell-cell, 

and cell-ECM interactions, which help to form the final shapes of the tissues [135]. Ultimately, 

appropriate and feasible approaches considering the self-assembly and self-organizing ability 

of human tissue spheroids could make organ printing possible [150].  

Rezende et al. suggested the fabrication of a non-adhesive mould placed 1250 wells containing 

5000 tissue spheroids of each in order to fabricate a human kidney. The process needs five 

robotic dispensing systems (each consists of 250 multi wells) to handle the whole printing 

process [74]. Although their suggestion remained an idea, it is not impossible to achieve this 

target with an advanced technology. Computer aided design (CAD) and a blue print of the 

particular organ are essential before initiating the printing attempts. Digitized image 

reconstruction, magnetic resonance imaging (MRI), computed tomography, and mathematical 

modelling using theoretical principle will enable the detailed 3D reconstruction of organs [120, 

151]. It is also essential to know in advance, the structural determinants of material properties 

at different stages of development for tissues and organs. 

A more efficient approach is the separation of the complicated organ printing task into many 

simpler tasks that can be done independently at the same time. The result can later be eventually 

combined to produce a functioning organ ready for transplantation. For example, mapping a 

human organ, converting it to a suitable 3D design, slicing a 3D design into layer of 2D format 

for dispensing, modifying the coordinate system, synchronizing the dispenser with the 

software, could be done by engineering experts. Chemistry experts could provide ample 

nutrition to the printed construct using heterogeneous bio-ink. Medical experts can transplant 

the desired organ into an in-vivo subject. 

For organ printing, researchers may consider technological challenges and solutions associated 

with the organ transplantation process. Organ transplantation can be done by decellularization 

and recellularization of cells. Decellularization is the process to isolate the extra cellular matrix 

(ECM) of a tissue from its cellular components. The decellularization process retains the 

structural, and functional characteristic of the original micro-vascular network and prepares the 

scaffold for tissue engineering. This scaffold product also maintains the protein, and growth 

factor of natural tissues. Successful decullularization has been reported for various organs such 

as heart, liver, bladder, artery, skin and trachea [152-154]. Similar initiatives can be addressed 

for preparing functional bio-ink metrics allowing for printing the whole organ.  
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In contrast, recellularization allows the vascular network to be connected for the circulation, 

facilitation of rapid oxygen and nutrients with the host for cell viabilities, and cell functions 

[152]. During the recellularization process, functional organ can be reproduced by introducing 

progenitor or adult stem cells within the scaffolds. This knowledge may be useful after 

successful printing of a whole organ, maintaining its functional properties with bio-reactors 

facilitating the transplantation. Furthermore, a detailed analytical approach of cell formations 

and cell interactions might allow to form a set of universal bio-ink material suitable for 

commercialization. For example, human induced pluripotent stem cells (hiPSCs), human 

embryonic stem cells (hESCs) have been reported to be present in varieties of tissues and 

organs. Combination of these cells with a suitable hydrogel solution could make a versatile 

bio-ink for constructing a number of engineered tissues and organs. These cells have excellent 

ability to self-renew for indefinite times, and pluripotency – the capability of forming any type 

of adult cells or tissues by mimicking the early stages of embryogenesis. Moreover, human 

pluripotent stem cell shows similar physiological reaction of a whole organ in a smaller scale. 

Utilizing this stem cell line for fabricating micro tissues and organs will promote more reliable 

drug testing platform and an end of animal testing.  

Jones et al. used hESCs derived hepatocyte like cells with alginate hydrogel matrix as a bio-

ink material to construct a circular structure of 40 layers inside of a multi well plates [96]. The 

constructed structures maintained their pluripotency and showed excellent viabilities, and 

proliferation for longer periods. Ouyang et al. used extrusion-based 3D printing to fabricate 

ESCs into a 3D cell-laden structures [155]. ESCs were mixed with a matrix material of 

gelatin/alginate hydrogel solution and printed into a layer-by-layer cubic porous structures. 

Cell viabilities were more than 90% promoting pluripotency and proliferation. The cell 

proliferation allows the ESCs to form highly uniformed and size controllable spheroids. 

However, it takes longer time (5 days) to reach the same size spheroids diameter of 60-70 µm. 

Producing human tissues from pluripotent stem cells requires a lengthy culture period of 

several weeks to months. Therefore it is very important to ensure the printed construct to be 

free from microbial contaminations. Maintaining a high-class microbiological safety cabinet 

and an improved sterility system is necessary.  
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2.4 Perspectives and conclusions 

Bio-printing technology still is in its infant stage. In terms of both technology and biology, a 

number of challenges still have to be solved. For instance, engineering challenges are the 

development of a fast printing process, the improvement of nozzle and cartridge design, 

improving resolutions, avoiding clogging problem for large size organ printing, suitable stress 

and temperature condition without effecting cell viabilities. A major challenge is to write a 

control script for computers to identify individual cells by their visual characteristics and to 

print them accordingly. Moreover, the scripts need to be modified for printing different types 

of organ for an individual patients. In terms of biology, bio-compatibility, cell viability, 

cytotoxicity, fusion without deformation, leak-free perfusion, high cell density, printed cell 

transformation to the host are major issues to be solved. 

Various research groups have reported 3D printing of cell constructs. However, fabricating a 

full operational and long-life cell structure will be a greater challenge. A successful attempt 

will lead to the construction of the whole human organ. For these purposes, current medical 

knowledge associated with organ transplantation needs to be integrated with future 3D organ-

printing platform. Engineers, biologists, chemists, computer scientists, mathematicians and 

physicians need to work together to solve the challenges of se bio-printing. Biologists need to 

address what is needed to be understood and to be developed. Based on the feedback of 

biologists, engineers design the printing platforms considering mathematical parameters and 

physical laws. Computer scientists develop corresponding software to synchronize the 

machines with the specific needs of users. A cell data bank needs to be established that will 

include cell properties and behaviours so that the biologists can use, further modify and 

improve them if needed. This cell database will facilitate the future commercialisation of 3D 

organ printing. Moreover, commercialisation of bio-printing requires large-scale bio-

fabrication tools. Barnett et al. recently conducted an experiment with large-scale 3D printing 

where the robotic tools with six degrees of freedom allowing a large range of motion. Even 

though their printing material was non biological as they utilized polymeric foam to construct 

a large-scale statue, the knowledge and challenges from this can be taken in consideration for 

the future large-scale bio-printing [18]. 

It will be possible for surgeons to facsimile patient’s specific body parts according to the needs 

for repair, replace or removed. Considering the state of the art of bio-printing, it might take two 

or three decades or perhaps more to fabricate a marketable printed human organs with high 
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order of functionality. Nonetheless within the next decade, direct visualization and 

quantification of diverse medical and biological processes can be expected. For example, 

artificial skin printing (in-vitro) as a testing beds for cosmetic industries; engineered tissues 

and mini organ printing for toxicity/efficiency screening of pharmacological drugs; in-vitro 

tumour, cancer, trauma, and infected tissue modelling that might enables examination of 

identical operational conditions in human body. Customized 3D printing for dental industries, 

urological applications, bone vascular co-culture for orthopaedic applications, stem cell based 

neurological applications, personalized medicine will become increasingly a common practice.  

The 3D printing of a specific tissue such as tumour for drug testing will improve the efficiency 

of the drug. Preclinical testing including in-vitro analysis to determine toxicity, absorption, 

distribution and metabolism on the cells and tissues will enhance the reliability of the drug. 

Three-dimensional bio-printing technology will hopefully one day solve the organ 

transplantation crisis and revolutionize health sectors including drug screening, tissue 

engineering, and biological testing with minimum clinical trials. 
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Chapter 3 

Fusion of the 3D cell spheroids inside of a LOC 

Lab on a Chip, (2016) 16(15), 2946-2954 

 

 

The present chapter describes the transportation of 3D cell spheroids inside of a Lab-on-Chip 

(LOC) device. The previous review Chapter 1 provided a clear pathway towards the 

transportation of cell spheroids into a microfluidic platform. Considering the facts, the LOC 

was carefully designed to trap cell spheroids for later transplantation. The chapter addresses 

both technological and biological challenges associated to the integrity and viability of the cell 

spheroids before, during, and after the transportation. Technological challenges were 

accounted for by optimizing the pressure distribution and flow rate on the delicate cell 

spheroids. Biological challenges were addressed by maintaining the temperature and providing 

the nutrients overtime that facilitated the fusion on the trapped spheroids. This chapter gives a 

new direction for the manipulation of cell spheroids by utilising the velocity and pressure 

distribution inside a microfluidic device. Moreover, the presented chapter is useful for the cell 

transplantation therapies and drug testing for the spinal cord injuries.  
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Chapter 3: A lab-on-a-chip device for investigating the fusion process of olfactory 

ensheathing cell spheroids 

 

Abstract 

Understanding the process of fusion of olfactory ensheathing cell spheroids will lead to 

improvement of cell transplantation therapies to repair spinal cord injuries. The successful 

fusion of transplanted spheroids will enable alternative transplantation strategies to be 

developed for in-vivo applications. This chapter describes the use of a microfluidic device to 

trap and fuse olfactory ensheathing cell spheroids. The velocity, the pressure distribution in the 

device were simulated numerically to predict the trapping location. The simulation predicted 

the optimum flow rates for trapping the spheroids in the later experiments.  Simulated particle 

trajectories were verified experimentally with tracing of fluorescent microparticles. The fusion 

process of the spheroids was investigated over a period of 48 hours. The microfluidic platform 

presented here can be used for testing potential drugs that can promote the fusion process and 

improve the transplantation therapy. 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been published as: 

Munaz, A., Vadivelu, R. K., St John, J. A., & Nguyen, N. T. (2016). A lab-on-a-chip device 

for investigating the fusion process of olfactory ensheathing cell spheroids. Lab on a 

Chip, 16(15), 2946-2954. 



71 
 

 



72 
 

3.1 Introduction  

Olfactory ensheathing cells (OECs) are neuroglia cells that provide support and protection for 

olfactory sensory neurons in the peripheral nervous system (PNS) [1]. OECs direct olfactory 

axons of the sensory neurons from the olfactory mucosa that lines the nasal cavity to their target 

site in the olfactory bulb within the central nervous system (CNS) [2]. The olfactory system 

continually regenerates with new olfactory sensory neurons arising from stem cells that line 

the olfactory epithelium. As the new neurons extend axons up to the olfactory bulb, OECs 

guide and support their growth. OECs release diffusible factors such as basic fibroblast growth 

factor (bFGF), nerve growth factor (NGF), brain derived neurotropic factor (BDNF), insulin-

like growth factor 1 (IGF-1), extracellular matrix proteins such as laminin, and fibronectin that 

promote axon growth [3-5].  

Considering their unique characteristics, the transplantation of OECs has a potential therapeutic 

application for the repair of neural injuries in CNS or PNS caused by accidents, strokes or 

Parkinson’s disease. For instance, Tabakow et al. assessed the feasibility of the OEC 

transplantation for patients with complete spinal cord injury [6]. Microinjections of dissociated 

cell suspensions were performed into the damaged site. Functional motor and sensory 

improvements were observed in one recipient a year after the transplantation. This proof-of-

principle result demonstrates that the therapy can work in humans. However transplanting 

OECs to the target region and survival of cells post-transplantation are still a potential 

challenge. The hostile environment of the transplantation region results in a large loss of the 

transplanted cells, especially when dissociated cell suspensions are used. 

Recently, three-dimensional spheroid culture emerged as a promising method that can be used 

to improve cell characteristics relevant for neural repair therapies [7]. For example, Chi et al. 

showed an efficient differentiation of schwann cells (SCs) from multipotent adipose stem cell 

spheroids in an in vitro model [8]. The induced SCs were transplanted into a rat spinal cord 

injured (SCI) site that successfully engrafted and formed myelin sheath on the CNS axons.  The 

transplanted spheroid validated a rapid and efficient repair of damaged CNS/PNS. Tseng et al.  

authenticated the surface derived mesenchymal stem cell spheroids (MSCs) with higher 

differentiation capabilities, engrafting potential and functional recovery then dispersed single 

cells [9]. MSCs were mixed with the nerve conduit to repair a 10 mm gap of rat sciatic nerve.  

The study showed a short recovery time of less than 21days. Larger nerve regeneration and 

improved gene expression offer an improved source for cell-based therapy. Jeong et al.  
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introduced a hemispherical microchannel array system to generate  3D nerve neural bundles 

from neuro spheroids [10]. Neural progenitor cells spontaneously aggregated to form the 

spheroids in the deep micro well design. They networked to neighbouring spheroids through 

newly generated neurite strands and differentiated into glial and neuronal cells. 

A uniform spheroid mimics the living environment more closely compared with cells cultured 

as a monolayer and therefore 3D spheroids offer advantages for in-vitro drug screening and 

neural repair therapies [11]. Moreover, self-assembled spheroids promote uniform geometry 

and structural properties, which are optimal for cell-matrix interactions and improved 

transplantation therapy for neural repair. Thus, to improve transplantation approaches and drug 

development, the functional unit of a spheroid shows more clinical importance than single cell 

approaches [12, 13]. We previously used floating liquid marble as an efficient microbioreactor 

for the formation of OECs spheroids [7]. The liquid marble provides a confined space in which 

cells are free to interact effectively with each other [12]. The formation of the spheroid depends 

on the interaction of cells with each other. Furthermore, effective and in-vivo like cell-cell 

communication leads to the formation of multiple spheroids [14].  

In the present work, we designed and fabricated a microfluidic lab-on-a-chip (LOC) device as 

a test bed for the survival of the OEC spheroids previously cultured in the liquid-marble 

bioreactors. A liquid marble (LM) is a drop of liquid, coated with hydrophobic powder such as 

polytetrafluoroethylene (PTFE) [15]. The deformable and non-adhesive coating with the fine 

pores from the floated marble provides necessary gas exchange that is amenable for culturing 

multiple spheroids. Moreover, the microfluidic system improves the investigation by lowering 

the required volume of fluid sample, and offering an observable miniature 3D environment 

[16]. The devices were made of poly(dimethylsiloxane) (PDMS) which is easy to fabricate and 

compatible with most biological assays. The PDMS device offers elastomeric property, low 

toxicity and high gas permeability which are suitable for cells and spheroids to grow [17]. Such 

LOC devices are able to provide appropriate low-cost micro-environments for screening cell 

spheroids, tissues, and small model organisms [18]. The diameters the OEC spheroids grown 

with our technology are between 80-120 µm, which is well suited to be handled in these 

devices.  

Our objective is to introduce a LOC device that facilitates the fusion of the cell spheroids. We 

investigated the fusion process of the OEC spheroids in the microfluidic environment, as this 

process represents the formation of complex tissue structures. Cell fusion is a self-assembly 
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process where multiple spheroids contact and coalesce to form a single structure. Cell 

migration, cell-cell interactions, and cell-matrix interactions are the major factors mediating 

spheroid fusions [19-21]. Elucidating how to manipulate these processes will advance the 

potential therapeutic use of spheroids. Most of the previously reported microfluidic devices 

have been utilised to culture spheroids with different cell types. For instance, Fukuda et al. 

developed a microfabricated chip that could form hepatocyte spheroids in a row of micro-

channels [22]. Primary hepatocytes were seeded onto the micro-well to form spontaneous 

uniform spheroids. Hiroki et al. introduced a micro rotational fluid flow inside of a microfluidic 

device to construct controllable sized 3D hepatocyte spheroids [23]. The fluid flow also 

provided ample nutrient and oxygen for the spheroid survival. Anada et al. developed a PDMS 

multi-chamber device for the formation of multiple spheroids [24]. The setup decompresses 

the PDMS membrane that allows the deposited MG63 and HepG2 cells to form spheroids 

within a day. 

To our best knowledge, culturing OEC spheroids in a liquid marble, transferring them into a 

microfluidic device using hydrodynamic force and fusing them in-vitro have not been 

conducted and analysed before. The present chapter reports how the multiple OECs spheroids 

are trapped and fused over a time period inside of a micro-fluidic chamber. The chapter 

analyses and discusses possible modification for the injection and further improvement of the 

device design.  

 

3.2 Fabrication and optimisation of the lab-on-a-chip device 

3.2.1 Materials and methods 

We developed a microfluidic device containing an array of microchannels as the trapping bed 

for the OEC spheroids. The microchannels array connects two large chambers, one of which 

serves as the culture chamber for the fusion process. The basic device contains an inlet attached 

with one chamber and an outlet to another one. The OEC spheroids are expected to be trapped 

above the microchannels array. Eleven supporting pillars were placed in the chambers to 

prevent them from collapsing. The device was designed using CleWin 3.0 software and plotted 

on a 28-mm×22-mm plastic mask (IGI-sing, Singapore). The fabrication of the microfluidic 

device involved a two-step soft lithography process. The master mould was made of SU8. The 

trapping array consists of 62 microchannels with a length of 3000 m and a width of 80 m. 

The microchannels are placed 60 m apart from each other. The actual PDMS devices were 
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replicated using the SU8 master mould. The detailed fabrication process is described as 

follows. 

A layer of photoresist SU-8 50 was spin coated at 3300 rpm onto a clean silicon wafer. The 

SU-8 was soft baked through a series of steps (65 °C for 10 min, 95 °C for 30 min, 50 °C to 

cool down). Subsequent UV exposure with a dose of 920 mJ/cm2 was followed by a post bake 

step (65 °C for 1 min, 95 °C for 10 min). The exposed SU-8 was developed with 1-methoxy-2-

propanol acetate for 15 minutes. The thickness of each fluidic chamber and the channel was 

100 µm. Polydimethylsiloxane (PDMS) pre-polymer and its cross-linker were mixed with 10:1 

volume ratio and then poured on the mould, degassed and cured in an oven at 80 °C for one 

hour. After peeling off the cured PDMS from the mould, 2-mm holes were punched to define 

the inlet and outlet ports. To inject additional media without flushing the trapped spheroids, 

another hole of 6-mm diameter was punched next to the culture chamber. This 6-mm opening 

was later used as a well for the culture media. The PDMS part was removed in a way that it 

could be later pushed back to close the opening during the injection, and be opened again for 

the supply of fresh culture media to the cells.  

 

 

 

Figure 3.1. Schematic of the lab-on-a-chip device in the two modes: (A) trapping mode; 

and (B) fusion mode. 
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The well was closed during the injection of spheroids through the inlet ports. The operation 

mode of the device is called the trapping mode. Later the well was opened and the inlet was 

closed for the media flow for assisting the residual spheroid trapping. The process is called the 

fusion mode. The PDMS part was cleaned with isopropanol, rinsed in deionised water, treated 

with oxygen plasma for 45 seconds, and subsequently bonded to a glass slide. Furthermore, the 

firm bond was ensured with tempering in an oven at 80 °C for one hour. Fig. 3.1 shows the 

schematic operation of the lab-on-a-chip (LOC) device. The well is closed for the trapping 

mode, and opened for the fusion mode. 

The internal volume of the fluid in the main culture chamber was approximately 40 µL. A short 

silicon tube of 2-mm diameter was attached to the inlet and outlet ports for a leak-free fluidic 

delivery to and from the device.  

 

3.2.2 Numerical analysis 

COMSOL Multiphysics 5.2 was utilised to analyse the laminar fluid flow including velocity 

and pressure distribution in the trapping and culture chamber. The geometric parameters of the 

simulated device were the same as of the fabricated one. We selected water as the fluid in the 

simulation. 

Initially, a flow rate of 30 µL/min was applied to the inlet region to investigate the velocity and 

pressure distribution inside the culture chamber. The media well is closed during the trapping 

process. Fig. 3.2A shows the representative velocity and pressure distribution inside the device 

in the trapping mode. The high velocity can be seen mainly on the inlet and outlet joints 

connected with the top and bottom chambers. The pressure has a relatively uniform distribution 

inside of the top and bottom chamber. Fig. 3.2B shows the media flow delivered to the trapped 

zones on the connecting microchannels. The top opening serves as a well for culture media. A 

relatively low flow rate of 10 µL/min was applied. As the flow field in this mode directly 

impacts on the trapped spheroids, a low media flow is desirable so that the spheroids are not 

flushed through the channel array. Moreover, as shown the later experiment, this media flow 

continues to trap freely floating spheroids on top of the microchannel array. 

Fig. 3.3 shows the detailed velocity and pressure distribution on top of the microchannel array 

for both trapping and fusion modes. Fig. 3A indicates a gradual reduction of velocity over the 

trapped zone in the trapping mode. The high velocity and the high pressure next to the inlet 
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increase the possibility of the spheroids to be flushed through the microchannel. As the velocity 

decreases with increasing distance from the inlet, the chance of trapping on the right side 

becomes higher. Once the spheroids are trapped and block the microchannel on the right side, 

the velocity on the left will further increase and flush the spheroids through. Thus, we expect 

that cell spheroids be reliably trapped on the right of the culture chamber. Fig. 3.3B indicates 

that the trapping mode has a relatively higher pressure than the fusion mode. This over pressure 

allows the flow field to trap and align the spheroids over the microchannel region. The lower 

the inlet pressure, the higher is the chance for the spheroid to be trapped over the microchannel 

array. Furthermore, maintaining a low pressure for media injection reduces the chance of the 

spheroids being flushed through the microchannel. The lower pressure facilitated by the 

opening well also reduces the shear rate and provides a better environment for the interaction 

between cell spheroids, promoting the fusion process. 

Fig. 34.4 shows the velocity and pressure distribution on top of the microchannel array for flow 

rates ranging from 10 to 90 µL/min in the trapping mode. As the flow rate increases, the 

associated velocity and pressure also increase. The graphs also indicate a gradual reduction of 

velocity and pressure over the trapped zone. As the cell spheroids are deformable, the high 

 

Figure 3.2. Numerical analysis of the flow field and pressure field inside of the microfluidic 

devices: (A) Trapping mode with the well for culture media closed; and (B) Fusion mode 

with the inlet closed (Units in ms-1 for velocity, Pa for pressure and mm for spatial units). 

 

30 µL/min 30 µL/min

10 µL/min

A

B

10 µL/min

Velocity  

profile

Pressure  

profile



78 
 

velocity and pressure allow them to squeeze through the channel. For example, in the flow rate 

range of 60 to 90 µL/min, the associated velocity and pressure are approximately 0.65-0.95 

mm/s and 26-38 Pa, respectively. The threshold velocity and pressure for spheroid trapping are 

around 0.25 mm/s and 15 Pa at a flow rate of 30 µL/min, for the maximum number of trapped 

spheroids. The lower the inlet pressure, the higher is the chance for the spheroid to be trapped 

over the microchannel array. Our experiments suggested that a high pressure at high flow rates 

of more than 60 µL/min squeezes the spheroid and eventually flushes it through the 

microchannel array. Therefore, the flow rate of 30 µL/min for the trapping mode was selected. 

Before the actual trapping and fusion experiments with OEC spheroids, particle tracking was 

performed numerically and experimentally. COMSOL particle tracking was initiated with 150 

particles (diameter of 3.1-µm each) for a flow rates ranging from 10 to 90 µL/min 

(Supplementary Fig. S3.1). Appropriate time ranges were selected for the particle to pass 

through the entire device. Fig. 3.5A show the representative simulated trajectories at the 

trapping zone at a flow rate of 30 µL/min. Figure 3.5A indicates that the trajectory is more 

 

Figure 3.3. Numerically simulated velocity and pressure distribution on top of the 

microchannel array for both trapping and fusion modes: (A) Velocity; (B) Pressure. 

 

A

B
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angled at the left side compared to the right side of the microchannel array. With increasing 

distance from the inlet, the streamlines become more perpendicular. This behaviour is caused 

by the distributions of velocity and pressure shown in Fig. 3.3A and 3.3B. As the velocity 

reduces with distance, the particle faces less horizontal hydrodynamic forces resulting in a 

more perpendicular streamline.  This trend continues with the higher flow rate (Fig. S3.1). Even 

though the trajectory seems identical, increasing the flow rates result in higher velocity and 

pressure across the microchannel array. In the actual spheroids injection process, a minimum 

flow rate can promote better trapping. 

 

3.3 Experimental particle tracing 

To validate the simulation results, we performed flow tracing with green fluorescent 

microspheres (green fluorescent, polystyrene divinlybenzene, ThermoScientific Inc.) with a 

diameter of 3.1 µm. For this purpose, deionised (DI) water and microspheres were mixed and 

injected with a flow rate from 10 to 90 µL/min. A syringe (Terumo, 5 mL) was mounted on an 

automated syringe pump (SPM 100, Simtech, Singapore) and connected with the inlet tubing 

of the device. The image was observed with an optical fluorescence microscope (Nikon 

 

Figure 3.4. Numerically simulated (A) velocity and (B) pressure distribution on top of the 

microchannel array for trapping mode with different inlet flow rates. 

 

A
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ECLIPSE TS100) and captured with an USB camera (Edmund Optics Inc., Singapore). A video 

was recorded (camera software, uEye cockpit, IDS, Germany) at a rate of 30 frames per second 

(fps). In the subsequent step, the images of different locations are assembled into a composite 

image covering the entire microchannel array for the final analysis. 

Fig. 3.5B shows the images above the microchannel array at different flow rates for the particle 

size of 3.1 µm. At a low flow rate of 10 µL/min, the particles at the left side have a higher 

velocity then those at the right side as indicated by the longer particle streaks. This trajectories 

are angled on the left, and with increasing distance from the inlet it became perpendicular as 

the velocity gradually decreases. Due to the channel wall at the end, some of the particles 

reverse back. The same phenomena were observed for the flow rates of 30, 60 and 90 µL/min, 

Fig. 3.5B. However, as flow increases, the higher particle velocity near the inlet causes longer 

streaks. Shorter particle streaks at the middle region and the right region indicate lower 

velocities. As the flow rate increases, the region with low velocities clearly shifts from left to 

right. Both numerical and experimental data suggested that a flow rate between 10-30 µL/min 

should serve the purpose of the spheroidal injection, where optimal trapping is ensured.  

To further investigate the trapping ability, green fluorescent microspheres (Polyethylene 

microspheres 1.00g/cc, Cospheric) with a diameter of 90-105 µm was injected with a flow rate 

 

Figure 3.5. Flow field and trapping demonstration: (A) numerical particle tracing with an 

optimum flow rate of 30 µL/min; (B) Particle tracing with 3.1- µm polymer microspheres 

inside of the culture chamber with different flow rate (composite photos of at least 20 frames 

were taken on 10X zoom in the trapping mode); and (C) Polymer microspheres with 90-105 

µm of diameters at 30 µL/min. 

 

10 µL/min

30 µL/min

60 µL/min

90 µL/min

30 µL/min

B

C

A 30 µL/min



81 
 

of 30 µL/min. Figure 3.5C shows the identical trapping pattern of trapping of cell spheroids, 

which is performed next. Most of the particle tended to settle at the end of the culture chamber 

due to the weaker hydrodynamic forces. However, as the particles are uniform and they do not 

pass through the channel, it was not possible to deliver the particle for longer period of time. 

The particle would then be trapped and fill the entire culture chamber.  

 

3.4 Formation of the olfactory spheroids 

3.4.1 Materials and method 

Desired OEC cells were harvested every 2 to 3 days after 70-80% of confluency. Uniform sized 

spheroids were generated with a seeding of 5000 cells per 10 µL floating liquid marble. The 

formulation and optimization of the spheroids were reported previously [7]. Cells and spheroids 

were cultured in OEC media consisting of DMEM/F12 (Life Technologies) supplemented with 

10% FBS, 2 µM forskolin (Sigma), 20 µg/mL bovine pituitary extract (Gibco), 10 ng/mL  FGF-

2 (Pepro Tech), 10 ng/mL EGF (Pepro Tech), and 0.5% (vol/vol) gentamicin (Life 

Technologies).  

Polytetrafluoroethylene (PTFE) powder with particle diameter of 1 µm were acquired from 

Sigma-Aldrich (product number 430935). The culture media droplets with the predetermined 

number of OECs were deposited with a micropipette onto the powder bed prepared inside a 

Petri dish. A gentle circular motion of the dish allowed the particle to cover the surface of the 

droplets. The formed liquid marbles were then transported to a 96-well plate containing 100 

µL of culture media. The media liquid assists the marbles to float and contribute the necessary 

nutrients during the harvesting step. Floating liquid marbles allow the cells to move freely and 

interact with other cells to produce uniform spheroids. The marble was incubated for 24 hours 

at 37 °C and monitored with an optical-fluorescent microscope (Olympus IX70) to examine 

the cell survival as well as the formation of the spheroids. 

 

3.4.2 Injection of the spheroids 

Once multiple spheroids with average diameters ranging between 80 and 120 µm were formed 

inside the liquid marble, they were harvested using centrifugal separation at a relatively low 

rotational speed of 500 rpm for 5 minutes without disrupting the spheroidal structures. Debris 

including the PTFE powder and the matured media was removed. Fresh OEC media were then 

mixed with the spheroids as the base fluid to inject into the device. A number of marbles 
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(between 10-15) each containing 15-25 spheroids were harvested for the injection.  DI water 

was used to flush the device to remove any residual waste before spheroid seeding. Fluid 

injection through the microfluidic device was done by pipetting. 

As the spheroids are very sensitive to pressure, the injection rate of 30 µL/min was attempted 

so that the majority of OEC spheroids could be trapped above the microchannel array. Initially, 

the culture media well was closed to create sufficient pressure inside the culture chamber for 

the trapping mode. A number of spheroids were trapped on the channel array as a result of 

hydrodynamic force. However, numerous spheroids (approximately half) still floated around 

in the chamber. The trapped spheroid with closed well setup did not promote the fusion 

phenomena due to the insufficient supply of nutrient and oxygen over the culture period (Fig. 

S3.2).  

In the fusion mode, we filled the well with fresh culture media that could supply sufficient 

nutrients to the spheroid. The LOC device was placed vertically inside of an incubator for 30 

min. Gravitational force helped the media to fill the chamber and allowed the residual floating 

spheroids to settle down on the microchannel array. An average of 180 out of 200 spheroids 

corresponding to an efficiency of almost 90% were trapped on the channel array. Images were 

taken with fluorescent microscope and confirmed that most spheroids were trapped. The well 

was filled with fresh media for every 4 hours before the imaging process. 

 

3.5 Results and discussion 

Optical fluorescence microscopy was used to observe the fusion phenomena of OEC spheroids 

inside the micro-fluidic chamber. Figure 3.6 shows that most spheroids tended to settle in 

regions with the lowest velocity and pressure. Moreover, some of the already trapped spheroids 

near the inlet region were dragged and trapped further right, unblocking the microchannel on 

the left. 

Fig. 3.6 depicts the fusion process of the OEC spheroids over a time period of 48 hours. Images 

were taken at an interval of 4 hours after removing the device from the incubation chamber and 

supplying fresh media to the well. Fig. 3.6A shows the trapped spheroids after 1 hour of 

incubation. Although the spheroids were still loose, they touched each other and were ready to 

fuse over time. Fig. 3.6B illustrates the same spheroids after 4 hour of incubation. Most 

spheroids now have interacted and moved slowly toward aggregations. Loose individual 

spheroids are difficult to be recognized now. Fig. 3.6C depicts the image taken after 8 hours of 
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incubation. Clear fusion of the spheroids can be observed. Most of the spheroids were merged 

so that individual spheroids were no longer visible. 

OEC spheroids showed extensive cell-to-cell interaction in all directions allowing for a healthy 

survival up to 12 hours. Fig. 3.6D indicates the stable physical structure of the formed tissue 

after 12 hours of culture. However, a slight narcosis of cells commenced was visible at the 

outer edges of the tissue in Fig. 3.6E. The length of the aggregation between multiple spheroids 

decreases much faster after 24 hours of incubation as shown in Figs. 3.6G to 3.6H. After 24 

hours culture, the merged spheroids behave like a tissue and tend to shrink. It is apparent that 

the spheroidal movements were strongly influenced by the presence of neighbouring spheroids. 

Closely placed OEC spheroids formed a thick confluent tissue layer. Our experiment validated 

that a small tissue engineered construct can be fabricated inside a microfluidic chamber from 

a number of fused spheroids [25].  

 

Figure 3.6. Fused OECs spheroids inside of the microfluidic chamber after (A) 1 hour; (B) 

4 hours; (C) 8 hours; (D) 12 hours; (E) 16 hours; (F) 20 hours; (G) 24 hours and (H) 48 

hours (composite image of at least nine frames). 
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Fig. 3.7 shows the representative repeatability test of the OEC spheroids fusion process inside 

different LOC devices. The image was taken from the end region of the culture chamber where 

the OECs face minimum hydrodynamic forces. The image were taken at an interval of 1.5 to 

2.0 hours up to 12 hours and cultured up to 48 hours (Figs. S3.3-S3.5). Individual spheroids 

were visualized until 3 hours of incubation periods in Figs 3.7A to 3.7C. From 4.5 to 12 hours 

of incubation (Figs. 3.7D to 3.7G), individual spheroids were no longer identified, and tissue-

like structures were observed. Cell narcosis were visible all the cases from 16 to 36 hour of 

incubation in the LOC devices (Figs. S3.3-S3.5). The aggregation rate is much faster after the 

24 hour of cell culturing.  

Fig. 3.8 shows the normalized aggregation rate of the cultured spheroids over time in different 

LOC devices. The normalized aggregation is defined as the ratio between the area of the cells 

to its initial value at the start of the experiment. The area of the large and identical spheroids 

(trapped at the end region with similar size) were analysed with ImageJ software (NIH, 

imagej.net). The aggregation size remains almost constant between 12 and 24 hours of 

incubation, indicating the fused tissue is stable and healthy and suitable for harvest. Afterwards 

the size decreases at a high rate due to necrosis, and a variation is observed at 48 hours of 

incubation. For the transplantation applications, the fused tissue should be harvested at around 

 

Figure 3.7. OECs spheroids fused inside of the microfluidic chamber cultured up to 48 

hours. 
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12 hours of incubation, before cell necrosis occurs. Thus, the necrosis of the cell and the 

variation of the aggregation rate would not be an issue. 

The observed fusion phenomena can be explained by the Differential Adhesion Hypothesis 

(DAH) [19, 26]. According to this hypothesis, cells possess a highly viscous incompressible 

liquid-like behaviour caused by the surface and interfacial tension generated by the adhesive 

and cohesive interactions between the cell [27]. In the absence of an external force, a liquid 

droplet forms a spherical shape due to the attraction of its own molecules, allowing a maximum 

contact and minimum overall surface area. The spheroid has characteristics similar to highly 

viscous liquid droplets. Both of them consists of a large number of mobile, cohesive subunits: 

cells for spheroids versus molecules for droplets. These subunits spontaneously rearrange 

among themselves to maximize their mutual and relative bonding. Fusion is the self-assembly 

process where the liquid like cell matrix rearrange themselves towards a larger spherical form 

minimizing the free energy of the system [28]. However, a major difference between a highly 

viscous droplet and a spheroid is that molecules in a droplet move due to the thermal agitations 

whereas cellular motion is governed by the metabolic energy. For spheroids, coalescence is 

due to the metabolic energy promoted by the protein obtained both from media and other cells 

[29]. Throughout the fusion process, a morphogenetic shape changes occurs which is a 

coordinated movement of cells within individual spheroids. 

 

Figure 3.8. Normalized aggregated spheroids over time within three LOC devices. 
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3.6 Conclusion 

We have developed a microfluidic device that enables injection and capture of spheroids of 

OECs. Trapping spheroids at regularly spaced intervals enables them to fuse to form larger 

aggregations. Numerical modelling indicated that lower flow rates favour trapping of the 

spheroids. Visualisation of the flow field with fluorescent particles confirmed that the right 

side of the chamber has the lowest flow velocity and will likely trap the spheroids. The later 

injection of spheroids of OECs with diameters ranging from 80 and 120 µm confirmed that the 

spheroids were trapped on the right side above the microchannel array. However, a number of 

spheroids continued to float above the trapping zone. The trapped spheroids commenced fusing 

within 4 hours of incubation. Large fused tissues were evident after 8 hours culturing. We were 

able to maintain multiple healthy OECs spheroids inside of a micro-chamber for up to 12 hours. 

Adding fresh media through the well promotes fusion and longer culture resulted in poor cell 

growth on the exterior of the fused spheroids. The fused spheroids can be harvester through the 

open well by reverse flowing the fluid from the outlet ports, keeping the inlet closed.  The 

development of cell transplantation therapies needs new tools to improve the preparation of 

cells prior to transplantation into injured parts of human body. Our microfluidic device 

facilitating the fusion of OEC spheroids is a step towards this direction. As OECs spheroids 

exhibits a higher degree of cell-cell and cell-matrix interaction than preparations of dispersed 

cell suspensions, spheroidal transplantation would be more effective for the neural repair 

therapies as it would promote the integration of the cells within the host tissue. This 

microfluidic device could be used to determine the cellular and molecular mechanisms of cell 

spheroid fusion to identify factors that enhance the rate of fusion. Furthermore, the microfluidic 

device presented here may be utilized for examining the effect of drug responses, improving 

therapeutic approaches.  
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3.7 Supplementary figures 

 

Figure S3.1. Numerical particle tracing in the trapping mode with a flow rate of (A) 10 µL/min, 

(B) 30 µL/min, (C) 60 µL/min, (D) 90 µL/min (units are in ms-1 for the initial particle velocity). 

[Time step, 0-0.1-360 sec].  
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Figure S3.2. Unfused OECs spheroids inside of the microfluidic chamber for (A) 1 Hour of 

time; (B) 4 hours of time; (C) 8 hours of time; (D) 12 hours of time (composite photos of at 

least nine frames are taken on 10X zoom) with closed well setup. 

 

Figure S3.3. OECs spheroids fused inside of the microfluidic chamber cultured up to 48 hours 

in device 1.  
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Figure S3.4. OECs spheroids fused inside of the microfluidic chamber cultured up to 48 hours 

in device 2. 

Figure S3.5. OECs spheroids fused inside of the microfluidic chamber cultured up to 48 hours 

in device 3. 
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Chapter 4 

Literature review-2, Magnetophoresis based micro magnetofluidics 

Biomicrofluidics, (2018)12 (3), 031501 

 

 

The viability, and integrity of the biomolecules such as cells, and cell spheroids are of utmost 

importance for any in-vitro analysis in the LOC platform. The integration of magnetism into a 

microfluidic system offers contactless concentration, isolation, and purification of molecules, 

which enhance both the selectivity and sensitivity. Magnetofludic manipulation fully retains 

viability and integrity of cells and biomolecules. Successful manipulation of molecules by 

magnetophoresis promotes rapid mixing, their efficient separation, and their detection. 

Considering the Chapters 2, and 3, the present chapter discusses magnetic manipulation of 

particles, their recent advances, and challenges in a microfluidic system. The basic 

manipulation in terms of mixing, separation, and trapping of cells and particles are discussed 

in details. The chapter highlights the future perspective of magnetofluidic manipulation 

towards the development of a Point-of-Care (POC) diagnostic device.  
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Chapter 4: Recent advancements and current challenges in magnetophoresis based micro 

magnetofluidics 

 

Abstract 

The combination of magnetism and microscale fluid flow has opened up a new era for handling 

and manipulation of samples in microfluidics. In particular, magnetophoresis, the migration of 

particles in a magnetic field, is extremely attractive for microfluidic handling due to its 

contactless nature, independence of ionic concentration, and lack of induced heating. The 

present chapter focuses on recent advances and current challenges of magnetophoresis and 

highlights the key parameters affecting the manipulation of particles by magnetophoresis. The 

magnetic field is discussed according to their relative motion to the sample as stationary and 

dynamic fields. The migration of particles is categorised as positive and negative 

magnetophoresis. The applications of magnetophoresis are discussed according to the basic 

manipulation tasks such as mixing, separation, and trapping of particles or cells. Finally, the 

chapter highlights the limitations of current approaches and provides the future perspective for 

this research area. 
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in magnetophoresis based micro magnetofluidics. Biomicrofluidics, 12 (3), 031501. 
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4.1 Introduction 

Magnetophoresis is a phenomenon where particles migrate in a magnetic field. The phenomena 

can be further categorized as positive and negative magnetophoresis. Positive magnetophoresis 

is the migration of magnetic particles in a diamagnetic medium. Negative magnetophoresis is 

the migration of diamagnetic particles in a magnetic medium. Magnetophoresis occurs in a 

gradient of magnetic field, a gradient of magnetization of the surrounding medium or the 

combination of both. The overall objective of magnetophoretic manipulation is the efficient 

handling of a large number of sample particles over a short period of time [1, 2]. The magnetic 

permeability (µ), the magnetic flux density (B), and the susceptibility (χ) are the key parameters 

for designing and optimizing applications with magnetophoresis [3]. Magnetophoresis offers 

several advantages over other active methods for particle manipulation such as electrophoresis, 

thermophoresis, dielectrophoresis, optical trapping and acoustophoresis [4]. Electrophoresis 

requires an electric field with direct electrode contact that may cause Joule heating and 

electrolysis. Thermophoresis needs a temperature gradient across the sample. 

Dielectrophoresis uses an electric field to affect the trajectory of particles in a fluid flow and 

may not need direct electrode contact to the liquid sample. However, the alternative current 

(AC) field could polarize biological cells and changes their metabolic function [5]. Optical 

actuation utilizes photon energy to move particles. The optical setup is usually complex and 

expensive. The heat generated by the focused laser beam could affect the behavior of sensitive 

biological particles and even kills them [6]. Acoustophoresis utilizes the pressure field or 

acoustic streaming often induced by a surface acoustic wave (SAW) to manipulate particles. 

An intense acoustic field may cause heat that is harmful to biological particles such as cells [7].  

Magnetophoresis offers is a contactless method for manipulation of particles. This technique 

does not affect properties of the sample solution such as pH value, ion concentration, surface 

charge, and temperature. Furthermore, easy operation, low cost and simple design make 

magnetophoresis a favorable option over other active manipulations techniques. The magnetic 

field can either be generated by a permanent magnet or an electromagnet. Permanent magnets 

provide a relatively strong magnetic field. But due to the size constraint, its magnetic field 

gradient is usually weaker than electromagnets that can be integrated on a chip with a relatively 

small footprint. Using tapered magnetic tips, small magnet array or magnetic poles can increase 

the magnetic field gradient by many folds [8-10]. Permanent magnets are suitable for portable 

point-of-care (POC) applications, where an external power source is not required. Furthermore, 

a setup with permanent magnets does not require any complicated fabrication process of the 
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device. Magnetic fields have been successfully utilized for mixing, positioning, transport, and 

separation of magnetic and non-magnetic objects [11]. For some applications, a non-uniform 

magnetic field is necessary to create a strong magnetic field gradient. A large magnet relative 

to the microfluidic device can generate a quasi-uniform magnetic field that can magnetise the 

particles or the fluid but does not induce a net force acting on them.  

Magnetic susceptibility of the particle and its surrounding medium is an important paraneter 

for magnetophoresis. According to their magnetic susceptibility χ, materials are classified into 

ferromagnetic (χ>>0), paramagnetic (χ>0), and diamagnetic (χ<0) [12]. An object made of 

ferromagnetic material is attracted towards a magnetic field. Iron, cobalt, nickel are examples 

of ferromagnetic materials. Objects made of diamagnetic materials suspended in a 

paramagnetic medium are repelled from the magnetic flux maxima. Most biological samples 

such as proteins, cells, exosomes and DNAs are diamagnetic. Paramagnetic materials such as 

oxygen, platinum, manganese (II) salts are attracted towards the magnetic flux maxima. 

However, they lose their magnetism if the field is removed from the system. Red blood cells 

(RBCs) and magnetotactic bacteria are examples of paramagnetic objects found in nature [13].  

Paramagnetic materials are further categorized into superparamagnetic materials such as iron 

oxides [14]. Paramagnetic particles behave like diamagnetic particles if the magnetic field is 

removed. A magnetic field can polarize these particles and change their trajectories in a fluid 

flow [15]. Antibodies or DNA strands can easily be immobilized on these particles for binding 

to and subsequently extracting targeted cells. 

As mentioned above, the migration of particles in a magnetic field is categorized as positive 

and negative magnetophoresis according to the mismatch in magnetic properties of the particles 

and their surrounding medium. Positive magnetophoresis happens to paramagnetic particles 

suspended in a diamagnetic mediums such as water. Positive magnetophoresis allows 

paramagnetic particles to accumulate at magnetic field maxima, enabling separation, and 

mixing [16]. Positive magnetophoresis can be utilized for the manipulation and separation of 

biological samples specifically labelled by magnetic beads as tags [17]. Magnetic particles for 

labeling cells may have a size ranging from nanometers (Miltenyi Biotech: 50 nm, Estapor: 

200 nm) to micrometers (BioMaagic/Biopal: 1.5 µm, Invitrogen/Dynabeads: 2.8 µm, 4.5 µm) 

[18]. These magnetic particles offer flexible functionality, augmented surface-volume ratio, 

and a controllable surface for manipulation of targeted biological molecules and cells [19]. 

Dynabeads are the most common superparamagnetic particles for applications utilizing 

magnetophoresis. Selecting the right nanoparticles for the intended application is crucial 
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successful use of magnetophoresis. For instance, nanometer-sized particles are suitable for 

labeling highly concentrated cells [20]. Micrometer-sized particles are more suitable for 

tagging rare cells such as circulating tumor cells (CTCs). Following tagging and trapping, 

cleaning steps are needed to release the biomolecules from the magnetic particles [21, 22]. The 

release process is usually done by cell lysis, and sample centrifugation that either change or 

damage the cells completely.  

Negative magnetophoresis is a label-free approach for handling diamagnetic particles with a 

paramagnetic carrier fluid [23]. In a paramagnetic medium, a diamagnetic particles with 

magnetic susceptibility χp serve as magnetic holes [24]. If the system is exposed to an external 

magnetic field gradient, the mismatch in magnetic susceptibility between the diamagnetic 

particle and the paramagnetic medium crates a negative magnetophoretic force that pushes the 

particles away from the magnet [25]. A diamagnetic particle in a paramagnetic medium moves 

towards the magnetic field minima [26]. In this way, diamagnetic particles can be manipulated, 

mixed and separated. Mixing, separation based on size and shape can be implemented with 

negative magnetophoresis, because the magnetophoretic force is proportional to the volume of 

the particle. 

A paramagnetic medium is essential for negative magnetophoresis. Some common 

paramagnetic fluids are ferrofluids (maghemite Fe2O3, or magnetite Fe3O4 nanoparticles 

suspended in a liquid) and paramagnetic salt such as manganese (II) chloride (MnCl2), 

diethylenetriamine pentaacetic acid (Gd-DTPA). It is noteworthy that ferrofluid has five times 

higher magnetic susceptibility than a highly concentrated paramagnetic salt solution [27]. 

However, the opaque nature of a ferrofluid makes visualization of the sample difficult. 

Therefore, fluorescent labeling of target cells is often needed for visualization and tracking 

purposes. Paramagnetic salt solutions offer optical transparency. However, due to their 

relatively low magnetic susceptibility, a highly concentrated paramagnetic salt solution is 

needed for effective negative magnetophoresis. The high salt concentration might destroy the 

cells due to osmosis. Therefore, selecting the right paramagnetic medium for an application is 

extremely important. Interestingly, positive and negative magnetophoresis could coexist in the 

same system. A paramagnetic particle could show diamagnetic behavior if the surrounding 

fluid is tuned into a stronger paramagnetic solution, for instance by increasing the concentration 

of the magnetic nanoparticles in a ferrofluid. Thus, the magnetic susceptibility of the carrier 

fluid can be adjusted to above or below that of the sample particles. Liang et al. used diluted 

ferrofluid instead of a diamagnetic medium in a T-shaped microchannel for the separation of  
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magnetic and diamagnetic particles. The diluted ferrofluid improved the separation 

performance up to 60% [28]. Magnetic particles experience positive magnetophoresis and 

move towards the magnetic field maxima (Mp>Mf), while diamagnetic particles experience 

negative magnetophoresis and move towards magnetic field minima resulting in more efficient 

separation. 

Figure 4.1(a) provide an overview of magnetophoresis-based micro magnetofluidics. The 

phenomena are classified by the dynamic nature of the external magnetic field. Both static and 

dynamic magnetic fields can induce positive and negative magnetophoresis. A dynamic 

magnetic field can be generated by a moving permanent magnet or a controllable 

electromagnet. Generally, a permanent magnet can be moved by an external electric motor to 

create a dynamic magnetic field. Electromagnets, for instance in the form of solenoids, can be 

driven by an AC current and generates a dynamic magnetic field. The strength of the field is 

adjusted by controlling the amplitude and frequency of the current source. Both positive and 

negative magnetophoresis using dynamic magnetic fields have been reported.  Applications of 

magnetophoresis include spreading, focusing, mixing, trapping and separation of fluids and 

particles, Fig. 4.1(b). For efficient separation, particle focusing is required. The focusing 

techniques can be further classified as sheath-based and sheath-free focusing. Spreading and 

mixing have been mostly reported for dynamic magnetic fields. The present review chapter 

highlights the recent advancements of magnetophoresis based mixing, separation, and trapping 

of biological cells, magnetic beads, and fluorescent particles. Current challenges are thoroughly 

 

Figure 4.1. Overview of magnetophoresis based magnetofluidic schemes (a) and 

applications (b).  
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discussed. Finally, the chapter provides the future perspective of magnetophoresis-based micro 

magnetofluidics.  

 

4.2 Fundamental and theory of magnetophoresis 

Magnetophoresis relies on the magnetization of a material under an external magnetic field, 

which is characterized by its magnetic susceptibility. The relationship between the magnetic 

field and magnetization is represented by: 

0. ( ) 0  H M                                                               (1) 

mV H                                                                  (2) 

where 
7

0 4 10     is the permeability of the air, H is the magnetic field strength, M is the 

magnetization of the particle, and Vm represents the scalar magnetic potential [29]. As the 

magnetic force induced by magnetophoresis has to work against the inertial force and the drag 

force, magnetophoresis also depends on the fluid flow and the properties of the surrounding 

fluid such as the density and viscosity. Under the steady state condition, the flow field is 

described for the incompressible fluid medium surrounding the particles by the continuity 

equation [2]: 

.( ) 0f f u                                                               (3) 

where ρf  is the density of the fluid, and uf  is the velocity of the fluid; and the Navier-Stokes 

equation 

( . ) .( . )f f f fP     u u u                                       (4) 

where P is the pressure, ƞ is the dynamic viscosity of the fluid [30]. The migration of particles 

under an external magnetic field depends on the balance of forces acting on it [31]. The main 

forces acting on the particle are the inertial force (m
p
dv / dt ), the magnetic force Fm and the 

fluid drag force Fd. For a shallow channel and an incompressible fluid, gravitational force Fg, 

Brownian force Fb, and the particle lift force Fl are negligible. The force balance is represented 

by: 
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m
p

dv

dt
= F

m
+F

d
                                                           (5) 

where mp is the mass of the particle, v is the velocity of the particle, Fm is the magnetic force, 

and Fd is the viscous drag force. According to the Stokes law, the viscous drag force is 

determined as: 

1
( )d p f

p

m


 F u v                                                            (6) 

where p (s) is the velocity response time of the particle:  

2
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p pd
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                                                                    (7) 

where ρp, dp  are the density and the diameter of the particle, respectively, µ is the fluid 

viscosity. For a given particle size, the drag force can be adjusted by the velocity, the density 

and the viscosity of the fluid. The magnetic force acting on a particle suspended in a fluid 

medium is: 

 
0

( )
(B. )m

m

V  




 F B                                                          (8) 

where V is the particle volume, χ is the magnetic susceptibility, χm is the susceptibility of the 

surrounding medium, µ0 is the magnetic permeability of the air, B  represents the field 

gradient of the  magnetic flux density B. Magnetic force is determined by the size of the 

magnet, its strength, its distance from the channel, and the orientation of the magnetization. 

Effective manipulation of particles requires a strong magnetic field gradient, which can be 

implemented using special magnet geometry, an array of magnets, integrated micro 

electromagnets or ferromagnetic wire array [2]. Positive and negative magnetophoresis is 

determined by the susceptibility of the particle and its surrounding fluids.   

 

4.3 Applications of magnetophoresis 

Magnetophoretic manipulation of particles and cells depends on their magnetic and geometric 

parameters as well as that of the flow system. Parameters such as flow rate, viscosity, magnetic 

field strength, magnetic susceptibility of the fluid and the particle size are essential for 

optimizing this manipulation concept [32]. Geometric parameters such as the size and shape of 
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the permanent magnet, distance of the magnet from the channel, and orientation of the 

magnetization define the magnetic field and its gradient, thus directly affect the performance 

of magnetophoretic manipulation. Optimizing these parameters can tune magnetophoretic 

manipulation to suite a wide range of applications such as the disease diagnosis, therapeutics, 

environmental monitoring, genetic engineering, cell sorting, and single cell investigation [5, 

33].  

Mixing of samples is an important task for many applications including chemical analysis, in-

vitro drug testing, labeling magnetic beads, and specific binding of target molecules [34]. 

Applications of mixing in chemical engineering include synthesis of material, crystallization, 

polymerization, and extraction. Applications of mixing in bioengineering are protein folding, 

enzymatic assay, cell lysis and DNA analysis [35]. Efficient mixing and subsequent separation 

and detection steps in a lab-on-a-chip (LOC) device allows for the development of fully 

automated devices. Table-4.1 lists the basic specifications of recently reported devices for 

mixing by magnetophoresis. Efficient mixing above 80% has been observed in most of the 

reports. Both static and dynamic magnetic fields have been used. Flow rates, concentration, 

rotational speed and frequency are the most key parameters for the mixing process.  The details 

are discussed in the subsequent sections.  

Table 4.1. Mixing with magnetophoresis. 

Source of 

mixing 

Optimized 

parameters 

 

Sample mixing 

 

Size of 

particle 

(diameter) 

No. of 

flow 

stream 

Magnetophoresis 

 

Mixing 

Performance 

 

Ref. 

 

AC 

electromagnet 

Amplitude, 

frequency, 

flow rate ratio 

 

Ferrofluid with 

mineral oil 

 

10 nm 

 

3 

 

Negative 

 

95% 

 

44 

Permanent 

magnet 

 

Flow rate ratio 

 

Ferrofluid with 

glycerol-water 

 

10 nm 

 

3 

 

Negative 

 

- 46 

Permanent 

magnet 

 

Flow rate 

ratio, 

binding ratio 

 

Magnetic beads 

with DNA 

strands 

 

2 µm 

 

3 

 

Positive 

 

- 43 

Permanent 

magnet 

 

Flow rate, 

concentration 

 

Ferrofluid with 

DI water 

 

10 nm 

 

2 

 

Negative 

 

88% 

 

49 

Embedded 

electrode 

 

Switching 

frequency 

 

Magnetic beads 

with 

biomolecules 

 

1-1.4 µm 

 

2 

 

Positive 

 

- 52 

AC 

electromagnet 

 

Frequency, 

channel width 

 

Magnetic 

particle, DI 

water 

 

1-1.4 µm 

 

2 

 

Positive 

 

97.7% 

 

53 
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Modified 

magnetic 

stirrer 

 

RPM, flow 

rate 

 

Magnetic 

particle with 

fluorescent 

 

4 µm 

 

3 

 

Positive 

 

96% 

 

54 

Electrode 

stripes 

 

Switching 

frequency, 

flow rate, 

nanoparticle 

size 

 

Magnetic 

nanoparticle 

with target 

biomolecules 

 

50-300 nm 

 

1 

 

Positive 

 

100% 

 

58 

AC 

electromagnet 

 

Amplitude, 

frequency, 

flow rate 

 

Magnetic beads 

with fluorescein 

solution 

 

Mean 

diameter 3 

µm 

 

2 

 

Positive 

 

95% 

 

59 

Rotational 

permanent 

magnet 

 

RPM, flow 

rate 

 

Polystyrene 

beads 

with ferrofluid 

 

30 µm 

 

2 

 

Negative 

 

88% 

 

61 

Magnetic 

stirrer 

 

RPM, position 

of the actuator 

 

Rifampicin drug 

with  TiO2 

nanoparticle 

- 2 

 

Positive 

 

90% 62 

 

The separation of beads bound to targeted biomolecules is another important task in chemical 

synthesis, biochemical analysis, monitoring and prevention of foodborne bacteria [7]. 

Separation of diseased cells such as circulating tumour cells or malaria-infected red blood cells 

from the healthy cells in a blood sample are other important applications of magnetophoretic 

separation. Table-4.2 lists the recent applications of separation by magnetophoresis. Efficient 

separation can be done with both positive and negative magnetophoresis. Diamagnetic cells are 

labeled with magnetic beads for the separation with positive magnetophoresis. A static 

magnetic field is essential for the separation. Details are discussed in the subsequent sections.  

Table 4.2. Separation with magnetophoresis. 

Source of 

separation 

Optimized 

parameters 

Sample 

separation 

 

Size of 

particle 

(diameter) 

No. of 

flow 

stream 

Magnetophoresis 

 

Separation 

efficiency 

Ref. 

 

Permanent 

magnet 

 

Flow rate 

 

Dynabeads 

 

2.8 µm, 

4.5 µm 

 

2 Positive 

 

100% 

 

8 

Permanent 

magnet, micro-

slit filter 

 

Flow rate, 

magnet 

position 

 

CTCs from 

whole blood 

 

15-25 µm 

 

1 Positive 

 

Above 80% 

 

22 

Permanent 

magnet, 

hydrodynamic 

filter 

 

- Human  

lymphocyte 

cells labeled 

with magnetic 

beads 

 

13.2±3.9 

µm 

 

2 Positive 

 

Above 90% 

 

67 

DC 

electromagnetic 

wire array 

 

Current, flow 

rate, 

concentration 

 

Labeled MCF-7 

from the Raji-

B-lymphocyte 

cells 

 

20-24 µm 

 

2 Positive 

 

Above  

85% 

 

68 
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Permanent 

magnet 

 

Flow rate 

 

Yeast cells 

from 

polystyrene 

particle 

 

3, 10 µm 

 

1 Negative 

 

- 72 

Permanent 

magnet 

 

flow rate, 

concentration 

of cells 

 

CTCs from 

RBC lysed 

blood 

 

15.5-18.9 

µm 

 

1 Negative 

 

92.9% 

 

74 

Permanent 

magnet 

 

Magnetic 

volume 

fraction, flow 

rate 

 

Magnetic 

beads, 

polystyrene 

beads 

 

2.8 from 

8.2 µm, 

and 2.6 

from 4.2, 

7.3, 7.9 

µm 

 

1 Positive/negative 

 

- 17 

Permanent 

magnet 

with nickel 

structures 

 

Concentration 

 

U937 from 

RBCs, 

polystyrene 

beads 

 

10 from 6 

µm, and 

8 from 10 

µm 

 

2 Negative 

 

90% 

 

79 

Permanent 

magnet 

with nickel 

wires 

 

Flow rate 

 

i-RBCs from 

the h-RBCs 

 

- 3 Positive 

 

98.3% 

 

80 

Permanent 

magnet 

with angled 

ferromagnetic 

wire  

 

Concentration, 

flow rate 

 

Labeled CTCs 

from whole 

blood 

 

15-25 µm 

 

2 Positive 

 

90% 

 

81 

Permanent 

magnet 

 

Flow rate, 

magnet 

position, 

concentration 

Seven cancer 

cell lines from 

WBCs 

 

- 3 Negative 82.2% 

 

83 

 

Trapping is another form of separation that often is the final sample preparation step. The 

trapped cells or cell clusters can be used for further culture and drug testing. Trapped cells can 

further be cultured and assembled into a tissue. Trapping and concentrating cells in a specific 

region allows for the investigation of cell-cell interactions and their regulation mechanism [36]. 

On-chip trapping and concentration of target cells saves reagent in use, avoids off-chip washing 

and minimizes the sample loss. Consequently, the accuracy of the assay is improved with 

reduced time and cost [37]. Table-4.3 lists the recent applications of trapping with 

magnetophoresis. Target cells were isolated and trapped into magnetic field maxima and 

minima according to their size and magnetic susceptibility. Details are discussed in the 

subsequent sections.  
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Table 4.3. Trapping with magnetophoresis. 

Source of 

trapping 

Optimized 

parameters 

 

Sample 

trapped 

 

Size of 

particle 

(diameter) 

No. of 

flow 

stream 

Magnetophoresis 

 

Trapped 

efficiency 

Ref. 

 

Permanent 

magnet, iron 

beads 

 

Magnetic field 

strength, time 

 

Magnetic 

nanoparticle 

 

30 nm 

 

3 Positive 

 

- 41 

Electromagnetic 

nickel wires and 

nickel pattern 

 

Flow rate, 

concentration 

 

S. Typhimurium 

labeled 

nanoparticle 

 

2-5 µm 

 

2 Positive 

 

- 90 

Permanent 

magnet 

 

Flow rate 

 

Magnetic beads, 

THP-1 labeled 

Dyna beads 

 

8-10 µm, 

10±1.5 µm 

 

1 Positive 

 

62% 91 

Permanent 

magnet 

 

Flow rate, 

concentration 

 

Polystyrene 

beads 

 

3.2, 4.8 

µm 

 

1 Negative 

 

- 93 

Permanent 

magnet 

 

Concentration 

 

Polystyrene 

beads, yeast, 

algae  

 

2.5-6 µm,  

3-4 µm 

1 Negative 

 

- 94 

Permanent 

magnet 

 

Magnetic field, 

duration, flow 

rate 

 

Bacteria, 

polystyrene 

beads 

 

L×W: 

10×4.5 µm 

 

1 Negative 

 

- 36, 

95 

Permanent 

magnet 

 

Flow rate, 

duration 

 

polystyrene 

beads, magnetic 

particle 

 

9.9, 2.8 

µm 

 

1 Positive/ negative 

 

- 96 

Permanent 

magnet 

 

Flow rate, 

magnet 

distance, 

duration 

 

polystyrene 

beads, yeast 

cells 

 

5 µm, 

3-4 µm 

 

1 Negative 

 

- 98 

Permanent 

magnet 

 

Magnetic 

setup, flow 

rate, duration 

 

polystyrene 

beads 

 

5 µm 

 

1 Negative 

 

- 99 

Rotating 

magnets 

 

Geometry of 

magnets, flow 

rate, RPM, 

Concentration 

Magnetic beads, 

E.coli 

 

6.5 µm, 

L×W: 

0.5×2 µm 

 

1 Negative 

 

- 101 

 

Figure 4.2 provides an overview of possible magnetophoretic effects that can be utilized for 

mixing, separation, and trapping. Figure 4.2(a) shows the typical scenario of positive 

magnetophoresis, where two types of magnetic particles are separated in a magnetic field due 

to the size difference. Figure 4.2(b) illustrates the separation of diamagnetic particles by 

negative magnetophoresis. Both the positive and negative magnetophoresis can coexist if the 

magnetic susceptibility of the surrounding fluid lies between those of the two particle types, 

Fig. 4.2(c).   
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4.3.1 Magnetophoresis for mixing 

The use of magnetic force for mixing of fluids has attracted considerable attention due to its 

contactless and non-invasive nature. Independence of ion concentration as well as temperature 

and the low cost are some of the unique advantages of magnetic mixing [3]. As the sample flow 

is laminar in most microfluidic devices, the external magnetic energy ensures that particles and 

fluids gain enough energy to overcome viscous forces in the small scale [38, 39]. Figures 4.3 

to 4.5 shows examples of recent device design for mixing using magnetophoresis. 

Mixing of particles and cells can be implemented by placing a stationary magnetic field around 

the mixing chamber. In this system, magnetic particles (positive magnetophoresis) or a 

paramagnetic fluid (negative magnetophoresis) can be manipulated for mixing. A stationary 

magnetic field is generated by either an electromagnet or a permanent magnet. Compared to 

permanent magnets, an electromagnet usually provides a weaker magnetic field and 

consequently a smaller magnetic force acting on the particles [12, 14]. The field and the force 

induced by an electromagnet can be increased with more turns in the coil and a higher supplied 

current. Microcoils integrated into the LOC can be used for both actuating and sensing the 

 

 

Figure 4.2. Effects of magnetophoresis in a microchannel based on the size and 

magnetization for (a) positive magnetophoresis, (b) negative magnetophoresis, and (c) the 

coexistence of positive and negative magnetophoresis. Paramagnetic fluid such as ferrofluid 

or the salt solution is essential to initiate negative magnetophoresis. The susceptibility of the 

paramagnetic solution needs to be in between the susceptibility of the sample particles for 

the coexistence. 
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sample fluids. For instance, Kong et al. used a liquid metal microcoil as a sensor to detect the 

hematocrit level of blood [40]. Actuating capabilities of the microcoil embedded in an adhesive 

membrane has been investigated for the potential use of micropump. Interaction of an AC 

current and the magnetic field from a permanent magnet, induced a magnetic force to oscillate 

the membrane. Soft magnetic microstripes have been integrated into the microfluidic device to 

focus the magnetic field and to increase its gradient [12]. Soft magnetic materials such as iron, 

nickel or permalloy have been reported to increase the local magnetic field gradient [41, 42]. 

Different fabrication approaches such as photolithography, etching, sputter deposition, and 

polymer photoablation have been used for the fabrication of these structures.  

The fabrication of soft magnetic structures and microcoils could be complex. In the case of 

integrated electromagnet, the increased temperature in the microchannel may lead to 

undesirable sample damage [43]. Zhu et al. investigated the fundamental spreading 

phenomenon of a ferrofluid core stream sandwiched between two diamagnetic streams in the 

uniform field of an electromagnet [44]. The induced magnetic force on the ferrofluid generated 

a secondary bulk flow that spreads the ferrofluid into the cladding diamagnetic streams. 

Various flow rate ratios were investigated to optimize the spreading performance. Zhu et al. 

later utilized the same setup to investigate the mixing effects of water-based ferrofluid with a 

solution of DI water and glycerol, Fig. 4.3(a) [45]. The roles of the magnetic flux density, flow 

 

Figure 4.3. Mixing in microfluidics (a) spreading of ferrofluid under an external 

electromagnetic field. Reproduced with the permission from Zhu et al., Lab chip 12, 4772-

4780 (2012). Copyright 2018 The Royal Society of Chemistry. (b) Deflection of ferrofluid 

towards the magnet. Reproduced with the permission from Hejazian et al., Micromachines 

8, 37 (2017). Copyright 2017 Molecular Diversity Preservation International and 

Multidisciplinary Digital Publishing Institute. (Figures are not according to the scale and 

ratio.) 
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rate, and viscosity ratio were analysed and optimized for higher mixing efficiency. Wang et al. 

studied the spreading of ferrofluid in a three-stream configuration [46], consisting of a water-

based ferrofluid stream sandwiched between two diamagnetic streams. A strong magnetic field, 

a low flow rate, and a high concentration of the ferrofluid promote the spreading phenomenon. 

Olesen et al. integrated a number of soft-magnetic structures that were magnetised by an 

external electromagnet [47].  The structures retain magnetism after removing the magnetization 

source and are able to trap a plug of magnetic beads inside of the microchannel. These beads 

move in a circular path and initiate mixing between two co-flowing fluid streams with a 

relatively low actuating magnetic field. The mixing efficiency depends on the geometry and 

the position of the integrated soft magnets.  

For mixing with positive magnetophoresis, particle size is an important factor. Large particles 

may aggregate in the channel, clogging the flow path and making mixing more difficult. A 

higher concentration of particles also leads to the same problems. Ganguly et al. demonstrated 

immunochemical binding of the magnetic beads with short DNA strands through mixing using 

an external permanent magnet [43]. The transverse magnetic field transports streptavidin-

coated magnetic particles across a co-flowing stream of the biotinylated probe oligonucleotide. 

Similarly, Tarn et al. reported rapid coating of a polymer layer on magnetically modified live 

yeast cells in a microfluidic device [48]. The modified cells were sequentially deflected 

towards the co-flowing polyelectrolyte solution and washing buffer for coating and cleaning, 

respectively. A rectangular permanent magnet was used to induce magnetophoresis in the 

device. This method suits well to the low-cost and convenient fabrication of multilayered 

capsules and biosensors for genotoxicity and cytotoxicity.  

Mixing and magnetophoresis of magnetic nanoparticles and subsequently induced 

magnetoconvective secondary flow have also been reported. For instance, Hejazian et al. 

reported mixing of ferrofluid and water streams in a non-uniform magnetic field, Fig. 4.3(b) 

[49]. Susceptibility mismatch between the two streams induced magnetoconvection. Mixing 

efficiency was evaluated for a range of flow rates and ferrofluid concentrations. An optimum 

flow rate of 45 µL/min, and a ferrofluid concentration of φ=20% vol. offered a maximum 

mixing efficiency of 88%.  
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Mixing of diamagnetic particles can be implemented with negative magnetophoresis. Zhu et 

al. demonstrated the spreading of ferrofluid and the migration of 1-µm diamagnetic polymer 

particles in an uniform magnetic field [23]. The ferrofluid stream was sandwiched between two 

diamagnetic streams. Different flow rate ratios, magnetic field strengths, and ferrofluid 

concentrations were investigated. Tsai et al. studied the effects of shape and geometry for the 

distribution of ferrofluid in water in the field of an external permanent magnet [50]. The Y-

shaped geometry can increase the mixing efficiency up to 90%. In this work, the permanent 

magnet was placed under the microfluidic chip. Mixing efficiency was optimized for different 

flow rates, lengths and widths of the channel.  Nouri et al. conducted similar experiments to 

investigate mixing of ferrofluid and water in a Y-shaped microchannel [51]. Increasing the 

field strength of the magnet, increasing the concentration of nanoparticles, and decreasing the 

flow rates led to an improved mixing performance. A permanent magnet adjacent to the 

microchannel could yield a maximum mixing efficiency of almost 90%. 

In some applications with low diffusivity of relatively large particles such as DNAs, protein 

molecules or cells with target antigen-antibody, the time and required length of the 

microchannel is not always sufficient for complete mixing with a stationary magnetic field. 

Larger particles such as blood cells and bacteria have even much lower diffusion coefficient. 

In this case, a dynamic magnetic field is needed to enhance mixing. The external permanent 

 

Figure 4.4. Mixing in microfluidics (a) Y-shaped microchip placed between a time-

dependant current carrying electromagnets. Reproduced with the permission from Wang et 

al., Microfluid. Nanofluid. 4, 375-389 (2008). Copyright 2008 Springer-Verlag. (b) 

Microchip placed on top of a magnetic stirrer. The pressure controlled pneumatic valves 

(red lines) are on top layer of the microchannel (blue lines). Reproduced with the permission 

from Lee et al., Lab chip 9, 479-482 (2009). Copyright 2009 The Royal Society of 

Chemistry. (Figures are not according to the scale and ratio.) 
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magnet can move in a circular or a linear path to initiate mixing in a microchamber.  An 

electromagnet can also induce time-dependent and tunable magnetic field gradient for 

magnetophoresis-based mixing. A dynamic, moving magnetic field introduces an extra inertial 

force into the force balance and enhances the migration of the particles allowing them to follow 

the moving magnetic field. The speed of the permanent magnet and the switching frequency of 

the electromagnet affect both inertial force and friction force and are important parameters for 

optimizing the mixing performance. Similar to the case of a stationary field, other parameters 

such as magnetic field strength, flow rate, and dimension of the microchannel also play a role 

in optimizing the mixing performance. 

Suzuki et al. developed a microcoil as a source of dynamic magnetic field to induce the mixing 

process [52]. Stretching and folding of fluids were observed in the serpentine channel geometry 

while the time-dependent magnetic field was activated. A sample with biomolecules was mixed 

with suspended magnetic bead for antigen-antibody binding. Wang et al. developed a simple 

micromixer using a pair of electromagnets, Fig. 4.4(a) [53]. Mixing was enhanced by 

dynamically altering the magnetic field that moves the magnetic particles in the fluid. The 

agitation of magnetic particles led to a mixing efficiency of 97.7%. Mixing events were 

affected by the geometry of the electromagnet, switching frequency, magnetic field strength, 

and channel width of the device. 

Lee et al. used a commercial stirrer to initiate mixing of two fluids by introducing ferromagnetic 

particles into a microchannel, Fig. 4.4(b) [54]. A solution with 1% w/v of 4-µm ferromagnetic 

particles allowed for optimal mixing without clogging the channel. The magnetic beads formed 

a rod-like structure and aligned with the rotating magnetic fields. This configuration led to a 

mixing efficiency of 96% within a short distance. Ryu et al. fabricated a Permalloy rotor of 

400-µm diameter in a 420-µm PDMS based microchamber [55, 56]. The rotation was initiated 

by a conventional stirrer plate for mixing of two types of dyes. The mixing index was 0.045 or 

an mixing efficiency of 95.5% at 150 rpm indicating efficient mixing 3 mm downstream of the 

stir bar.   Oh et al. reported a configuration with two parallel channels intersecting the T-shaped 

mixing channel [57]. Ferrofluid slugs were oscillated in the subchannel by moving external 

permanent magnets. The movement of the magnets along the microchannel is controlled by a 

DC motor. The ferrofluid actuator promoted chaotic advection in the main flow channel. Munir 

et al. utilized a periodic magnetic force to oscillate magnetic nanoparticles [58]. An array of 

conductor stripes at the bottom of the microchannel generate the dynamic magnetic field 

gradient. A range of inlet velocities, nanoparticle sizes, and switching frequencies was 
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investigated to optimize the mixing process. Rida et al. also used the dynamic motion of 

ferromagnetic beads to initiate mixing, Fig. 4.5(a) [59]. The beads assembled themselves in a 

chain between two soft-ferromagnetic plates. The plates connected to an external 

electromagnet that focused the magnetic field locally. The frequency and magnitude of the 

dynamic field can be tuned. The team reported a mixing efficiency of almost 95% between a 

fluorescent stream and a non-florescent stream. Biswal et al. demonstrated mixing of acid and 

base fluids with the aggregated chain of paramagnetic particles [60]. The binding, and stability 

of the chain were ensured by linking the streptavidin-coated paramagnetic particles with the 

biotinylated poly(ethylene glycol) (PEG) molecules. The rotational magnetic field was 

introduced by two pairs of coils. The bead chain circulated with the moving field. 

Munaz et al. demonstrated efficient mixing using negative magnetophoresis, Fig. 4.5(b) [61]. 

The rotational magnetic field was generated by arranging a number of cylindrical permanent 

magnets on a rotating plate. The orientation of the magnets, the rotation speed, the magnetic 

field strength and the flow rate ratio were investigated for optimum mixing. A mixing 

efficiency of 86% was achieved for 30-µm diamagnetic particles suspended in a ferrofluid 

solution of only 1% vol. concentration. Veldurthi et al. investigated magnetic actuator based 

mixing of rifampicin drugs (RIF) with titanium dioxide (TiO2) nanoparticles [62]. A 

conventional magnetic stirrer was used to induce the dynamic magnetic field. The model was 

optimised by numerical simulation and further validated by mixing dyes at different rotational 

speeds. The same setup was used in another work to infuse the Benzathine Penicillin G 

Tetrahydrate (BPG) into TiO2. The synthesised drug nanocomplexes (DNC) was collected at 

the outlets [63]. The produced DNC effectively annihilated the S. aureus bacteria representing 

the effectiveness of the mixing process. Owen et al. showed a novel approach toward mixing 

using an array of rotating magnetic microbeads (2.8 µm, Dynabeads) [64]. The microchannel 

was patterned with an array of soft magnetic permalloy and magnetized by the external 

magnets. The microbeads are attracted to the poles and follow the external magnets. Mixing 

was evaluated for the two co-flowing fluids. Azimi et al. showed the stimulation of a two-phase 

flow under a static and rotational magnetic fields [65]. Fe3O4 nanoparticles were loaded into a 

T-micromixer and the stimulation behavior of organic (n-butanol) and aqueous (succinic) 

solvent was investigated. Mixing characteristics were investigated for a range of ferrofluid 

concentrations, RPM and field strengths of the magnets. The rotational magnetic fields showed 

better mixing compared to the static magnetic field. The above examples indicate that a 
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dynamic magnetic field improves mixing compared to a stationary magnetic field. However, a 

setup with dynamic magnetic field is relatively complex, and the mixing protocol needs to be 

optimized carefully according to the targeted application.   

 

4.3.2 Magnetophoresis for separation 

Particle and cell separation from a mixture is an important sample preparation task. High 

throughput and efficient separation depend on the parameters of the device, properties of the 

particles and the surrounding medium. Device parameters are the geometry and dimension of 

the microchannel, size and shape of the magnets, the strength of the magnet, and their distance 

from the channel [32]. The properties of particle and fluid include the concentration, fluid 

viscosity, and magnetic susceptibility. The majority of reported separation of particles and cells 

using magnetophoresis is based on their difference in size and shape. Figures 4.6 to 4.8 show 

some of the recent devices for separation of particles and cells using magnetophoresis.  

 

 

 

 

Figure 4.5. Mixing in microfluidics (a) Y-shaped micromixer placed in an external 

electromagnetic assembly. Reproduced with the permission from Rida et al., Anal. Chem. 

76, 6239-6246 (2004). Copyright 2004 American Chemical Society. (b) Magnetofluidic 

mixing by rotational magnetic field. Reproduced with the permission from Munaz et al., 

RSC Advances. 7, 52465-52474 (2017). Copyright 2017 The Royal Society of Chemistry. 

(Figures are not according to the scale and ratio.) 
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Pamme et al. reported continuous separation of superparamagnetic particles with diameters of 

2.8-µm and 4.5-µm [8]. A simple permanent magnet positioned perpendicular to the fluid flow 

allowed the separation of particle based on their size and magnetic susceptibility. To separate 

diamagnetic particles such as cells with positive magnetophoresis, they should be first tagged 

with magnetic particles. Mouse macrophage and HeLa cells were tagged with magnetic 

nanoparticles for separation in an external magnetic field [18]. The flow rate, magnetic field 

strength, the size of the cells, and the incubation time were the major parameters determining 

the separation efficiency. Positive magnetophoresis allowed for the isolation of specific targets 

as low as 5 cells per mL from a complex sample such as blood, saliva or urine [66]. The 

specifically bound reagent tagged with magnetic beads make the separation reliable for 

biological sample identifications. Gourikutty et al. demonstrated a two-stage microchip to 

isolate circulating tumor cells (CTCs) from the whole blood sample, Fig. 4.6(a) [22]. The first 

stage removed magnetically labeled white blood cells (WBCs) from the blood sample using 

immune tagging and magnetophoretic separation. Next, the sample is fed into a micro-slit filter 

to remove the red blood cells (RWCs) according to their sizes. This approach recovered almost 

96.8% CTCs from the 2 mL sample in only 50 minutes. However, this CTCs enrichment 

 

Figure 4.6. Separation in microfluidics (a) CTCs isolation chip. Module 1 promotes an 

immunomagnetic separation for WBCs, and Module 2 allows size based separation to retain 

CTCs. Reproduced with the permission from Gourikutty et al., J. Chromatography, B. 1011, 

77-88 (2016). Copyright 2016 Elsevier B.V.  (b) Cell sorting system with the combination 

of hydrodynamic filtration (HDF) and magnetophoresis. In magnetophoresis, cells are first 

focused and then separated based on the size and surface marker expressions. Reproduced 

with the permission from Mizuno et al., Anal. Chem. 85, 7666-7673 (2013). Copyright 2013 

American Chemical Society.  (Figures are not according to the scale and ratio.) 
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process has a potential risk of losing target CTCs along with the other blood cells. Further 

modification of the concept is necessary for clinical applications.  

Mizuno et al. reported the separation of human lymphocyte cells utilizing the size difference 

and surface marker expressions, Fig. 4.6(b) [67]. First, the cells were tagged with anti-CD4 

conjugated immunomagnetic beads that were then sorted by the size difference. The cells were 

then focused hydrodynamically. Magnetically tagged cells were then separated by 

magnetophoresis. A permanent magnet positioned perpendicular to the stream separated the 

strongly conjugated cell-bead from the rest of the sample. Plouffe et al. reported the isolation 

of immunomagnetically tagged rare MCF-7 cells from the highly concentrated B-lymphocyte 

cells with an efficiency of almost 85% [68]. Conducting wires serving as electromagnets were 

aligned beneath the channel bottom. The electromagnets were activated by an external DC 

current source. The team further extended this work to the isolation of endothelial progenitor 

cells, and the hematopoietic stem cells from the human blood with an efficiency of 96%. Forbes 

et al. developed a microfluidic device to separate immune-magnetically labeled rare 

mammalian cells from the cell-bead complexes [69]. The angled permanent magnets relative 

to the flow direction promoted lateral magnetophoresis of the magnetically tagged breast 

adenocarcinoma (MCF-7) cells. The efficiency of the system was further optimized with 

magnet type and orientation, flow rate and channel geometry. Wong et al. demonstrated 

hydrodynamic focusing and magnetophoretic separation of magnetically tagged HeLa cells 

[70]. Magnetic field gradient was generated through multilayered current carrying conductors. 

Separation of the cells were adjusted through the induced magnetic field with an efficiency of 

79%. Robert et al. studied the separation of monocytes and macrophages through positive 

magnetophoresis [21]. Both cell lines were internalized with magnetic nanoparticles based on 

their endocytosis capacity. Different loading of nanoparticles, ratio of cell mixture, and a range 

of flow rates were considered to enhance the separation efficiency. Based on the magnetic 

loading, the same type of cells can efficiently be sorted. The sorted cells showed a good purity 

of more than 88%, and an efficiency of more than 60%, respectively. 
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A number of works is reported for the separation of particles and cells using negative 

magnetophoresis. Zhu et al. demonstrated the separation of 1-µm, 1.9-µm, and 3.1-µm 

diamagnetic particles from the 9.9-µm particles in a magnetic field gradient [71]. The same 

group described the continuous separation of particles and live cells (Escherichia coli and 

Saccharomyces cerevisiae) of different sizes suspended in a ferrofluid, Fig. 4.7(a) [27]. In the 

magnetic field, large particles and S. cerevisiae were deflected from rest of the E. coli with a 

separation efficiency of almost 100%. Zeng et al. separated diamagnetic particles and live yeast 

cells suspended in ferrofluid using a pair of offset magnets, Fig. 4.7(b) [72]. The first magnet 

focused the mixture while the second magnet separated them due to the size differences. 

Deflection can be adjusted by varying the flow rate for both of particles. Liang et al. designed 

a U-shaped microchannel to focus and separate 5-µm and 15-µm polystyrene particles in a 

diluted ferrofluid [73]. Sheath-free focusing was achieved at the beginning of the channel. The 

larger particle were separated from the smaller counterpart, resulting in efficient separation at 

the end of the channel. In another works, Zhao et al. developed a microfluidic device that 

enriched the CTCs from the patients’ blood sample utilizing a biocompatible ferrofluid [74]. 

The device extracted debris from the blood sample using filters. The larger CTCs were then 

focused by sheath flow and removed from white blood cells (WBCs) by an external magnetic 

 

Figure 4.7. Separation in microfluidics (a) Sorting of cells by the external magnets based on 

the magnetophoresis. Reproduced with the permission from Zhu et al., Microfluid. 

Nanofluid. 13, 645-654 (2012). Copyright 2012 Springer-Verlag. (b) Straight microchannel 

with a pair of off-set magnets. Reproduced with the permission from Zeng et al., J. Magn. 

Magn. Mater. 346, 118-123 (2013). Copyright 2013 Elsevier B.V. (Figures are not 

according to the scale and ratio.) 
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field. The optimized device showed high throughput (6 mL/h), high recovery rate (92.9%), and 

an average purity (11.7%) of the extracted cells.  

Focusing of the sample in a microchannel is a prerequisite for efficient separation. The focusing 

process can be initiated hydrodynamically by sheath streams of buffer solution or ferrofluid 

solution. The sheath flow pushes the suspended particle into a narrow stream. In a magnetic 

field, the targeted particles are then separated from the rest of the samples. Inlet channel with 

groves can also focus the cell sample without utilizing the sheath-flow. Sheath-free focusing 

of the sample and their successful separation has been reported in many recent works. For an 

instance, Zhang et al. reported sheathless focusing and magnetophoretic separation of magnetic 

beads from non-magnetic beads suspended in a ferrofluid [75]. A microchannel with groves at 

the bottom focused the magnetic beads (6-µm) at the centre line of the microchannel. 

Diamagnetic beads (13 µm) were separated and dragged along the sidewall of the channel due 

to negative magnetophoresis. Successful separation was achieved with a high throughput of 

80 µl/min. Zhu et al. showed the coexistence of positive and negative magnetophoresis can be 

used to separate a particle mixture due to their different magnetic properties [17]. The 

concentration of magnetic nanoparticles was selected such that the magnetic susceptibility of 

the ferrofluid lies between those of the particles. As a result, magnetic-diamagnetic separation 

 

Figure 4.8. Separation in microfluidics (a) CTCs microchannel integrated with 

ferromagnetic wire. Separation is initiated by an external magnetic force. Reproduced with 

the permission from Shen et al., Anal. Chem. 84, 3075-3081 (2012). Copyright 2012 

American Chemical Society. (b) Magnetophoretic separation using a repulsive force in a 

paramagnetic solution. The magnetic field gradient is enhanced by incorporating micro-

nickel structure. Reproduced with the permission from Kim et al., Anal. Chem. 85, 2779-

2786 (2013). Copyright 2013 American Chemical Society. (Figures are not to scale.) 
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(2.6-µm from 4.2-µm, and 7.3-µm from 7.9-µm) and magnetic-magnetic separation (2.8-µm 

from 8.2-µm) of particles with different sizes were achieved successfully.  

Size-based separation is not always reliable with magnetophoresis. For an instance, separating 

live cells from dead cells is hard due to their identical sizes. The dead cells may slightly deform 

but cannot be distinguished by magnetophoresis.  Introducing shape based separation may 

improve the performance. Besides, the shape is an important parameter for investigating cell 

synchronization and disease detection. Moreover, size and shape of the cells may provide 

important insights into its maturity, cycle and differentiation capability [67]. The same type of 

cells could have an identical volume but different shapes. Deformation of cells may occur due 

to the interruption of metabolic function caused by a disease [16]. Thus infected cells can be 

identified from its healthy counterparts based on their shape. For an instance, the shape changes 

in RBCs could provide an early indication of a disease [11]. Considering both the size, shape 

and the magnetization could further improve the separation performance of the system. Shape-

based separation of particles and cells by magnetophoresis has been reported by a few research 

groups. Zhou et al. demonstrated magnetophoretic separation of the spherical and peanut 

shaped diamagnetic particles suspended in a ferrofluid [76]. Both particles had an identical 

volume of almost 118 µm3. However, the shape variation among the particles led to different 

magnetic and drag force, resulting in effective separation. The deflection of both particles was 

optimized for a range of flow rates.  

A strong magnetic field gradient could increase the separation efficiency by many folds. The 

magnetic field gradient could be improved by optimizing the geometry of the magnets. For an 

instance, Xia et al. developed microcomb and microneedle structures that focus the magnetic 

field and increase the field gradient locally. Red blood cells (RBCs) and E.coli tagged with 

magnetic nanoparticles were isolated with high throughput and high efficiency [77]. The 

integration of ferromagnetic microstructures can also focus and increase the local magnetic 

field gradient. A combination of external large permanent magnets and integrated soft-

magnetic structures could increase the magnetic field gradient by multiple folds [78]. As an 

example, Shen et al. used gadolinium diethylenetriamine pentaacetic acid (Gd-DTPA) as a 

paramagnetic medium with different concentrations to separate the U937 cells from the RBCs 

with a purity of 90%, Fig. 4.8(a) [79]. The integration of a micro ferromagnetic nickel 

structures between the permanent magnets and the channel doubled the magnetic field gradient. 

Polystyrene beads of 8-µm and 10-µm diameters were separated to validate the sensitivity of 

the design. Nam et al. demonstrated the separation of malaria-infected RBCs (i-RBCs) and 
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healthy RBCs (h-RBCs) based on their paramagnetic properties [80]. Incorporation of a 

ferromagnetic nickel wire along the microchannel increased the local magnetic field gradient. 

The team demonstrated the successful separation of early-stage i-RBCs with weak 

paramagnetic characteristics. Kim et al. reported the separation of cancer-specific CTCs from 

human peripheral blood using immunomagnetic nanobeads bound to EpCAM antibodies, Fig. 

4.8(b) [81]. A buffer stream was used to focus the diluted blood with spiked CTCs. The 

isolation performance of the CTCs was improved by integrating a ferromagnetic wire array 

beneath the surface of the microchannel. Almost 90% of the CTCs was isolated with a high 

throughput of 5 mL/h with a purities of 97%.  

One of the major problem in magnetophoresis is the accumulation of magnetic nanoparticles 

on the side wall of the microchannel. For long-term operation over many hours, the channel 

may be completely blocked by the nanoparticles. Introducing a predefined concentration 

gradient with the co-flowing sample is a new approach to address this issue. The stream with 

a lower concentration of magnetic nanoparticles is placed close to the higher field strength. The 

concentration gradient also promotes magnetophoresis. For instance, Zhou et al. utilized co-

flowing water and diluted ferrofluid to focus and separate 7-µm particles from 2-µm particles 

[82]. Neodymium (NdFeB) powder was mixed with PDMS and inserted into a specially 

designed microstructure parallel to the channel. Magnetized upon an impulse magnetizer, the 

microstructure generated a higher magnetic field gradient than that of a single permanent 

magnet. The co-flowing fluids established a stable interface between two different magnetic 

susceptibilities that focused and trapped the large particles. The small particles keep their initial 

trajectory, and thus is separated from rest of the sample. Zhao et al. reported a label-free 

separation of cancer cells from white blood cells (WBCs) [83]. Reducing the exposure time to 

the ferrofluid ensures the integrity of the cells. In the main channel, cell sample instantly mixed 

with the ferrofluid due to the magnetoconvective secondary flow. The cells are deflected from 

the ferrofluid streams and pass through the buffer solution. Thus on-chip washing was also 

introduced. The size-based separation yields an average separation efficiency of 82.2% and an 

excellent viability of 94%.  

 

4.3.3 Magnetophoresis for trapping 

On-chip sample processing and investigation require controlled capture and release of target 

molecules and cells. The target molecules need to be in the chip until they are exposed to the 

intended reagents. However, the concentrated beads may aggregate and potentially block the 
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flow path [84]. Particles can be trapped for both positives and negative magnetophoresis, so 

that both paramagnetic and diamagnetic particles can be trapped inside a microchannel. Similar 

to mixing and separation, the effectiveness of trapping depends on the height and the width of 

the microchannel, the size and the strength of the magnets, size of the beads and their 

susceptibility, fluid viscosity and the flow rates [85, 86]. If the magnetic force is dominant over 

the hydrodynamic drag force, trapping occurs. Trapping zones are field minima or maxima for 

diamagnetic and magnetic particles, respectively.  

Trapping with positive magnetophoresis occurs if the particle has a higher magnetic 

susceptibility than the surrounding medium [87]. Utilizing positive magnetophoretic, 

diamagnetic cells can bind to magnetic beads to be trapped at field maxima. Targeted cells are 

often trapped on the side wall or a designated reservoir of a microchannel. As a consequence, 

a large bead cluster may form and trap unwanted particles. Thus, for a higher purity, controlled 

washing and targeted release need to be addressed. Scherr et al. utilized positive 

magnetophoresis to capture protein conjugated biomarkers in a static pre-arrayed fluid 

cartridge [88]. Surface functionalized magnetic beads were concentrated using a pair of 

magnets. The two magnets reduced the capture time of the proteins and the surface 

functionalized magnetic beads.  Kirby et al. utilized a DC motor to rotate the entire microfluidic 

platform, Fig. 4.9(a) [89]. Separation and trapping of magnetic and nonmagnetic beads of 

different sizes were carried out based on centrifugal forces at different rotation speeds. First, 

  

Figure 4.9. Trapping in microfluidics (a) Separation and capture of particles through the 

centrifugo-magnetophoresis. Reproduced with the permission from Kirby et al., Microfluid. 

Nanofluid. 13, 899-908 (2012). Copyright 2012 Springer-Verlag. (b) Magnetofluidic 

concentration and size-selective traps for the diamagnetic particle. Reproduced from 

Hejazian et al., Biomicrofluidics 10, 044103 (2016) with the permission of AIP Publishing. 

(Figures are not according to the scale and ratio.)  

 

 

(a)

Magnets

Loading 

chamber
AC

B

Rotating 

disk

Inlets

Ferrofluid+

Red 3.2 µm+

Green 4.8 µm

Outlet

10 X magnets

(b)



120 
 

the particle mixture was focused on a narrow path. The small 1-µm magnetic particles were 

deflected toward the reservoir A close to the magnet. The nonmagnetic particle flows in a 

straight trajectory towards the waste reservoir B. The 20-µm magnetic particles with bound 

cells flows into the target reservoir C for further analysis.  

Teste et al. developed a magnetic chamber filled with 6-8 µm ferromagnetic iron beads to trap 

30-nm magnetic nanoparticles [41]. At an optimized flow rate, a bead plug was formed as a 

physical barrier. These magnetic beads also focused the magnetic field that in turns increases 

the field gradient of the external permanent magnets. Guo et al. described the dynamic 

separation, stationary trapping, and detection of target pathogen (S. Typhimurium) on E.coli 

coupled with streptavidin modified magnetic quantum dots (QDs) [90]. A controllable 

electromagnetic field was generated by an array of nickel wire integrated within the 

microchannel. The magnetically tagged pathogen was separated due to the lateral magnetic 

force. The separated pathogen was guided towards the patterned nickel array for trapping. The 

major problem of trapping with positive magnetophoresis is the accumulation of magnetic 

particles into a cluster. Even after removing the magnetic fields, the bead cluster still remains 

on the channel surface and blocks the flow. Adjusting the magnetic field gradient may resolve 

the clogging problem. For an instance, Huang et al. introduced microwells between the 

microchannel and the magnets for trapping immunomagnetically labeled THP-1 cells 

(CD45+Dynabeads labeled cells) [91]. The microwell uniformly distributed the magnetic field 

throughout the trapping channel. Single cells were collected on each microwell with an 

efficiency of 62% and a purity of 99.6%. Koschwanez et al. reported trapping of magnetically 

labeled single cells in a triangle shaped ferromagnetic element [92]. The element was 

magnetized by an external permanent magnet. The trapped yeast cells were further investigated 

for a period of time. The captured force was measured in terms of flow speed. Controlled 

release of the post analyzed cell showed ample cell visibility. The benefits of single cell trapped 

with magnetophoresis are the extended period of investigation without affecting its viability, 

observing the proliferation and biomarker expression without damaging its integrity, and being 

inexpensive compared to other method [74, 83].  

Trapping with negative magnetophoresis occurs if the magnetic susceptibility of the particle is 

lower than that of the surrounding medium. Once the targeted cells are isolated and guided 

towards a designated spot, on-chip investigation can be proceeded. Trapping of beads and cells 

by negative magnetophoresis are found in many recent reports. For instance, Hejazian et al. 

demonstrated trapping of 3.1-µm and 4.8-µm diamagnetic particles suspended in diluted 
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ferrofluid, Fig. 4.9(b) [93]. The smaller particles were trapped at the magnetic field maxima. 

The large particles were concentrated at the field minima. Different concentrations of ferrofluid 

and the flow rate ratio was studied to optimize the trapping performance. Winkleman et al. 

demonstrated trapping of diamagnetic objects in a paramagnetic solution (Gd.DTPA) using a 

three-dimensional (3D) magnetic trap [94]. Cone shaped permanent magnet with opposite 

polarities were utilized for trapping of polystyrene spheres, living mouse fibroblast, yeast cells, 

and algae. Wang et al. investigated trapping and alignment of bacteria, and beads suspended in 

a ferrofluid, Fig. 4.10(a) [36]. An island at the center of the microchannel distorted the external 

magnetic fields. The susceptibility variation was observed on the edge of the island due to the 

disruption of the suspended ferrofluid. The trapped bacteria and their clusters formed a chain 

structure based on their size differences.  The magnetic field strength, the duration of the 

applied field, and the flow rate were varied to determine the condition for trapping and 

controlled release of the bacteria from the rest of the sample. The team extended their work to 

separate and concentrate bacteria and magnetic nanoparticles on the different parts of the island 

[95]. The magnetic particles were concentrated at the tip of the island. The bacteria were 

accumulated at the center of the island. 

Zhou et al. utilized a permanent magnet adjacent to a T-shaped microchannel to trap 9.9-µm 

diamagnetic and 2.8-µm magnetic particles, Fig. 4.10(b) [96]. Simultaneous trapping of 

particles indicates the existence of both positive and negative magnetophoresis in a diluted 

ferrofluid. Peyman et al. showed the versatility of the focusing, deflection, and trapping of 

 

Figure 4.10. Trapping in microfluidics (a) A microchannel incorporating an island to trap 

magnetic particle and bacteria. Reproduced with the permission from Wang et al., Sens. 

Actuators, B 260, 657-665 (2018). Copyright 2018 Elsevier B.V. (b) T-shaped microchannel 

to concentrate and separate the magnetic and diamagnetic particle. Reproduced from Zhou 

et al., Biomicrofluidics 9, 044102 (2015) with the permission of AIP Publishing. (Figures 

are not to scale.)  
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polystyrene beads just by altering the magnetic field array [97].  The 5-µm and 10-µm particles 

were focused, trapped and separated throughout the channel for different magnet arrangements 

and flow rates. A diluted paramagnetic salt solution (MnCl2) was used to initiate 

magnetophoresis in the microchannel. Zeng et al. devised a simple method to concentrate 

polystyrene particles and live yeast cells suspended in ferrofluid [98]. Two attracting magnets 

positioned on the opposite sides of a straight microchannel promoted negative 

magnetophoresis. The flow velocity and the distance between the attracting magnets were 

adjusted to optimize the trapping performance. Wilbanks et al. studied the asymmetric field 

pattern of magnets and flow rates for trapping 5-µm diamagnetic particles, Fig. 4.11(a) [99]. 

Magnets positioned around a straight microchannel could increase the trapping performance. 

The trapped particles rotated in two stable counter rotation within the microchannel due to the 

asymmetric field pattern of the magnetic arrays. Gertz et al. demonstrated trapping of RBCs 

using magnetite nanoparticles [100]. Manipulation was accomplished with a micro-

electromagnet consisting two current-carrying wires. Upon the activation, the nanoparticles 

along with the RBCs move towards the magnetic field minima.   

Simultaneous trapping and washing of particles by a rotating magnetic field have also been 

reported. For an instance, Verbarg et al. designed a spinning magnetic array that simultaneously 

traps, washes and releases the bead-target complex, Fig. 4.11(b) [101]. Six pairs of rectangular 

 

Figure 4.11. Trapping in microfluidics (a) three-dimensional magnet array for the 

concentration of diamagnetic particle. Reproduced from Wilbanks et al., J. Appl. Phys. 115, 

044907 (2014), with the permission of AIP Publishing. (b) Rotating magnetic field to 

simultaneously trap and release of magnetic particles. Reproduced with the permission from 

Verbarg et al., Lab chip 12, 1793-1799 (2012). Copyright 2012 The Royal Society of 

Chemistry. (Figures are not to scale.) 
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magnets rotated under a microchannel. The particles with the targets were trapped and 

separated from rest of the sample. Controlled release of the target sample was done by reversing 

the rotation. E.coli sample with different concentrations were exposed to the reagent without 

any aggregation. Ramadan et al. demonstrated simultaneous washing and trapping of magnetic 

particles on a microfluidic chip [102]. The array of magnets rotate under the microchannel for 

continuous trapping and release of the particles. Impurities within the mixture were released 

from the target sample by positive magnetophoresis. The design improved reagent binding and 

reduced processing time. 

 

4.4 Significance and limitations of magnetophoresis 

Magnetophoresis has some limitations that need to be addressed carefully. The accumulation 

of magnetic nanoparticles is an issue for the integrity and proliferation of cells. Cells mixed 

with a diluted ferrofluid may solve this problem [61]. A longer exposure of the cells to the 

paramagnetic medium may affect the cell integrity. Parallel fluid flow where the sample may 

instantly mix with the paramagnetic fluid just before the separation may prevent this problem 

[82, 83]. However, biocompatibility of the paramagnetic solution needs to be controlled for 

live cell manipulation. In this regards, pH value, tonicity, nanoparticles surfactant optimization 

need to be maintained for colloidal stability [103]. Works have been reported on cell viability 

for up to a few hours. For an instance, E. coli and S. cerevisiae were reported to be viable for 

two hours in a commercial water-based ferrofluid [27]. Zhao et al. utilized a custom made 

ferrofluid with a volume fraction of the magnetic content of only 0.26% to separate the CTCs 

from the whole blood sample using negative magnetophoresis [74]. The ferrofluid was 

functionalized with graft copolymer to avoid the accumulation of magnetic nanoparticles. The 

pH level was adjusted to 7.0 for the biocompatibility. The extracted CTCs showed ample 

biomarker expression, excellent viability, and good proliferation. 

Besides, the viability may vary significantly for mammalian cells of a different types, batches, 

and population. Customizing the paramagnetic solution is essential to improve cell viability. 

Krebs et al. demonstrated the synthesis of biocompatible ferrofluid with bovine serum albumin 

(BSA) to passivate magnetite nanoparticles for live cell assembly [104]. The modified 

ferrofluid showed good inertness, cytocompatibility and colloidal stability of the suspended 

cell assembly. The nanoparticles allow human umbilical vein endothelial cells (HUVECs) to 

assemble into a linear chain. The cells were exposed to the modified ferrofluid for up to two 

hours. More than 95% of the exposed cells were viable. Kose et al. utilized 40 mM citrate with 
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biocompatible ferrofluid for the stabilization of cells [105]. Citric acid stabilized the cobalt 

ferrite nanoparticles and yield a pH of 7.4 to reduce the toxicity. A simple microfluidic platform 

was used with an array of conductors to induce a periodic magnetic field. Size based trapping 

of beads and shape-based concentration of RBCs from the E. coli bacteria were performed. 

Elasticity-based separation of the RBCs from the sickle cells were also investigated. The cells 

were suspended in the ferrofluid for several hours. More than 75% of the cells were viable after 

a long exposure to the customized ferrofluid. Separated microparticles and live cells showed 

improved diagnostic sensitivity. Excellent cell integrity and proliferation have also been 

reported for a higher volume fraction of the magnetic nanoparticles up to 1% [106]. By 

stabilizing the magnetic nanoparticles with graft copolymer and adjusting the pH value to 6.8, 

mouse blood cells and Hela cells showed a viability up to 100% and 90% respectively after 

two hours exposure.  

Label-free cell manipulation is challenging due to the subtle difference of cells. For instance, 

HeLa cells, and RBCs may have a volume range of 3700±1500 µm3, and 66±8.3 µm3 

respectively [107, 108]. WBCs and CTCs have a diameter ranging between 8-14 µm, and 15-

25 µm, respectively. Even smaller CTCs were found in blood samples [74]. Therefore, the size 

based separation is not reliable due to the identical volume and density of the cells [109]. 

Furthermore, processing a large amount of biological sample is challenging due to the 

limitation of device throughput. Biological samples such as clinically collected blood are 

difficult to process with magnetophoresis, because blood viscosity depends on the non-uniform 

distribution of the RBCs [110]. RBCs can easily change their shape and deform under a high 

shear stress. As a consequence, the drag force and lift force acting on the RBCs also change, 

affecting the separation results. Furthermore, the device performance may significantly 

deteriorate due to the high flow resistance [111]. Optimum flow rates, shallow channel, and 

optimum channel width to length ratio may minimize the flow resistance. The implementation 

other separation physics along with an innovative design may overcome these barriers.  As the 

viscosity of blood changes with temperature, a constant temperature needs to be maintained for 

the microchip. Tarn et al. investigated a wide range of commercial magnetic particle and their 

magnetophoretic behavior for a range of temperatures [112]. The viscosity of the carrier fluids 

decreased with increasing temperature. Thus, separation performance may improve with 

increasing temperature.  
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4.5 Conclusion and future perspective 

The ultimate goal for point-of-care diagnostics is designing and implementing simple, rapid 

and low-cost devices. Various design parameters are to be considered for the development of 

a reliable LOC device [113].  Separation and detection are implemented with schemes such as 

chemical (surface marker), dielectrophoresis (conductance, impedance) and magnetophoresis 

(susceptibility, volume). Incorporation of the multiple physics in a single LOC device could 

meet the requirement for high throughput required for clinical samples. For instance, 

hydrodynamic filtration can be incorporated together with magnetophoresis. Deterministic 

lateral displacement (DLD) may be combined with inertial microfluidics and magnetophoresis 

for sorting of a clinical sample [114]. Positive and negative magnetophoresis could be used at 

the same time for handling a wide range of cell types. Multi-physics LOC have showed 

performance enhancement. For instance, Krishnan et al. utilized dielectrophoresis to focus the 

particles of different sizes. Subsequent deflection and trapping of the magnetic particles were 

implemented with magnetophoresis [115]. The combination of two or more techniques on a 

single device allowed a more precise manipulation that is difficult with magnetophoresis alone.  

The original concept of LOC from the early 1990 was to shrink the entire laboratory and their 

functionality into a microchip. However, the fluid flow through a bulky external pumping 

system, image analysis by the expansive microscope and the subsequent image processing 

make the true LOC concept difficult to implement. For the portability, bulky syringe pumps 

and their associated tubing should be avoided. For instance, a push pump or centrifugal 

pumping are practical solutions for this problem. Laksanasopin et al. demonstrated a portable 

POC unit that operates a fully functional lab-based immunoassay for detecting infectious 

disease [116]. The device performed a triplexed immunoassay and was powered by a 

smartphone. The field-level diagnostic results were consistent with the gold standard of the 

laboratory-based assays. More efforts need to be done to engage clinician, biologists or 

consumers for the adoption of the technology. Product development has to be considered for 

the end-users rather than demonstrating the proof-of-concept and publishing academic papers 

[1]. Moreover, the need for complex and expensive apparatus for micromachining is an 

obstacle towards the rapid and low-cost fabrication of the LOC based on magnetophoresis. 3D 

printing may offer fast, cost-effective, and simple fabrication procedure for the microchip 

fabrication [117]. In the near future, 3D printing might be a practical alternative for 

conventional soft-lithography, as more complex designs can be implemented at a low cost, as 

the maintenance of a highly specialized and expensive clean room is no longer needed.  
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Chapter 5 

Magnetofluidic micromixer on a rotating magnetic field 

RSC Advances, (2017) 7 (83), 52465-52474 

 

 

Mixing of sample fluids is the prerequisite for any chemical and biochemical analysis. The 

theoretical knowledge achieved from Chapter 4 discussed the source of magnetic force, and 

their manipulation effects on mixing, separation, and trapping of biological and non-biological 

particles. The present chapter proposes a LOC device based on a rotating magnetic field for the 

mixing of non-biological particles. The current chapter addresses the technological challenges 

and proposes possible solutions by optimizing the magnetic field strength, flow rates, pole 

arrangement and rotation of the moving magnets to maximise mixing. The chapter provides a 

guideline towards the formulation of a rapid, reliable and low-cost platform suitable for mixing 

of two or more sample fluids. The proposed method can be integrated for the development of 

a Point-of-Care (POC) diagnostic devices based on magnetophoresis.  
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Chapter 5: Magnetofluidic micromixer based on a complex rotating magnetic field 

Abstract 

Rapid and efficient mixing of particles and fluids in a microfluidic system is of great interest 

for chemical and biochemical analysis. The present chapter investigates magnetofluidic mixing 

induced by a rotating magnetic field from a number of permanent magnets. Numerical 

simulation shows the complex magnetic field in the mixing chamber. Simulated particle tracing 

predicts the trajectories of diamagnetic particles in a paramagnetic medium for the different 

stationary positions of the magnets. The experimentally obtained trajectories show negative 

magnetophoresis similar to that predicted by the simulation. However, the static configuration 

of the magnets cannot achieve mixing of the diamagnetic particles. We demonstrated that a 

rotating magnetic field could yield up to 86% mixing efficiency at a flow rate of 60 µL/min 

using a diluted ferrofluid of only 1% volume concentration. 
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5.1 Introduction 

Microfluidics is a powerful tool for handling a small amount of fluid [1, 2]. One of the ultimate 

aims of this technology is its implementation in clinical point-of-care applications, where a 

large number of small samples shall be evaluated over a short period of time. Mixing is one of 

the basic sample preparation steps. As the flow is laminar in the microscale and relies on 

diffusion to mix, a long mixing channel is often required. A number of active and passive 

methods exists for improving mixing in microscale [3, 4]. Active mixing disturbs the main flow 

with secondary flow generated by an external energy source [5]. Among the various external 

energy sources for active mixing, magnetism has apparent advantages such as contactless 

manipulation, biocompatibility, simple and robust design [6, 7]. Using a magnet and magnetic 

particles, fast mixing can be achieved in a microfluidic device. Yuen et al. utilized two 

magnetic stirring bars inside a mixing chamber [8]. The sample was delivered from one 

reaction chamber to another, while the bar was rotated by the external field of a magnetic stirrer. 

Lu and Ryu et al. integrated micro stirrers inside of the mixing chambers [9, 10]. The stirrers 

were actuated by a rotating magnetic field. Another magnetofluidic approach is injecting 

magnetic particles into the chip and manipulate the flows from an external magnetic source. 

For instance, Biswal et al. injected paramagnetic microparticles into a microfluidic device to 

form linear chains and used two pairs of rotating electromagnet for active mixing of two fluids 

[11]. Similarly, Lee et al. demonstrated an active mixing method by aligning ferromagnetic 

particles (φ=4 µm) to form rod-like structures under the influence of a moving magnetic field 

generated by an electric stirrer [12].  Furthermore, Bau et al. generated stretching and folding 

of the fluids by incorporating an electric and magnetic field into a micromixer [13]. Yi et al. 

fabricated a device with an electrode at the sidewall and copper wires at the surface of the 

chamber.  Chaotic mixing was induced by developing a potential difference between the wire 

electrode to the side wall electrode under a uniform magnetic field [14]. All above methods 

have their advantages, but integrating a number of micromagnets or electrode pairs into each 

of the small device consumes a large amount of time and labours. Furthermore, 

biocompatibility is a major hurdle for implementation of these techniques in clinical 

applications.   

Magnetophoresis is a promising phenomenon for active flow manipulation. Considering the 

limitations of the existing methods, positive and negative magnetophoresis as a potential 

alternative have been explored for the separation, concentration, and transportation of particles 

[15]. Positive magnetophoresis utilizes magnetic beads as a tag to initiate concentration and 
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separation of biological samples. Under an external magnetic field, paramagnetic particles in a 

diamagnetic medium migrate towards the magnetic field maxima. A number of steps are 

involved in tagging the beads with the biological sample. The subsequent cleaning steps also 

considerably increase the process time [16-19]. As negative magnetophoresis is a label-free 

approach, where the carrier fluid has paramagnetic properties, utilizing this effect drastically 

reduces the processing time. Diamagnetic particles such as cells or fluorescent beads act as 

magnetic holes in the paramagnetic fluid allowing for precise manipulation [20, 21]. If an 

external magnetic field is applied, the paramagnetic fluid particles move towards the magnetic 

field maxima. Larger diamagnetic particles migrate towards the magnetic field minima due to 

the magnetic susceptibility mismatch with the surrounding medium [22]. Due to these 

advantages, negative magnetophoresis has been increasingly utilized for the purpose of cell 

separation, transport, and concentration. The key factors affecting the negative 

magnetophoresis are the physical properties (such as flow of the ferrofluid, volume fraction of 

the magnetic material in ferrofluid, diameter of the magnetic nanoparticle, magnetization of 

the magnet), and the geometrical parameters (such as the size of the magnet, their distance from 

the fluidic channel) [23, 24]. By tuning these properties, magnetic buoyancy force and 

hydrodynamic drag force are optimized. Most of the reports considered these key factors while 

designing the models.   

For example, Zeng et al. used two attracting magnets placed on the top and bottom of a 

microchannel to concentrate polystyrene particles and live yeast cells in a ferrofluid flow [25]. 

Furthermore, they utilize two offset magnets to separate cells and diamagnetic particles in 

sheath-free ferrofluid flow [26]. Liang et al.  demonstrated the efficacy of ferrofluid to trigger 

negative magnetophoresis for the high throughput particle separation over diamagnetic 

medium [27]. In another study, Hejazian et al. deflected fluorescent polystyrene particles mixed 

with ferrofluid solution by externally arranged permanent magnets to transport nonmagnetic 

samples [28]. The authors observed that the variation of the deflection was influenced by the 

flow rate and the distance of the magnet arrangements. Similarly, Zhu et al. observed negative 

magnetophoresis in a circular chamber to investigate the migration of diamagnetic particle in 

a weak uniform magnetic field [29]. Zhu et al. from Mao group exploit the susceptibility 

variation to separate the non-magnetic particles of different size in ferrofluids under a static 

magnetic field [30]. Furthermore, they successfully separate the mixture of fluorescent 

polystyrene microparticles and live cells in ferrofluids under a non-uniform magnetic field [31]. 

Zhao et al. use label-free, continuous flow magnetophoresis to separate Hela cells from mouse 
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red blood cells [32]. Under an external magnetic field, the large Hela cells were deflected more 

due to the higher magnetic buoyancy force causing efficient separation. Pamme et al. 

demonstrated the continuous separation of magnetic particles of different size, and non-

magnetic particles based on free-flow magnetophoresis [33]. They further extended the works 

with biological cells labelled with magnetic nanoparticles [34]. Simultaneous separation was 

possible due to the susceptibility mismatch caused by the magnetic loading and size 

differences. Recently, Zhao et al. use negative magnetophoresis to separate low-concentrated 

cancer cells from undiluted white blood cells with customized ferrofluids [35]. The approach 

reduces the exposer time of the cells with ferrofluid thus improves the biocompatibility and 

cell integrity. Furthermore, they successfully separated circulating tumour cells (CTCs) from 

the RBC-lysed blood sample mixed with ferrofluid at a high throughput, and a high recovery 

rate by employing negative magnetophoresis [36]. 

Most of the studies reported in the literature either require special magnetic particles or 

arrangement of a number of stationary magnets to achieve fluid manipulation [11, 12, 37]. 

These magnets make the device bulky and increase the manufacturing cost, especially if further 

on-chip mixing, separation, trapping, and detection of the biochemical samples are required 

[38-41]. In the present study, we address these issues by avoiding direct attachment of the 

magnets to the chip. The magnets are separately assembled and mounted on a platform.  The 

 

Figure 5.1. Schematic diagram of the fluidic chip inserted into the mixing system. The 

magnetic heads can easily be exchanged. 
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chip is placed in such a way that the mixing chamber axially aligns with the magnet assembly. 

The design also offers an optical access for an inverted microscope. In addition, the setup 

enables the microfluidic chip to be easily inserted and exchanged. The platform can be 

extended for on-chip separation to perform the complex biochemical analysis.  

Furthermore, we demonstrate here a novel approach for an externally mounted moving magnet 

for mixing. We carried out a detailed numerical simulation with various magnetic fields in a 

circular chamber. Associated particle trajectories were observed to predict the mixing 

performance. Experimental trajectories of fluorescent particles subsequently validate the 

simulation results. Finally, the dynamic behaviour of the two fluid streams has been analysed 

in terms of the mixing efficiency. 

 

5.2 Material and methods 

5.2.1 Basic design and working principle 

Our microfluidic device contains two inlets, a circular mixing chamber, and outlet ports. The 

device was designed with CorelDraw (Corel Co., Canada). A commercial CO2 laser system 

(Trotec/Rayjet 300) was utilized to fabricate the channel mould from a laminated plastic sheet 

with the thickness of approximately 250±30 µm.  The mixing chamber has a diameter of 2 mm. 

The microchannel has a width of W=500 µm, depth of D=250±30 µm and the total length of 

L=20 mm. The length is relatively long to adjust the chip with the mounted platform. The laser 

machined parts were ultrasonicated for 10 minutes to remove any residual particles.  A double-

sided adhesive tape (Scotch, 3M) was used to bond a clean glass slide (sizes of 50×76 mm) 

with the channel pattern to form a mould. The glass slide ensured that the replicated pattern is 

flat enough to achieve proper plasma bonding. Degassed polydimethylsiloxane (PDMS) 

prepolymer mixed with a crosslinker was then poured into the mould. The PDMS was further 

degassed for 30 mins to remove any air bubbles and kept in an oven at 800 C for an hour for 

curing. The cured PDMS replica was peeled off from the mould. The thickness of the PDMS 

layer was at approximately 3 mm. The inlet and outlet ports were introduced by punching 1.5-

mm diameter hole. The replicated PDMS was again cleaned for 10 minutes by ultra-sonication. 

Finally, the PDMS device was treated with oxygen plasma for 45 seconds and bonded to a 

clean glass slide. The device was tested for different flow rates with DI water to ensure that the 

device is free of leakage. Our technique provides an opportunity to redesign and to optimize 
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the device without much delay.  Fig. 5.1 illustrates the schematic diagram of the system under 

investigation. 

The experiments consisted of two parts. First, particle trajectories caused by negative 

magnetophoresis were investigated. A water-based ferrofluid (EMG 707, Ferrotec, USA) was 

diluted to 1% volume concentrations (φ=1% vol.) with DI water. Green fluorescent 

polyethylene microspheres (1.00 g/cc, 30 µm, Cospheric, USA) was mixed with the ferrofluid 

solution.  The mixture was then injected by a precision syringe pump (SPM-100, SIMTech 

Microfluidics Foundry) through a Teflon tube to one of the inlet ports. In this system, the 

ferrofluid served as the paramagnetic medium. The diamagnetic fluorescent beads created 

magnetic holes. The experiments were recorded over a period of 1 minute to visualize the 

trajectories caused by negative magnetophoresis. The video was recorded with a USB camera 

(Edmund Optics, Germany) at a rate of 30 frames per second through an inverted microscope 

(Nikon Eclipse TE-100). Associated software (uEye Cockpit) was utilized to save the videos. 

Initially, a fixed flow rate of 15 µL/min was initiated for the observations. Magnetophoresis 

effect was characterised for four different magnet configurations with one to four magnets.  

In the second part, mixing efficiency was determined for the different arrangements. Two fluid 

samples were injected through the two syringe pumps (SPM-100, SIMTech Microfluidics 

Foundry). Diluted ferrofluid (φ=1% vol.) with green fluorescent polyethylene microspheres 

(1.00 g/cc, 30 µm, Cospheric, USA) and diluted ferrofluid (φ=1% vol.) without fluorescent 

microparticles were delivered to each of the inlets to evaluate the mixing efficiency. Flow rates 

ranging from 15-60 µL/min were considered with rotational speeds ranging from 25 to 200 

rpm. Fig. 5.2 demonstrates the step by step fabrication of the LOC device with the experimental 

setup. The associated images depict the channel before and after mixing. 

We utilized the laser machining to fabricate the mounting platform of the motor on top of the 

microfluidic device. A cylindrical PMMA base was mounted on the motor shaft. A number of 

holes were implemented for holding the magnets. Cylindrical NdFeB magnet (grading N38, 

5×6 mm, AFM Magnetics, Australia) were inserted to induce a magnetic field. The magnet 

arrangement was a key factor to improve the magnetic field distribution. Numerical simulation 

with COMSOL Multiphysics was considered for optimising the flux distribution over the 

mixing chamber. The optimised magnet arrangement facilitated increased flux distribution 

without making the system bulky.  
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The magnetic field strengths were calibrated by a Gauss meter (Hirst Magnetic Instruments 

Ltd., UK). The tip of the Gauss metre was positioned at the centre of the cylindrical base that 

is 1 mm apart from the edge of the magnets. This position represents the centre of the mixing 

chamber. Fig. 5.3 shows the measured magnetic flux density versus the distance from the 

surface of the magnets. The figure demonstrates a gradual decrease of flux density over the 

distance. Furthermore, the two-magnet configuration indicates an increased flux density as 

compared to the one-magnet configuration. The three-magnet and four-magnet configurations 

show higher flux density than the two-magnet configuration. Interestingly, the three-magnet 

configuration indicates a slightly higher flux density than the four-magnet configuration. The 

data depicted in Fig. 5.3 provided important insight on the magnetic flux distribution for the 

different configurations. 

For a detailed magnetic flux distribution analysis, the magnetic base was adjusted manually 

around the edge of the mixing chamber. The gap between the magnetic surfaces to the circular 

chamber was approximately 3 mm. We selected 4 positions that are 90 degrees apart from each 

other. For the analysis, the video was converted into the still images by ImageJ software (NIH, 

imagej.net). For better visualisation, background noise and the stationary particles were 

subtracted to obtain the streamlines of each image using a customised MATLAB code.  

 

Figure 5.2. Step by step fabrication process of the LOC device: (A) inlet ports; (B) the 

channel before mixing; (C) mixing chamber; (D) the channel after mixing. 
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We utilised an Arduino board (Duinotech Uno-XC 4410, China) to precisely control the 

rotational speed of the motor. The microprocessor was coded to provide a predefined speed 

ranging from 20 to 220 rpm.  A fixed time frame has been considered to ensure that at least 

two circulations of the magnet around the chamber were observed. Each time frame consisted 

of at least 16 still images, for the different rotational speeds and flow rates. A MATLAB 

(MathWorks) code was used to analyse the mixing efficiency from the converted grayscale 

images. A total of 2400 still images were evaluated to determine the average mixing efficiency. 

 

5.2.2 Theoretical background 

The flow pattern of particles in an external magnetic field is affected by the magnetic force, 

hydrodynamic force, and drag forces [42]. Under a complex magnetic field, the trajectory of 

particles depends on the balance of these forces. In the presence of a paramagnetic fluid, the 

manipulation of diamagnetic particles such as polystyrene is initiated by negative 

magnetophoresis, where the particles are pushed to the magnetic field minima [28]. The 

magnetic field can be described as: 

0. (H ) 0M                                                                  (1) 

 

Figure 5.3. Magnetic flux density at the centre of the offset position versus the displacement 

of 1-4 magnet arrangements. Insets are the setup of the calibrations. The displacement was 

insisted with two linear stage syringe pumps. The flux density gradually decreases with the 

increasing distance from the magnet surfaces. 
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mH V 
                                                                  (2) 

Here, µ0=4ᴫ×10-7
 is the permeability of the vacuum, M represents the magnetization of the 

material under a magnetic field of H, and Vm is the scalar magnetic potential [43]. Laminar flow 

follows the continuity equation and the Navier-Stokes equation for the particle trajectories [28]. 

Under steady state condition, the transport of fluids from the inlet to the outlet is governed by 

the continuity equation: 

.( ) 0f fu  ,                                                                  (3) 

where ρf  and uf  are respectively the density and velocity of the fluids, and the Navier-Stokes 

equation: 

2
[ I ( ( ) )] 12 0

fT

f f f f

u
p u u

D


                                                         (4) 

where pf is the pressure of the fluids, I is the identity matrix, µf is the dynamic viscosity of the 

fluids, and D is the thickness of the channel [44]. The motion of the particle is governed by the 

force balance: 

p m d

dv
m F F

dt
                                                                   (5) 

where mp is the mass of the particle, ν is the velocity of the particle, Fm and Fd are the 

magnetophoretic and fluids drag force [45]. The drag force can be determined by Stokes law 

as: 

1
( )d p f

p

F m u v


  ,                                                              (6) 

where 
p is the particle velocity response time (s). The particle velocity response time of a 

spherical particle within a laminar flow can be written as: 

2

18

p pd

p




  ,                                                                   (7) 

where µ is the fluid viscosity (Pa s), ρp is the particle density, and dp is the particle diameter. 

The non-magnetic particle experiences a magnetophoretic force that pushes it away from the 

magnetic field:  

3 2

02m p rF r k H                                                                   (8) 
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where µr is the relative permeability of the fluid, and µr.p is the particle relative permeability.  

Mixing efficiency was calculated by evaluating the intensity of the recorded fluorescent images 

using customised MATLAB code [46]. The mixing index is determined by measuring the pixel 

intensity over a cross-section area:  

2
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                                                                 (10) 

where Ii is the selected pixel intensity and I


 is the average intensity of the selected cross-

sectional area, N represents the total number of pixels. The values vary between zero and one. 

Zero represents the no mixing condition, and one represents the complete mixing conditions.  

 

5.2.3 Numerical simulations 

COMSOL Multiphysics 5.2 (COMSOL Inc., USA) was utilized to observe the complex 

magnetic field of the different magnet configurations. The magnetic field with no current 

(MFNC) physics was utilized to model the magnetic flux density. The magnets with a diameter 

of φ =5 mm and a thickness of h=6 mm were placed in 4 different locations and 900 apart 

around the mixing chamber. The magnetization of the magnet was 1.6×106 A/m. A circular 

 

Figure 5.4. Different magnetic pole alignments for 1-4 magnets around the mixing chamber 

to optimise the maximum magnetic flux gradient. 
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magnetic insulator with a diameter of 2 cm was imposed around the model. The relative 

permeability of the fluid was 1.05. 

For investigating the particle trajectories, low Reynolds number (creeping flow, SPF2) and 

particle tracing for the fluid flow (FPT) through the circulating chamber was considered. The 

model consists of an inlet, a circular mixing chamber, and an outlet. The edges from the magnet 

to the edges of the circular chamber had a minimum distance of 1 mm. An incompressible fluid 

(diluted ferrofluid in DI water) was introduced into the inlet with a flow rate of 15 µL/min. The 

chamber was considered as a shallow channel with a thickness of 250 µm. For simplicity, no-

slip boundary condition was selected. Six particles with a diameter of 30 µm and a particle 

density of 1200 kg/m3 ware considered in the simulation. The trajectory was initiated for a time 

period of 100 seconds with a time steps of 0.01 seconds.  

Different magnetic pole arrangements for the magnets around the mixing chamber were 

investigated to optimise the magnetic flux gradient, Fig. 5.4. We expected that one of the 

different magnet arrangements will provide the optimal flux field gradient [1, 18]. Some 

magnet arrangements provide a stronger flux gradient than others [47, 48]. For example,  two-

magnet configurations with both the positive pole alignments provide more flux gradient into 

the mixing chamber then the positive and negative pole alignments due to their repulsive 

behaviour, Fig. 5.4B-C. However, in the three-magnet arrangements, the only positive or 

negative pole alignment repulses the flux lines in such a way that there is no effective field 

gradient into the mixing chamber. Besides, moving the magnet into a close setup improves the 

field gradient by many folds, Fig. 5.4F. For the four-magnet setup, an alternate magnetic pole 

alignments give the highest magnetic field gradient. For the simulation of particle trajectory, 

the configurations of Fig. 5.4A, 5.4B, 5.4F, and 5.4G-H were considered. 

The next step was observing the effect of magnetic flux gradient for different positions of the 

magnets around the mixing chamber, Fig. 5.5. The figure represents the magnetic flux maxima 

and minima in the mixing chamber. With a clear understanding of magnetic flux distribution, 

it is possible to predict the negative magnetophoresis of the fluorescent particles. Fig. 5.6 shows 

the deflection of the diamagnetic particles in the mixing chamber. In Fig. 5.5A, the magnet is 

positioned close to the inlet region. The flux lines are aligned with the flow streamlines, and 

the flux minima are visible close to the outlet region. Hence, the particles tend to have straight 

trajectories from the inlet to the outlet, Fig. 5.6A. If the magnet moves 90 degrees clockwise, 

the flux lines become perpendicular to the streamlines. Moreover, the field maxima shifted to 

the top of the mixing chambers.  As the particle follows the field minima, the trajectory bends 
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towards this region, Fig. 5.6B. In Fig. 5.5C, the magnet was further moved by 90° and 

positioned close to the outlet. The field maxima again shift oppose to the hydrodynamic flows, 

and the field minima are visible close to the inlet. Therefore, the particles tend to accumulate 

at the inlet and are deflected at the outlet, Fig. 5.6C. The magnet again moved by 90° and 

positioned at the bottom of the chamber and subsequently the field minima region transferred 

to the upper part of the chamber. Therefore, the trajectories of the particle shifted towards the 

field minima as depicted in Fig. 5.6D. 

For the two-magnet configurations, the setup was arranged in such a way that the like poles 

were facing towards the surface of the mixing chamber. The flux field gradient increases 

compared to the one-magnet setup [47]. Fig. 5.5E shows the two magnets positioned 1800 apart. 

The magnetic field minima can be observed at the top and the bottom of the mixing chamber. 

Furthermore, resultant flux fields are parallel to the streamlines of the flow. Therefore, the 

particles in Fig. 5.6E are projected through these field minima regions. Furthermore Fig. 5.5F 

and 5.5H show identical field pattern that is opposite. However, the field minima in Fig. 5.5F 

 

Figure 5.5. Magnetic flux distribution of 1-4 magnet arrangements at different positions over 

the fluidic chamber. 
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is at the bottom whereas the field minima in Fig. 5.5H is at the top of the inlet. Therefore, most 

particles tend to move toward these regions, Fig. 5.6F and 5.6H. Nonetheless, some of the 

particles could overcome the magnetic force and successfully pass through the mixing chamber 

by leaving a bending trail around the field minima region. Fig. 5.5G shows that the field minima 

were predominantly close to the inlet and the outlet. Some particle remains at the inlet region 

and is not be able to travel towards the outlet as they achieve zero velocity, Fig. 5.6G. However, 

other particles pass through the mixing chamber by maintaining possible field minima towards 

the outlet ports.  

For the three-magnet configuration depicted in Fig. 5.5I-L, the flux gradient becomes stronger 

and only one field minimum could be observed. The particle follows these field as shown in 

Fig. 5.6I-L. Nonetheless, as the field minima are entirely covered by the inlet region, particle 

accumulated there, Fig. 5.6J.  Fig. 5.5L indicates that the flux density gradually reduces from 

the inlet to the outlet port. Minimum deflection is observed for this gradual reduction of 

magnetic field strength. For the four-magnet configuration depicted in Fig. 5.5M-P, the 

 

Figure 5.6. Numerical simulation of the trajectories of the particles caused by negative 

magnetophoresis for (A) 1 magnet, (B) 2 magnets, (C) 3 magnets, and (D) 4 magnets 

arrangements on different locations. The inlet flow rate is 15 µL/min. 
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magnetic flux gradient is stronger. In addition, the field minima disappear. Particle tracing 

shows only two patterns, Fig. 5.6M-P. Furthermore, it was interesting to observe that the 

trajectories have a tendency to move toward the bottom parts of the mixing chambers.  

The detailed investigation suggested that the deflection pattern of the particles predominantly 

depends on the magnet position around the mixing chamber. Moreover, the dynamics 

movements by a DC motor could initiate similar patterns which have been utilized for active 

mixing in the subsequent experiments. 

 

5.3 Results and discussion 

5.3.1 Negative magnetophoresis in the stationary magnet 

Fluorescent particles of 30-µm diameter were mixed with a diluted ferrofluid of 1% vol. 

concentration. As discussed in the simulation, the different magnet configurations were 

considered. Due to the diamagnetic nature of the fluorescent particles, negative 

magnetophoresis was observed in the experiments [28]. The particles tend to accumulate in the 

magnetic flux minima region.  Furthermore, due to the paramagnetic nature of the ferrofluid, 

the fluid experience a bulk force that creates a secondary flow in addition to the main 

hydrodynamic flow.  

The diamagnetic particles follow and pass through field minima region. As the magnet is 

positioned close to the inlet, the particle passes through the chamber without any deflections, 

Fig. 5.7A. However, if the magnet is positioned close to the outlet port (Fig. 5.7C), the magnetic 

field opposes the flow. The particle velocity is reduced while passing through the mixing 

chamber. Moreover, a number of particles are trapped in the mixing chamber due to the 

dominating magnetic forces. The particle stream demonstrates the phenomena where the longer 

stream observed close to the inlet region denotes a higher velocity, while it becomes shorter at 

the outlet indicating a relatively slower velocity. Figures 5.7B and 5.7D show the particle 

deflection mostly towards the magnetic field minima due to negative magnetophoresis.  

For the two-magnet configurations, particles tend to move more to the top and bottom where 

the field minima are, Fig. 5.7E. Figs. 5.7F, H show mirrored and slightly twisted trajectories. 

In both cases, the particles move through the minimum field close to the inlet and outlet. In 

Fig. 5.7G, the field minima are close to the inlet and outlet, because the magnets are positioned 

at the top and bottom of the mixing chamber. Thus, the particles mostly deflect near the inlet 

while flowing towards the outlet ports.  
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In a three-magnet configuration, identical and opposite deflections of the particles were 

observed, Figs. 5.7I, K. However, in Fig. 5.7J, the particle deflects towards the top and bottom 

region of the mixing chamber as the magnetic field minima are close to the inlet. Furthermore, 

no particles were observed at the centre of the chamber. The simulated trajectory also provides 

an identical pattern, where the particles follow the side walls. A completely opposite 

phenomenon can be observed in Fig. 5.7L, where the particles mostly aggregated at the centre 

region due to the higher magnetic field gradient all over the chamber.  

In the four-magnet configurations depicted in Fig. 5.7(M-P), only two patterns of particle 

trajectories were observed. For example, Figs. 5.7M, O indicates that the trajectories shifted 

towards the bottom region. When the magnet was placed 45 degrees further, the particles 

migrate towards the centre of the chamber, Figs. 5.7N, P.  

 

Figure 5.7. Experimental trajectories of 30 µm polystyrene fluorescent particles injected 

with 1% volume ferrofluid for (A) 1 magnet, (B) 2 magnets, (C) 3 magnets, and (D) 4 

magnets arrangement on different locations at a flow rate of 15 µL/min. 
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The experimental data agree with the simulated trajectories. However, only six particles were 

considered in the simulation. In the experiments, we observed more complex secondary flows 

on top of the chamber. This could be due to a more complex and three-dimensional nature of 

the magnetic flux gradient acting on the fluid flows [28]. The secondary flow is relatively 

slower and sometimes circulates opposing the main hydrodynamic flow. The deflection of the 

fluorescent particle relies on the active magnetic force perpendicular to the hydrodynamic 

force.  

 

5.3.2 Mixing enhancement with multi-magnet setup 

Mixing phenomena occur due to the susceptibility mismatch between the paramagnetic fluids 

and diamagnetic particles. The susceptibility mismatch generates a magnetoconvective flow of 

the paramagnetic fluids towards the magnetic field maximum.  The competition between the 

hydrodynamic force and the magnetophoretic force determines the mixing performance [6, 49]. 

Fig. 5.8 shows the mixing efficiency of the multi-magnet configurations with rotational speed 

ranging from 25 to 200 rpm.  

 

Figure 5.8. Mixing efficiency for the different rotational speeds of 1-4 magnets between a 

flow rate of (A) 15 µL/min, (B) 30 µL/min, (C) 45 µL/min, and (D) 60 µL/min. 
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Fig. 5.8A shows the mixing efficiency for a flow rate of 15 µL/min for different rotational 

speeds of the one to four magnet configurations. Mixing of 1% vol. ferrofluid solution with 30 

µm fluorescent particle, and 1% vol. ferrofluid solution (without fluorescent particle) was 

evaluated. The mixing efficiency was 28% in the chamber without any magnetic arrangement 

is due to the molecular diffusion. The mixing efficiency increases to 32% when the one-magnet 

(0 rpm) was mounted on top of the chamber. The efficiency increases due to the static magnetic 

field of the magnets acting on the bulk fluids. As a result, the magnetic nanoparticles of the 

ferrofluid solution slightly migrate towards the magnetic field maxima region.  

For the one-magnet configuration, the mixing efficiency dramatically increases from 32% to 

approximately 68% due to the actuation of the magnets (25 rpm). The actuation changes the 

orientation of the magnetic flux lines. As the magnet revolves, the fluorescent particles are 

dragged along following the field minima. The mixing efficiency gradually increases to 79% 

with increasing rotational speed. The mixing efficiency reaches its maximum at 100-125 rpm 

due to the right force balance condition [28, 42]. Afterwards, the efficiency reduces as the fluid 

flow cannot follow the change of the magnetic field [11]. For the two-magnet setup, the 

magnetic force becomes more dominant. The efficiency improves to 73-83% when the magnet 

rotates between 25-200 rpm, respectively. For the three, and four magnet setup, the magnetic 

flux becomes stronger but field minima are missing in the chamber, Fig. 5.5. Thus, mixing 

efficiency reduces to 64-76%, and 62-75% for the three, and four magnet setup respectively, 

as the diamagnetic particle follow the hydrodynamic field. 

At a flow rate of 30 µL/min, the hydrodynamic force became more dominant, Fig. 5.8B. The 

mixing efficiency for the one, and two magnet configuration gradually decreases to 64-78%, 

and 68-82%, respectively. The maximum efficiency was observed between 100-125 rpm for 

both the cases. For the three-magnet setup, the mixing efficiency improves to 73-85% between 

25-125 rpm, respectively. The peak efficiency was 85% at 100 rpm due to the right force 

balance condition. However, for the four-magnet setup, the mixing efficiency reduced to 67-

83%. The maximum recorded efficiency was 83% between a range of 100-125 rpm. The 

reduced efficiency is again caused by the lack of field minima, Fig. 5.5. 

At a flow rate of 45 µL/min, the mixing efficiency dramatically drops to 61-72%, and 64-75 % 

for the one, and two magnet configuration, Fig. 5.8C. As the hydrodynamic force dominates 

over the magnetic force, the diamagnetic particle associated with the ferrofluid cannot follow 

the moving magnetic field, Fig. 5.5. The three, and four magnet configuration offers a stronger 

field gradient with reduced field minima in the mixing chamber. The efficiency improves to 
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68-84%, and 66-81% for the three, and four magnet configuration, subsequently. The peak 

efficiency was at 100 rpm due to the right force balance condition. As the flow rate further 

increases to 60 µL/min, the mixing efficiency for the one, and two magnet configuration further 

reduces to 54-67%, and 60-72%, respectively, Fig. 5.8D. Improved mixing performance was 

observed for three, and four magnet configuration at higher flow rates. The improved efficiency 

was 73-86%, and 70-83% for the three, and four magnet configuration. The four-magnet 

configuration shows reduced efficiency over three-magnets as the magnet works against each 

other, Fig. 5.3.  

Another observation was that at low speed, the efficiency fluctuates more compared to a higher 

speed for the one, and two magnet configuration, Fig. 5.8. The flow stream does not deflect, if 

the magnet is closer to the inlet or the outlet ports, Figs. 5.7A, C, E. At a higher speed, the 

deviation decreases and a more stable mixing performance can be observed. Moreover, the 

fluctuation of the efficiency for the three, and four magnet configuration reduces at a lower 

speed, due to the lack of magnetic field minima, indicating a more stable mixing pattern.  

 

5.4 Conclusion 

The concept reported here is suitable for mixing of two or more samples. Our main motivation 

was to observe the phenomena of negative magnetophoresis and improved mixing with rotating 

magnets. Numerical simulation was conducted to observe the magnetic field distribution over 

the mixing chamber. Simulated particle tracing predicts trajectories of 30-µm fluorescent 

particles in ferrofluid stream for the four stationary positions of the magnet assemblies. The 

experimental trajectories show negative magnetophoresis similar to the predicted simulations. 

Both numerical and experimental data confirm that mixing of diamagnetic particles can be 

achieved by negative magnetophoresis. 

Efficient mixing was demonstrated with a low concentration of only 1% vol. ferrofluid. One, 

and two-magnet configurations show mixing efficiencies of approximately 79% and 83% at a 

flow rate of 15 µL/min. The mixing efficiency gradually reduces with flow rates ranging from 

30-60 µL/min. Interestingly, improved mixing performance was observed at higher flow rates 

(45-60 µL/min) for the three, and four magnet configuration. The trends were caused by the 

higher hydrodynamic force that allows the diamagnetic particle to balance with the stronger 

moving magnetic field. The highest mixing efficiency was 86% at a flow rate of 60 µL/min 
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using the three-magnet configuration. The mixing efficiency reduced to 83% for the four-

magnet configuration at a flow rate of 60 µL/min.  

The efficiency of the mixing concept presented here can be further improved using higher-

grade magnets. A larger magnet will also improve the efficiency but may not suit the small 

microfluidic device. Moreover, the magnetic platform was mounted with a relatively large gap 

of almost 3 mm. The gap might be reduced to further improve the mixing efficiency. The multi-

magnet configuration shows similar mixing performance at different flow rates for the 

microfluidic device.  Multiple chambers with multiple motors in a series would allow for 

cascaded mixing. The same mixing concept can apply to paramagnetic particles functionalized 

with the antibody for diagnostic applications [50]. Future works will be addressed for 

immobilizing biomarker on magnetic beads, their on-chip mixing, separations, and 

investigations.  
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Chapter 6 

Magnetophoretic separation of diamagnetic particles 

Sensor and Actuator: B, (2018) 275, 459-469 

 

 

Separating the targets from a sample fluid is important for biochemical applications such as the 

identification of diseases. Chapter 4 already provided the detailed theoretical background, 

technological challenge, and possible solutions for the development of a particle separation 

platform by magnetophoresis. Based on the research gap, this chapter proposes a platform to 

maximize the separation of the target particles with a subtle size variation. The concept is 

adjusted by optimising the magnetic field strengths, and the flow rates for different inlet 

conditions. The longevity of the device was improved by incorporating parallel ferrofluid 

streams with different concentrations of magnetic nanoparticles. This chapter provides an 

important direction for the development of a Point-of-Care (POC) diagnostic device that 

includes mixing, separation and detection in a single platform.  
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Chapter 6: Magnetophoretic separation of diamagnetic particles through parallel 

ferrofluid streams 

 

Abstract 

Particle separation based on microfluidic technology offers a simple, reliable, and low-cost 

approach for the diagnosis of diseases. The separation concept can be extended to genetic 

engineering, cell transplantation, and immunology. This chapter reports a simple microfluidic 

platform for the separation of diamagnetic particles of different sizes utilizing parallel 

ferrofluid streams. The ferrofluid streams with predefined concentrations of magnetic 

nanoparticles promote negative magnetophoresis and are able to separate a particle mixture 

with a subtle size variation. Numerical simulation was used to optimise the magnetic field 

gradient, e.g. the number and position of the external permanent magnets. The effect of flow 

rate ratio and the concentration distribution were analyzed by the simulation and validated by 

experiments. Furthermore, two-stream and three-stream ferrofluid configurations were 

evaluated to find the optimum separation performance. The experimental results show a 

maximum separation efficiency of 78% and 75% with three-stream configuration for 3.2-µm 

and 4.8-µm particles, respectively. 
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6.1 Introduction  

Negative magnetophoresis is the migration of non-magnetic particles in a magnetic fluid and a 

magnetic field [1]. Negative magnetophoresis has been attracting considerable attention from 

the industry and the research community, as the phenomenon can be used for sample 

preparation steps such as separation and concentration of cells on a microfluidic platform [2, 

3]. Negative magnetophoresis finds applications in a range of areas such as disease diagnostics, 

environmental monitoring, therapeutics study, and single cell analysis [4]. Negative 

magnetophoresis can separate diamagnetic particles such as cells in a paramagnetic medium 

such as a solution of ferrofluid. Manipulation of diamagnetic cells is enabled through an applied 

external magnetic field [5, 6]. Cells and other diamagnetic particles experience a magnetic 

force that attracts them toward the low magnetic field potential. Particle separation based on 

negative magnetophoresis has its unique advantages as well as challenges. Negative 

magnetophoresis offers contactless, label-free manipulation that reduces the processing time 

of an assay and lowers the associated cost. Moreover, this technique is non-invasive and does 

not induce heat into the sample [6]. The challenges of negative magnetophoresis are the 

biocompatibility of the magnetic fluid for long-term investigations, the attachment of magnetic 

nanoparticles to cells, and the required washing steps for subsequent off-chip investigations. 

Despite these challenges, improvements have been reported recently. Zhao et al. reported the 

rapid separation of HeLa cells and red blood cells based on the difference in their size [7]. The 

customized ferrofluid retains cell viability for up to two hours. In another work, the same team 

demonstrated the enrichment of rare circulating tumour cells (CTCs) from undiluted white 

blood cells (WBCs) using negative magnetophoresis with a recovery rate of 92.9% and a purity 

of 11.7% [8]. The debris from the blood sample was filtered and focused by the sheath flow. 

The applied magnetic field separated the large CTCs along with some of the large WBCs from 

smaller WBCs. The collected cells had an excellent proliferation capability, short-term 

viability, and clear expression of biomarkers.  

Based on their size, cells can be deflected into two streams due to the mismatch in 

magnetisation that uses a function of cell volume. The deflection can further be tuned by 

optimizing other physical properties such as flow rate, viscosity, and size of the nanoparticles 

in the ferrofluid [9]. Shih et al. showed the effect of flow rate and magnetic field strength on 

the separation of bacteria bound to magnetic nanoparticles [10]. Optimising these parameters 

offers a separation efficiency of up to 90%. Pamme et al. demonstrated the continuous 

separation of mouse macrophages and tumor cells tagged with magnetic nanoparticles [11]. 
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The separation depends on the flow rates, the size of the cells, magnetic loading, and the 

magnetic moment of the external magnets. Efficient separation also depends on the geometry, 

the orientation of magnetisation, size, and distance of the magnets from the microchannel [12]. 

Xia et al. utilised structures such as microcombs and microneedles to focus the magnetic field 

to a strong gradient inside a microchannel [13]. Efficient separation with high-throughput was 

possible for red blood cells and E.coli cells tagged with magnetic nanoparticles. Wilbanks et 

al. demonstrated the effects of magnet alignment that can increase the rate of particle trapping 

in a ferrofluid flow [14]. Gourikutty et al. reported the isolation of CTCs from whole blood 

sample without tagging with tumor-specific antigen [15]. First, a range of customised 

permanent magnet was used to isolate white blood cells from whole blood with a capture 

efficiency of up to 99.9%. Next, an optimised micro slit membrane depleted red blood cells, 

keeping only the target tumor cells. Liang et al. utilised negative magnetophoresis through a 

U-shape microchannel to focus and separate 5-µm and 15-µm polystyrene particles suspended 

in a diluted ferrofluid [16]. The U-shape geometry offered sheath-free focusing at the inlet and 

efficient separation at the outlet of the microchannel. Yan et al. used sheathless 

magnetophoresis to separate 6-µm magnetic and 13-µm polystyrene particles through a groove-

based microchannel. The design focused the magnetic particles at the centre, whereas the 

nonmagnetic particles moved along the side wall of the microchannel [17].  

Biological cells usually have size varying from one micrometre to several micrometres. For 

instance, the volume of HeLa cells and red blood cells are on the order of 3700±1500 µm3 and 

66±8.3 µm3, respectively [18, 19]. The diameters of WBCs and CTCs may vary between 8 to14 

µm, and 15 to 25 µm respectively [8]. As smaller CTCs may also exist in the blood circulation 

[20], cancer diagnosis techniques relying on the isolation of CTCs from a clinical sample are 

vulnerable due to the similar size and density of CTCs and WBCs [21]. The size of the CTCs 

may depend on the cancer population, thus the separation performance may vary significantly 

[22]. Therefore, separating clinically relevant rare cells with a subtle variation in size is 

technically challenging. Moreover, difficult tasks such as separation of homogeneous and 

heterogeneous cells can provide useful insights in cell synchronization, counting of dead cells 

and early-stage disease diagnosis [23, 24]. Most of the previous works focused on particle 

separation with a relatively large size difference. For instance, Liang et al. showed the 

separation of 2.88-µm magnetic and 10-µm diamagnetic particles in a ferrofluid solution in a 

T-shaped microchannel [25]. Zhu et al. demonstrated the separation of 1-µm, 1.9-µm, and 3.1-

µm from 9.9-µm diamagnetic particle inside of a ferrofluid flow using a simple permanent 
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magnet [26]. Due to the magnetic buoyancy force, large particles were deflected further than 

the smaller ones. 

The separation of small particles is crucial for various applications. Pathogenic bacteria, and 

infected cells often have a size difference of less than 5 µm. Rapid sorting of these bacteria and 

infected cells could potentially allow for the detection of food poisoning and blood infections 

[22]. Thus highly sensitive and efficient platforms are sought after by the industry and the 

scientific community. Very few works reported the use of magnetophoresis to separate particles 

with diameters of less than 5 µm. The main challenge here is the small difference in 

magnetisation due to small size difference that makes the separation very difficult. As the 

difference is less in these samples, a slight change in physical parameters such as flow rate, 

magnetization of the magnet and the volume fraction of the magnetic nanoparticles in the 

ferrofluid could significantly affect the separation performance [9]. Most works on small-scale 

particle separation were based on inertial focusing with curved or spiral microchannels [27, 

28]. As separation depends on the inertial force of the channel geometry, new devices need to 

be developed [22].  

Recent works on magnetophoretic separation of particles with a subtle variation in size have 

been reported. For an instance, Zhou et al. explored the shape-based separation of particles 

with the same volume. The spherical and peanut shaped particles (fusion of two spherical 

particles) resulted in a different magnetic and drag force, thus can be separated in a ferrofluid 

flow. Zhu et al. reported the separation of magnetic and non-magnetic particles based on their 

magnetic properties in a solution of commercial ferrofluid [29]. The 4.2-µm and 7.3-µm non-

magnetic particles were separated from the 2.6-µm and 7.9-µm magnetic particles, 

respectively. Successful separation of 2.8-µm and 8.2-µm magnetic particles were also 

reported.  

Permanent magnets arranged with opposite polarities across a microchannel creates cell 

trapping regions. Magnets with same polarities focus the cells into a single stream. Hejazian et 

al. demonstrated the concentration process of two nonmagnetic particles based on their size 

difference [30]. Magnet arrays with opposite polarity created a number of trapping zones along 

the channel. The large nonmagnetic particles were trapped between the two attractive magnets 

in the regions of field minima. The smaller nonmagnetic particles were trapped in the region 

of field maxima near the magnetic poles. Jian et al. utilised a pair of magnets to separate 

diamagnetic particles and cells in a ferrofluid flow [31]. The first magnet close to the channel 
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focused the particle mixture into a single stream. The offset magnet deflected the 10-µm from 

the 3-µm polystyrene particles as well as live yeast cells. However, operating the lab-on-chip 

(LOC) for a long time period is still challenging for negative magnetophoresis. Magnetic 

nanoparticles within the ferrofluid solution accumulate on the side of the channel due to 

positive magnetophoresis [32]. Visualisation of the cells becomes harder as the highly 

concentrated ferrofluid is opaque  [4]. For a longer operation, the channel could be completely 

blocked, degrading its performance. By optimising the pH value, nanoparticles surfactants and 

tonicity, biocompatibility and colloidal stability can be improved [8].  

Another solution for the accumulation of magnetic nanoparticles is introducing parallel 

ferrofluid streams with predefined concentrations. The low concentration towards the stronger 

magnetic field could prevent particle accumulation. Recently, Zhao et al. demonstrated on-chip 

sample preparation and separation of lowly concentrated cancer cells from white blood cells 

with a separation efficiency of 82% [33]. The authors introduced cell sample, ferrofluid and 

 

Figure 6.1. Negative magnetophoretic separation of nonmagnetic particles with different 

sizes: (A) Schematic diagram of the microfluidic device with the magnetic array; (B) Two-

stream configuration and (C) Three-stream configuration. 
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buffer solution through three different inlets. In the main channel, the cell sample instantly 

mixed with the ferrofluid and get separated to the buffer solution by the applied magnetic field 

gradient. The reduced exposure of cells to ferrofluid enhances the biocompatibility. Zhou et al. 

demonstrated two co-flowing fluids to focus and separate 2-µm and 7-µm of particles [34]. The 

7-µm particles in ferrofluid were focused on the fluid interfaces and maintained this path due 

to the co-flowing diamagnetic water streams. The smaller particles keep their initial trajectories 

and are separated from the mixture. The flow rate ratio of the two streams plays a vital role in 

the separation of these particles. In both cases, the parallel streams of ferrofluid and water have 

significantly different magnetic properties.   

In this chapter, we utilise the benefits of negative magnetophoresis and consider the above 

challenges for the device design. We investigate the separation process of diamagnetic particles 

of 3.2-µm and 4.8-µm of diameter in ferrofluid streams with different concentrations of 

magnetic nanoparticles. The streams with predefined concentrations promote negative 

magnetophoresis and reduce the migration of magnetic nanoparticles toward the magnet. 

Systematic investigation of the flow pattern, concentration of the solution and the magnetic 

field strength were carried out to optimise the separation performance.  

 

6.2 Material and methods 

6.2.1 Basic design and working principle 

Figure 6.1 shows the schematic of the microfluidic device and the two configurations under 

investigation. Figure 6.2 shows the corresponding SEM images of the channel surface at 

different locations of the microfluidic chip. The device consists of three inlets, a main channel 

to initiate the separation, and three outlets. A three-dimensional (3D) model of the device was 

designed with 123D (Autodesk, USA) software. The model was then converted into Standard 

Tessellation Language (STL) format. We then used a commercial 3D printer (Nobel 1.0A, 

XYZ printing, USA) to fabricate the master mold from the STL file [35]. The main 

microchannel has a length of L=30 mm, a width of W=1 mm, and a thickness of approximately 

D=150±10 µm. We used ethyl alcohol to remove any residual resins from the moulds. The 

mould was subsequently cured in ultraviolet (UV) light (Tray-Lux M5, Taiwan) and further 

rinsed with DI water. Polydimethylsiloxane (PDMS) prepolymer was mixed with the cross-

linker at 10:1 ratio. The PDMS was degassed and poured into the master mould [36]. The 

PDMS was degassed for another 30 min to remove air bubbles. The mould was then placed in 
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an oven at 80°C for 5 hours for curing. The replicated PDMS was taken off from the mould, 

and inlet/outlet access holes were punched. The replicated PDMS was further cleaned to 

remove any residual dirt. The PDMS was then bonded to a clean glass slide after being treated 

for 45 seconds in an air plasma. 

The experiment was carried out in two parts. In the first part, particles of two different sizes 

were separated in a two-stream configuration, Fig. 6.1B. A water-based ferrofluid (EMG 707, 

Ferrotech, USA) was diluted to 0.5% volume concentration (φ=0.5% vol.) with DI water. We 

then mixed 3.2-µm red and 4.8-µm green fluorescent polyethylene microbeads (1.00 g/cc, 

Thermo scientific Inc.) with this ferrofluid solution to serve as the sample, which is then 

delivered by a syringe pump into one of the two inlets, Fig. 6.1B. Diluted ferrofluid (φ=1% 

vol.) without florescent particle was used as the sheath stream to focus the sample stream. The 

centre inlet was closed in this configuration. Two precision syringe pumps (SPM-100, 

SIMTech Microfluidics Foundry) delivered the two streams. Different flow rate ratios for the 

sample and sheath streams were tested for the range of 3 to 6 µL/min. 

 

 

Figure 6.2. SEM images of the channel surface at different location of the microfluidic chip. 

 

 

SEM image at 180X, side view

SEM image at 50X, 30° degree angle

SEM image at 50X, 30° degree angle
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In the second part, 0.5% vol. ferrofluid in DI water mixed with the 3.2-µm red, and 4.8-µm 

green fluorescent polyethylene microspheres was introduced as the sample stream in a three-

stream configuration, Fig. 6.1C. Moreover, 0.25% and 1.0% vol. ferrofluid without particles 

were used as cladding streams to focus the sample stream. Three precision syringe pumps 

(SPM-100, SIMTech Microfluidics Foundry) delivered the three streams to the device. The 

flow rate of the sample stream ranged between 0.5-2 µL/min, while the cladding streams varied 

from 0.5-2 µL/min. Because of the minute size difference between the two particles, we have 

 

Figure 6.3. (A) Magnetic flux density versus the distance of the fluidic channel, and (B) 

simulated magnetic flux density at a distance of 3 mm from the fluidic channel (repulsive 

force between magnets). 
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to restrict the total flow to 6 µL/min to minimise the effect of convection and to enable efficient 

separation. 

The diluted ferrofluid served as the paramagnetic medium. Diamagnetic particles of different 

sizes created magnetic holes with a mismatch in magnetic susceptibilities. The multi-stream 

ferrofluid flow reduces the accumulation of nanoparticles near the magnets, increasing the time 

span of the experiments [33]. The experiments were recorded over a period of 30 seconds to 

observe particle separation. An USB camera (Edmund Optics, Germany) was used to record 

the colour video at 10 frames per second through an inverted microscope (Nikon Eclipse TE-

100). FITC (B-2A, EX 450-490), and TRITC (G-2A, Ex 510-560) filters were used to trace the 

green and red fluorescent particles through the 4-objective lens. The image was taken near 

the inlet to observe the focusing process of the particles. Particle separation was investigated 

at the outlets. ImageJ software (NIH, imagej.net) was used to convert the video into still 

images. Background noise was subtracted to evaluate the separation performance using a 

customised MATLAB (MathWorks) code. A fixed time period of 50 frames were evaluated to 

determine the separation efficiency. 

Five rectangular NdFeB magnets (grading N42, 3×6×3 mm, AFM Magnetics, Australia) were 

placed 3 mm apart from the separation channel to induce negative magnetophoresis. The 

magnet array was positioned in a frame made of PMMA, which was fabricated with a laser 

machining system (Trotec/Rayjet 300). Fig. 6.3A shows the flux density of the magnet versus 

the distance to the channel. The field strength of the magnet was calibrated by a Gauss meter 

(Hirst Magnetic Instruments Ltd., UK). COMSOL Multiphysics was used to simulate the flux 

distribution of the magnets, Fig. 6.3B. The repulsive force between each magnet (south-south 

or north-north) offers a quasi-uniform magnetic field. The magnetisation gradient generated by 

the ferrofluid concentration distribution is more controllable for the separation of particles with 

small size difference. Thus, the quasi-uniform field multiple permanent magnets can improve 

the separation performance in the channel for a wide range of flow rate ratio [37, 38]. 

Arrangement of attractive magnet pole (north-south or south-north) creates magnetic field 

gradient that pushes both the particles towards the magnetic field minima and trapping them in 

the channel. Thus an efficient separation is not achievable for a wide range of flow rate ratio 

in this magnet configuration. Supplementary Figure S6.1 presents the attractive flux 

distribution of the magnet array. Corresponding two-flow stream and three-flow stream particle 

separation at an optimum flow rate ratio are presented in supplementary Figures S6.2, S6.3 

respectively. 
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6.2.2 Theoretical background 

The trajectory of a diamagnetic particle depends on its size, the magnetic field strength, the 

concentration of its magnetic surrounding, and the hydrodynamic drag force [39]. Two 

diamagnetic particles can be separated based on their different sizes. The magnetic field is 

represented in the numerical model through: 

0. ( ) 0H M                                                             (1) 

mH V  ,                                                               (2) 

where 
7

0 4 10    is the permeability of the vacuum, H is the magnetic field, M is the 

magnetization of the material, and Vm is the scalar magnetic potential [40]. For an 

incompressible fluid in a creeping flow, the particle trajectory follows the continuity equation 

and the Navier-Stokes equation [2]. The fluid transport throughout the channel at a steady-state 

condition is governed by the continuity equation as: 

.( ) 0f fu                                                                 (3) 

here ρf and uf  are the density and the velocity of the fluid, respectively. The Navier-Stokes 

equation is governed by: 
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         ,                                 (4) 

where pf is the fluid pressure, µf is the fluid dynamic viscosity, I is the identity matrix, D is the 

channel thickness, and F is the total force [41]. The force balance acting on a particle is: 

p m d

dv
m F F

dt
  ,                                                            (5) 

where mp is the mass of the particle, and v is its velocity, Fm and Fd are the magnetophoretic 

force and the viscous drag force, respectively [42]. The viscous drag force is evaluated from 

the Stokes law as: 

1
( )d p f

p

F m u v


  ,                                                            (6) 
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where  p (s) is velocity response time of the particle. This response time is determined as:  

2

18

p pd

p




  ,                                                                   (7) 

where ρp is the density of the particle, dp is the diameter of the particle, and µ (Pa.s) is the 

viscosity of the fluid. The particles of different sizes experience different magnetophoretic 

forces, which initiate the separation. The magnetic force acting on a particle is: 

3 2

02m p rF r k H                                                                 (8) 

with 
.

. 2

r p r

r p r

k
 

 





                              (9) 

where rp is the radius of the spherical particle, µr is the relative permeability of the fluid, and 

µr.p is the particle relative permeability. The concentration gradient of the ferrofluid for 

different flow rates are described by the transport of chemical species through diffusion and 

convention: 

u (D )i
f i i i

c
c c

t


   


                                                          (10) 

where ci (mol/m3) are the concentration of each species, Di (m2/s) are the diffusion coefficients, 

and uf is the velocity of the fluid (m/s). The separation efficiency is defined as the ratio of the 

particle passing through an outlet corresponding to the total number of particles delivered into 

the system [26]. The normalized particle efficiency is calculated as: 

Normalized efficiency (%) = 
0 100
T

N

N
                                              (11) 

where N0 is the number of particles passing through an outlet, NT is the total number of particle 

flowing through the system. A number of 50 frames has been used to evaluate the average 

normalized particle efficiency in the experiments.  

 

6.2.3 Numerical simulations 

COMSOL Multiphysics 5.2 (COMSOL Inc., USA) was used to simulate the magnetic field 

distribution over the fluidic channel. Five 3×6×3 mm magnets were placed 3 mm apart from 

the main channel. The gap between each magnet was 3 mm. A magnetic insulator was 
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introduced around the system. The magnetisation was set as 1.6×106 Am-1. Fig. 6.3B shows the 

simulated magnetic flux distribution over the microchannel.  

Particle trajectories were modelled by coupling the magnetic field, no current (MFNC), and 

creeping flow (SPF2) conditions with particle tracing for fluid flow (FPT). The model consists 

of three inlets, a long separation channel, and three outlets. The fluid is considered as 

incompressible. The wall has no-slip boundary condition with normal inflow velocity. The 

depth of the channel was considered by utilising the shallow channel approximation in the 

SPF2 model. The shallow fluidic channel had a thickness of 150 µm. Corresponding to the 

later experimental configurations, the simulation was conducted for two configurations. The 

two-stream configuration was considered for different flow rate ratios between the sheath and 

sample streams. The center inlet was blocked and switched off. The total flow rate ranged from 

3 to 6 µL/min. Next, the three-stream configuration with cladding stream 1, core stream, and 

cladding stream 2 was simulated. The core stream has a flow rate ranging from 0.5 to 

2.0 µL/min. Both cladding streams were varied from 0.5 to 2.0 µL/min for each core flow rate. 

Two non-magnetic particles with a diameter of 3.2-µm and 4.8-µm were equally seeded in the 

 
 

Figure 6.4. Numerical simulation of two particle sizes without magnetic field for (A) two-

stream configuration and (B) three-stream configuration. 
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core stream in both configurations. The particles have an identical density of 1050 kg/m3. The 

particles were released at an interval of 0.2 seconds for a total time period of 20 seconds. A 

relative permeability of 1.51 was assigned to the ferrofluid of the model. The relative 

permeability of the particle was 0.2. 

Transport of diluted species (TDS) was coupled with the MFNC and SPF2 models to simulate 

the concentration distribution of the ferrofluid. The customized ferrofluid was introduced into 

the inlet with different concentrations. The diffusion coefficient was isotropic and fixed at the 

value of 1×10-9 m2/s. For the two-stream configuration, the sample and the sheath flow had a 

ferrofluid concentration of 0.05 and 0.1 mol/m3, respectively representing the 0.5% and 1.0% 

vol. concentration in the experiments. The centre inlet was closed. For the three-stream 

configuration, cladding 1, sample/core, and cladding 2 have a ferrofluid concentration of 0.025, 

0.05, and 0.1 mol/m3 representing 0.25%, 0.5% and 1.0% vol. concentration in the experiments, 

respectively. 

Fig. 6.4 shows the trajectories for the 3.2-µm and 4.8-µm particles under an optimal flow rate 

condition. If the magnetic field is not present in the system, the particles do not experience any 

 

Figure 6.5. Numerical simulation of the separation of two diamagnetic particle types by 

negative magnetophoresis for a total flow of (A-B) 3 µL/min, (C-D) 4 µL/min, (E-H) 5 

µL/min, and (I-L) 6 µL/min. Flow rate ratio for sample and sheath flows are presented for 

each condition. The colour bar presents the diameter of the particle (µm). 
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magnetophoretic force. Both particle follow their initial trajectories by hydrodynamic drag 

force. For the two-stream configuration, the particle mixture passes through outlet 1. For the 

three-stream configuration, the particles follow the centre stream and exit through outlet 2. In 

an external magnetic field, the particle defections are initiated by the magnetophoretic force. 

The deflection of the particle depends on its size, flow rate ratio and the concentration of the 

surrounding medium. The larger particle experiences higher magnetophoretic and drag force. 

Both diamagnetic particles move toward the magnetic field minima as the result of negative 

magnetophoresis. Moreover, the size variation among the particle creates different 

magnetophoretic forces that initiate the separation. The separation efficiency can be further 

tuned by optimizing the flow rate ratio. 

Fig. 6.5 shows the numerical trajectories of the two diamagnetic particles. For the two-stream 

flow, the sample and sheath streams were varied at different flow ratio keeping the total flow 

rate between 3 and 6 µL/min. Fig. 6.5A-B shows the particle trajectories for a total flow rate 

of 3 µL/min. Both flow rate ratios of 1:2 and 2:1 result in an effective separation of 3.2-µm 

particles from the 4.8-µm particle. However, the 3.2-µm particle passes the edge of outlet 2 in 

Fig. 6.5A due to the dominant sheath stream. For the flow rate ratio of 1:3 (Fig. 6.5C), effective 

particle separation is visible. However, at the flow rate ratio of 3:1 (Fig. 6.5D), particle focusing 

at the inlet becomes unstable. The mixture solution in the sample stream occupies more space 

in the channel.  The smaller particles tend to pass through both outlets 1 and 2, reducing the 

separation performance. Figures 6.5E-H show the trajectory of the particle for a total flow rate 

of 5 µL/min. The particle is well focused at the inlet position until the sample stream is smaller 

than the sheath stream. The magnetophoretic force actively influences the well-focused particle 

of different sizes. Particle separation is visible in Figs. 6.5E and 6.5F. When the sample stream 

is wider than the sheath stream (Figs. 6.5G and 6.5H), the particle mixture occupies more area 

at the inlet leading to a reduction of separation efficiency. Similarly, for a sample to sheath 

stream ratio of 1:5 and 2:4, the particles are focused at the inlet, Figs. 6.5I and 6.5J. Effective 

separation between the two diamagnetic particles are visible. If the sample stream is wider than 

the sheath stream (Figs. 6.5K and 6.5L) magnetophoretic force cannot effectively influence the 

unfocused particle. Particle separation efficiency decreases. Particles of different sizes can be 

separated effectively with a focused and narrow sample stream. 

Fig. 6.6 shows the numerical trajectory of the particles for the three-stream configuration. The 

sample/core stream varied between 0.5 and 2 µL/min. Figs. 6.6A-D show a fixed core stream 

flow rate of 0.5 µL/min sandwiched between two cladding streams of 0.5-2 µL/min. The results 
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show a gradual deflection of 3.2 and 4.8-µm of particles from the core stream. However, the 

magnetophoretic force acting on the 4.8-µm particle is clearly dominant. The core of 

0.5 µL/min and the cladding of 0.5 to 1 µL/min are insufficient to drag the particle out of the 

channel, Fig. 6.6A, B. However, the 3.2-µm particles follow the magnetic field minima and 

pass through outlet 3. The higher cladding flow rates of 1.5 and 2 µL/min (Fig. 6.6C, D) focuses 

the particles at the inlet and allows for successful separation.  

As the core stream increases to 1 µL/min (Fig. 6.6E-H), particle clogging is not observed for 

the 4.8-µm particles. If the cladding is smaller or equal to the core stream, both 3.2-µm and 

4.8-µm particles are seen at outlet 3, Fig. 6.6E, F. Further increasing the cladding stream to 1.5 

and 2 µL/min improves focusing of the particle sample. An effective separation of the particle 

is visible in Fig. 6.6G, H. Fig. 6.6I shows clogging of some 4.8-µm particle for the core stream 

of 1.5 µL/min. The 3.2-µm particles are visible at outlet 2, Fig. 6.6J. Efficient separation 

 

Figure 6.6. Numerical simulation of the separation of two diamagnetic particle types 

separated by negative magnetophoresis for a sample/core flow of (A-D) 0.5 µL/min, (E-H) 

1 µL/min, (I-L) 1.5 µL/min, and (M-P) 2 µL/min. The flow rate ratio for sample/core and 

cladding flows are presented for each condition. The colour bar presents the diameter of the 

particle (µm). 
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happens if the core flow rate is equal to or higher than that of the cladding stream, Fig. 6.6K, 

L. Figures 6.6M-P show results of the core stream of 2 µL/min sandwiched between two 

cladding with a flow rate ranging from 0.5 to 2 µL/min. Wall attachment is observed for 4.8-

µm particles (Fig. 6.6M) as they deflect towards a relatively narrow cladding stream. Similarly, 

wall attachment is observed for 3.2-µm particles in Fig 6.6N. The separation of the particles is 

more efficient if they are more focused in the inlet region, Figs. 6.6O, P. The simulation 

suggests that for an efficient separation of particles, particle focusing, and the flow rate ratio 

are the key factors. 

Fig. 6.7 shows the concentration distribution of the ferrofluid coupled with the magnetic field 

for the two-stream and three-stream configurations. The magnets create a strong non-uniform 

magnetic field around the separation channel. In the two-stream configuration, the ferrofluid 

streams mixes and reduces the concentration gradient, Fig. 6.7A. The concentration distribution 

across the width of the channel at 5 different positions corresponds to each of the magnets are 

shown in Fig. 6.7B. The concentration gradient becomes homogeneous close to the outlets. 

Because of the homogeneity of the ferrofluid, we expect that particle separation by negative 

magnetophoresis to be less efficient in the actual experiments.  

 

Figure 6.7. Numerical results of concentration distribution for (A-B) two-stream 

configuration, and their position across the channel width, and (C-D) three-stream 

configuration and their position across the channel width.    
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Fig. 6.7C shows the concentration distribution of ferrofluid for the three-stream configurations. 

High concentration is observed at cladding 2 near the inlet. This high concentration maintains 

on the side wall of the microchannel until the outlet. Furthermore, the accumulation of high 

ferrofluid concentration is observed close to the region with a strong magnetic field. Fig. 6.7D 

depicts the concentration distribution across the width for 5 different locations over the 

microchannel. The higher concentrations are clearly observed at the cladding throughout the 

channel. This concentration gradient promotes negative magnetophoresis over the channel 

length. Thus, under real experimental condition, particle separation with three- stream 

configuration is expected to be more efficient than the two-stream configuration. 

Fig. 6.8 shows the corresponding normalised magnetophoretic force (Eqn. 8) for the 3.2-µm, 

and 4.8-µm particles across the channel width. The 3.2-µm diamagnetic particle exhibits a 

repulsive force between 0.95-2.44 pN across the channel width, Fig. 6.8A. The force gradually 

increases toward the magnet arrays. Interestingly, the magnetophoretic force at magnet 1, and 

5 shows higher magnitude compared to the magnet at 2-4 locations. As magnet 1, and 5 are at 

both ends of the array, the flux line distribution exhibits repulsive force from its adjacent 

neighbours as well as an attractive force towards its own opposite poles (Fig. 6.3B).   As a 

consequence, the magnetic field strength is higher at magnet 1 and 5 across the channel width. 

This higher force initiates focusing and separation of the particles within the channel. The 4.8-

µm particle shows a higher magnetophoretic force of 3.3-8 pN throughout the channel, Fig. 

6.8B. The active drag force for both of the particle shows identical magnitude across the 

channel width (Eqn. 6). The normalized drag force for the 3.2-µm, and 4.8-µm particles are 

 

Figure 6.8. Normalised magnetophoretic force across the channel width for (A) 3.2-µm 

particles, and (B) 4.8-µm particles. 
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between 0.95-2.44 pN, and 3.3-8 pN respectively that agrees with the force balance conditions 

(supplementary Figure S6.4).  

Fig. 6.9 shows the normalized separation efficiency for the 3.2-µm and 4.8-µm particles for a 

range of flow rate ratio of the two-stream and three-stream configuration. The simulation 

suggests that a small and focused sample stream with flow rate lower than that of 

sheath/cladding stream is more efficient for particle separation. For the two-stream 

configuration (Fig. 6.9A), the 3.2-µm particles tend to pass through outlets 1 and 2. However, 

the 4.8-µm particles mostly pass through outlets 2 and 3. The total flow rate between 3-4 

µL/min shows the same behaviour. This behaviour changes with a total flow rate between 5-6 

µL/min. The three-stream configuration (Fig. 6.9B) offers a more stable separation 

performance for different flow rate ratios. The optimal separation performance is achieved by 

focusing the particle between the cladding streams. Most of the 3.2-µm particles going through 

outlet 2, whereas the 4.2-µm particles pass through outlet 3. Supplementary Figures S6.5, S6.6 

present the numerical separation performance for the two and three-stream configuration with 

all possible flow rate ratios.  

 

 

 

Figure 6.9. Simulation results for the separation of two diamagnetic particle types by negative 

magnetophoresis for (A) two-stream configuration with an optimum sample flow of 1 

µL/min, and (B) three-stream configuration with an optimum sample/core flow of 0.5-2 

µL/min. 
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6.3 Results and discussion 

Figure 6.10 presents the experimental particle separation for the two-stream and three-stream 

configurations. The separation of the two particle types was possible. Furthermore, the multi-

stream ferrofluid flow promoted this separation as predicted by the simulation. The simulated 

optimal flow rate ratio was confirmed by the experiment. A lower flow rate of the sample/core 

stream focuses the sample at the channel inlet. A slight change in focus caused by air bubbles 

can drastically affect the separation performance [22]. Before the experiment, the devices were 

rinsed with DI water, dried in an oven at 80°C for 1 hour, and subsequently exposed to UV to 

minimise air bubbles during the experiments. The syringe pump was connected to the device 

by two identical Teflon tubes to avoid any hydrostatic pressure difference. Particle separation 

was normalized by analysing each frame of the video with ImageJ software.  

Fig. 6.10A shows the normalized separation efficiency of 3.2-µm and 4.8-µm particles for 

different flow rate ratios. The sample to sheath ratio of 1:2 shows a maximum of 60%, and 

53% of separation for the 3.2-µm and 4.8-µm of particles respectively. The separation 

performance increases to 68%, and 72% respectively at the flow rate ratio of 1:3. The improved 

performance is caused by the high sheath flow rate that focuses the sample to a narrow stream. 

The 3.2-µm particles tend to exit through outlet 2, whereas, the 4.8-µm particles pass through 

outlet 3.  

 

 

Figure 6.10. Experimental results for the separation of two diamagnetic particle types by 

negative magnetophoresis for the (A) two-stream configuration with a core flow of 1 

µL/min, and (B) three-stream configuration with a sample/core flow between 0.5-2 µL/min. 

 

 

 

A B



178 
 

For the flow rate ratio of 1:4, 60% of the 3.2-µm particles pass through outlet 3. The separation 

efficiency of 4.8-µm particles is 59% at outlet 2. For an increased flow rate ratio of 1:5, the 

efficiency become 58%, and 58% respectively. Probably for a higher total flow rate of more 

than 4 µL/min, the drag force dominates over the magnetophoretic force. The particles follow 

the hydrodynamic trajectory and reduce the separation performance. The experimental data 

show similar separation pattern as predicted by the simulation in Fig. 6.9A.  

Fig. 6.10B shows the separation performance of the three-stream configuration for different 

flow rate ratios. For the flow rate ratio between cladding 1, core and cladding 2 of 1.5:0.5:1.5, 

the maximum separation efficiency were 75%, and 56% for 3.2-µm and 4.8-µm particles, 

respectively. The separation performance increases to 78% and 75% for the 3.2 and 4.8-µm 

particles respectively at a flow ratio of 1.5:1:1.5 µL/min. Further increasing the flow ratio to 

2:1.5:2 µL/min reduces the separation performance to 73% and 77%, respectively. The 

separation results are 76%, and 41% for the flow rate ratio of 2:2:2. At a total flow rate above 

5 µL/min, the drag force dominates the trajectories of the particles.  

Most of the 3.2-µm particles pass through outlet 1. This is a deviation from the simulated results 

shown in Fig. 6.9B. The 3.2-µm particles behaved in the experiment as magnetic particles that 

move towards the magnetic field maxima. The results for this behaviour could be the 

attachment of magnetic nanoparticles on the particles. Possibly, the amount of magnetic 

nanoparticles attached to the smaller 3.2-µm particles are enough to pull them towards the 

magnetic field maxima [43]. Furthermore, the simulated data indicate a better performance 

compared to experimental data. 

Figure 6.11 shows the separation trajectory for the 3.8-µm red and 4.8-µm green fluorescent 

particles. Images of the two-stream configuration for the simulation and experiments are 

depicted in Fig. 6.11A-J, while those of three-stream configuration are depicted in Fig. 6.11K-

T. Figures 6.11A, F, and 6.11K, P shows the focused sample stream at the inlet for both the 

simulation and experiments of two and three-stream configurations. As predicted by the 

simulation (Fig. 6.7), the three-stream configuration maintains the concentration gradient of 

the ferrofluid through the entire channel length, enabling the separation of smaller particles. In 

the two-stream configuration, the concentration is almost homogenous at the channel outlet. 

Experimental data show weaker separation performance for this configuration, Fig. 6.11G-J. 

Fig. 6.11B shows clear separation of 3.2-µm and 4.8-µm particles through inlet 2, and 3 in the 

simulation. A number of 3.8-µm particles are visible at inlet 1 in Fig. 6.11G due to the  
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attachment of nanoparticles in the experiments. At an optimum flow rate ratio of 1:3 µL/min, 

the simulation data match with the experimental results due to the right force balance condition. 

Above this flow rate ratio, a mismatch between the simulation and experiment can be observed. 

Three-stream configuration provides a better separation performance as shown in Fig. 6.11K-

T. The simulation and experimental trajectories are mostly identical for the 4.8-µm green 

particles. A deviation is observed for the 3.2-µm red particles that tend to pass mostly through 

 

 

Figure 6.11. Simulation, and Experimental trajectories of the 3.8-µm red and 4.8-µm green 

fluorescent particles for the two-stream configuration (A-J), and three-stream configuration 

(K-T). The multi-stream ferrofluid flow promoted negative magnetophoresis to separate the 

diamagnetic particle of subtle size difference.  
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inlet-1. We suspect that the attachment of magnetic nanoparticles with the smaller red particle 

pulls them towards the magnetic flux maxima. However, the overall better separation 

performance is visible throughout the three-stream configuration.  

 

6.4 Conclusion 

Negative magnetophoresis is a promising technique for the separation of diamagnetic particles 

of different sizes. The concept reported here is a convenient mean for the separation of two or 

more particle types with a small size difference. We observed the effect of multi-stream 

ferrofluid flow to separate diamagnetic particles of different sizes. Numerical simulation was 

conducted to study the distribution of the magnetic field, the effect of the flow rates, and the 

concentration distribution of ferrofluid in a multi-stream configuration. In our experiments, the 

optimum total flow rate for both of two-stream and three-stream configurations was 

approximately 4 µL/min. The ferrofluid concentration ranges from 0.25%, 0.5%, and 1% vol. 

ratio. The designated particle mixture flowed through a relatively higher concentration of 

ferrofluid to promote the negative magnetophoresis. Sheath/cladding flow was used to focus 

the particle mixture into a single stream. The experimental data show an excellent separation 

performance of diamagnetic particles by the three-stream configuration. In the two-stream 

configuration, the normalized separation efficiency was 68%, and 72% for the 3.2-µm red and 

4.8-µm green particles respectively at a flow rate ratio of 1:3. In the three-stream configuration, 

the maximum separation efficiency was 78% and 75%, respectively at a flow rate ratio of 

1.5:1:1.5. The 3.2-µm particles flow through outlet 1 towards to the magnet array. This 

behaviour may be caused by the attachment of the magnetic nanoparticles of the ferrofluid on 

the microparticles. With further improvement and the use of biocompatible ferrofluids, the 

developed methods can be utilized to sort biological cells and bacteria with small size 

difference. The present study serves as a guide for the separation of particles and cells with a 

diameter of less than 5 µm. In the future, the design and the dimension will be tuned to improve 

the separation performance for a wider range of size.  
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6.5 Supplementary figures 

Figure S6.1. Simulated magnetic flux density at a distance of 3 mm from the fluidic channel 

(attractive force between magnets). 

Figure S6.2. Numerical simulation of the separation of two diamagnetic particle types by 

negative magnetophoresis for a total flow of (A) 3 µL/min, (B) 4 µL/min, (C) 5 µL/min, and 

(D) 6 µL/min. The attractive force between magnets is considered for the simulation. The 

colour bar presents the diameter of the particle (µm). 
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Figure S6.3. Numerical simulation of the separation of two diamagnetic particle types 

separated by negative magnetophoresis for a sample/core flow of (A) 0.5 µL/min, (B) 1 

µL/min, (C) 1.5 µL/min, and (D) 2 µL/min. The attractive force between magnets is considered 

for the simulation. The color bar presents the diameter of the particle (µm). 

 

Figure S6.4. Normalised drag force across the channel width for (A) 3.2-µm particles, and (B) 

4.8-µm particles. 
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Figure S6.5. Numerical simulation of the separation of two diamagnetic particle types by 

negative magnetophoresis for a total flow rate ratio of (A) 3 µL/min, (B) 4 µL/min, (C) 5 

µL/min, and (D) 6 µL/min. Flow rate ratio for sample and sheath flows are presented for the 

two-stream configuration. 
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Figure S6.6. Numerical simulation of the separation of two diamagnetic particle types 

separated by negative magnetophoresis for a sample/core flow of (A) 0.5 µL/min, (B) 1 

µL/min, (C) 1.5 µL/min, and (D) 2 µL/min. Flow rate ratio for sample/core and cladding flows 

are presented for the three-stream configuration. 
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Chapter 7 

Rapid mixing, isolation, and detection of HER2 positive exosomes 

(in preparation for publication) 

 

This chapter proposes the conceptual phase, simulation, fabrication and experimental 

validation for a Point-of-care (POC) diagnostic device for the detection of breast cancer 

specific exosomes using magnetophoresis. The chapter encompasses previously developed 

strategies including mixing by a rotational magnet field, isolation of the targets by stationary 

magnet field, and on-chip identification of the targets in a single platform. The literature 

review, mixing, and separation concepts from Chapter 4, 5, and 6 respectively provided a 

guideline for formulating and investigating the design, simulation, and experiment of the 

proposed device. From the previous limitations, the mixing platform was improved with a 

cascaded model of five mixing chambers. Subsequent separation chamber was improved by 

optimizing the magnetic field strength. Numerical simulation was supported by the 

experiments that reduce the steps, times and resources. The proposed proof of concept is 

suitable for the development of a rapid, simple, and low-cost POC device to identify early-

stage breast cancer through the detection of exosomes. 
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Chapter 7: Rapid mixing, isolation and detection of HER2 positive exosomes by 

magnetophoresis 

 

Abstract 

Simple, reliable, and low-cost point-of-care (POC) diagnostic device is sought after by the 

biomedical industry as well as in the scientific community. Detection of early-stage cancer 

using a POC device can save both human life and resources. The basic operation of a POC 

device incorporates mixing for sample preparation, trapping for target isolation, and detection 

for target identification. Herein, we propose a simple, and low-cost POC device capable of 

handling a small volume of sample to detect early-stage cancer through HER2 positive 

exosomes. Sample mixing and their subsequent trapping in the POC device were demonstrated. 

We also carried out an on-chip investigation to analyse trapped exosome in the POC device. 

The current challenge, and future plan to improve the issue are discussed in details.  
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HER2 positive exosomes by magnetophoresis (in preparation for publication) 
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7.1 Introduction  

Point-of-care (POC) diagnostic devices offer reliable medical testing on the bedside of patients. 

A POC device offers simple, rapid, and low-cost detection of a particular disease [1, 2]. The 

treatment of a disease that is detected early, can save both human life and resources [3, 4]. For 

instance, more than 80 % of cancer cases (lung, ovarian, or breast cancer) detected at the early 

stage are curable. Thus a POC for the early detection of cancer is of high demand. Detection 

of early-stage cancer by a POC device still seems to be fictitious due to the complex nature of 

the detection protocol. However, research is ongoing to identify the challenges and possible 

solutions.  

The basic working steps of a POC device are mixing for sample preparation, trapping for 

sample isolation, and identification for detection of the targets. A microfluidic device or a lab-

on-a-chip (LOC) device can offer all these operations at once [5]. However, most of the 

reported works have focused on individual sample mixing, particle separation, and off-chip 

identification. For instance, Ganguly et al. utilised an external permanent magnet to bind 

streptavidin-coated magnetic beads with a co-flowing stream of biotinylated short DNA strands 

[6]. Zhao et al. demonstrated a microchip that enriched the circulating tumour cells (CTCs) 

from patients’ blood sample using negative magnetophoresis [7]. Sheath flow was utilised to 

focus the larger CTCs. The focused CTCs was then deflected from white blood cells (WBCs) 

under an external magnetic field. Six millilitres of blood sample was purified in one hour with 

a relatively high recovery rate of 92.9%. Kim et al. demonstrated the separation of cancer-

specific CTCs from the blood sample with immune-magnetic nanobeads tagged to EpCAM 

antibodies [8]. A ferromagnetic nickel wire was incorporated under the microchannel to isolate 

the spiked CTCs from the diluted blood sample. Five millilitres of blood sample was processed 

within one hour with a capture efficiency of almost 90%.  

Very few works were reported on trapping, controlled release, and washing steps in a single 

device. For an instance, Gourikutty et al. introduced a two-stage LOC to isolate CTCs from the 

blood sample [9]. At first, immunomagnetically labeled WBCs was separated from blood 

sample by magnetophoresis. The red blood cells (RBCs) was removed in the next stage 

according to the size difference using a micro-slit filter. Almost 97% of the CTCs were 

recovered from a sample volume of 2 mL. Zhao et al.  demonstrated the separation of cancer 

cells from the WBCs via co-flowing ferrofluid flow [10]. Rectangular permanent magnets 

deflected the larger cancer cells towards the ferrofluid flow. The cells migrated further towards 
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the washing buffer and were separated from the rest of the unwanted sample. The washed 

sample showed a separation efficiency of 82.2% and cell viability of 94%. Guo et al. 

demonstrated dynamic separation, stationary trapping, and detection of magnetically tagged 

(streptavidin modified magnetic quantum dots) S. Typhimurium pathogen on E.coli cells [11]. 

The tagged pathogen was separated by a controllable electromagnetic field generated by an 

array of nickel wire integrated in the microchannel. The separated pathogen was guided 

towards the trapping section consisting of an array of nickel stripes for further investigation. 

Vergard et al. introduced a rotational magnetic array that simultaneously traps, washes, and 

releases the target sample [12]. E.coli cells were trapped and separated from the rest of the 

sample due to the induced magnetic field by six pairs of rotating magnets. Controlled washing 

and release of the target were initiated by reversing the magnet rotation. All reported works 

have applications in the identification of cancer. However, identifying cancer from CTCs has 

a potential risk. As the number of CTCs is as low as 8-10 per mL volume, detecting early-stage 

cancer remains vulnerable. Besides, losing the target CTCs along with blood samples is a 

common issue in a LOC platform. Furthermore, the large volume required for identifying the 

CTCs is not suitable for the POC concepts.  

Extracellular vesicles exosomes are essential intercellular communicators in the progression of 

cancer metastasis. Tumour-derived circulating exosomes have been proven to be a marker for 

the diagnosis and monitoring of the early-stage cancer [13, 14]. Reports suggest that the higher 

amount of exosomes are abundant in the blood of cancer patients [15]. These small 

microvesicles with a size of 50-150 nm could provide better identification of early-stage cancer 

due to their relatively large amount in a small volume of blood sample. Reports are found for 

the immunomagnetic binding of exosomes in a microfluidic device. For an instance, Kanwar 

et al. demonstrated a microfluidic chip to isolate circulating tumour exosome from blood serum 

through an immune-affinity approach [16]. The chip was pre-coated with anti-CD63 antibody 

to capture the designated exosomes. The isolated exosome was stained with fluorescent 

carbocyanine dye (DIO) for visualisation. The trapped exosome was quantified by standard 

plate readers. Zhao et al. developed a microfluidic platform that utilise passive mixing 

(serpentine channel), and immunomagnetic isolation of ovarian cancer exosome [17]. A 

programmable syringe pump capable of handling two 20-L micro-syringe provided the 

plasma sample, and the immunomagnetic beads. The 2.8-m magnetic beads was pre-

conjugated with the antibody for exosome isolation followed by washing steps. A mixture of 

exosome tumour markers (Anti CA-125, anti-Epcam, anti CD 24) labeled with fluorescent dye 
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was deposed at a flow rate of only 100 nL to detect the trapped exosomes. However, the small 

magnetic beads (such as 1-m dynabeads) has a low mixing rate due to passive mixing [5]. 

Furthermore, passive mixing requires a complex and laborious fabrication process. 

Conventional electrochemical methods involve binding of exosome with magnetic bead and 

antibody [15, 18]. The method is time consuming, tedious and involves a number of manual 

handling such as washing, isolation, and incubation of magnetic beads. Isolation and analysis 

of exosome with the conventional detection such as Western blot, mass spectroscopy, and 

enzyme-linked immunosorbent assay (ELISA) need a large volume of sample, long assay time, 

and a number of steps for post process labeling [13]. An automated POC can overcome these 

obstacles and provide a better platform for the clinical application.  

Active mixing of the sample in a LOC is proven to be more effective [19]. Active mixing with 

a rotational magnetic field induces forces that enhance mixing and molecular binding. To our 

best knowledge mixing, trapping and simultaneous washing using a dynamic magnetic field 

and magnetophoresis in the same LOC has not been reported yet. In our previous work, we 

demonstrated mixing of diamagnetic particles in a low-concentration ferrofluid flow, induced 

by a rotational magnetic field. We demonstrated efficient mixing over a range of flow rates. In 

this work, we modified and improved the previous design to make it suitable for handling small 

volume samples. The improved design consists of cascaded mixing chambers. Subsequent 

trapping has also been introduced to identify the target samples. This novel mixing concept and 

the simultaneous trapping of the target sample will allow for the development of a low-cost 

POC device. A systematic FEA simulation was carried out to optimise the magnetic field, input 

flow condition, and the range of flow rates. Experiments were carried out to validate the 

numerical simulation. The experiments involve mixing of the CD9 conjugated dynabeads with 

exosomes through positive magnetophoresis. Subsequent trapping was implemented in the 

same device. Works are underway to identify breast cancer specific exosomes using FITC-

HER2 antibody.  

 

7.2 Material and methods 

7.2.1 Basic design and working principle 

Figure 7.1 presents the schematic diagram and working steps of the device. The device contains 

an inlet, five mixing chambers, a trapping channel, and an outlet. The five mixing chambers 

offer repeated, active mixing of the sample fluid. CleWin 3.0 software was used to design the 
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device pattern, which was printed on a 28-mm×22-mm plastic mask (IGI-sing, Singapore). 

Standard two-step soft lithography process was employed to fabricate the chip [20]. A clean 

silicon wafer was spin coated by SU8-3050 photoresist at 1000 rpm. The deposited layer was 

soft baked by a number of steps (95 °C for 15 min, 50 °C to cool down). UV exposure with a 

dose of 186 mJ/cm² was employed to pattern the design into the wafer. Subsequent post baked 

steps (65 °C for 1 min, 95 °C for 6 min) were then carried out. The exposed SU8 was developed 

with 1-methoxy-2-propanol acetate for 20 minutes. The thickness of the channel mould was 50 

µm. Polydimethylsiloxane (PDMS) pre-polymer with the cross-linker at 10:1 volume ratio was 

poured on the mould. The mould was degassed and cured in an oven at 80 °C for two hours. 

The cured PDMS was peeled off from the mould. Inlet and outlet ports were created by 

punching 1.5-mm holes. The PDMS was cleaned with isopropanol, washed with deionised 

water, and plasma treated for 45 seconds. The treated PDMS was bonded on a clean glass slide. 

The attached chip was kept in an oven for an hour at 80 °C.  

The external mixing platform incorporates a DC motor placed on top of the chip.  The motor 

mounting platform was fabricated in PMMA using laser machining (Trotec/Rayjet 300).  A 

cylindrical PMMA magnet holder was attached to the motor shaft. Two magnets (Grade N38, 

5×6 mm, AFM Magnetics, Australia) with repulsive force were mounted on the holder. The 

magnet setup provides an effective magnetic field distribution into the mixing chambers [19]. 

The holder is aligned on top of the chip in a way that each magnet touches the edges of all five 

mixing chamber during the rotation. The optimised rotation of the magnet holder was 125 rpm. 

The rotation of the motor was controlled with an Arduino board (Duinotech Uno-XC 4410, 

China). The details can be found in our previous work [19]. Three rectangular NdFeB magnets 

were stacked (Grades N42, 5×5×3 mm each, AFM Magnetics, Australia) and positioned 1 mm 

away from the trapping zone. 

Dynabeads (1 m, 10 mg/mL, Thermo Fisher Scientific, Australia) were used to initiate mixing 

and trapping of the biological samples such as exosomes. Anti-CD9 antibody (Abcam, 

Australia) was biotinylated to functionalise with streptavidin-coated dynabeads. The 

concentration of CD9 was fixed at 10 g/mL.  HER2 antibodies (2G11, FITC, Thermo Fisher 

Scientific, Australia) were utilised to identify breast cancer specific exosomes. DNase/RNase-

free distilled water (Invitrogen, Australia) was prepared for all aqueous solutions. 
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Breast cancer cell lines (TD-47) were maintained in a growth medium supplemented with 10% 

exosome depleted fetal bovine serum (Life Technology, Australia), and 1% 

penicillin/streptomycin (Life Technology, Australia). The cell line was cultured in an incubator 

containing 5% CO2 at 37 0C. The required medium was collected upon the cell confluency of 

70%. The collected medium was centrifuged at 2,000g for 30 mins that eliminates all the 

contaminated cell and debris. Total exosome isolation reagent (Life Technology, Australia) 

was used to extract the required exosomes following the manufacturer’s protocol. In details, 

the supernatant was moved to a new tube without disrupting the pallet. The total exosome 

isolation reagent was added at 2:1 ratio. The sample was incubated at 4 0C overnight followed 

 

Figure 7.1. Schematic diagram of the (A) LOC device and the external magnet holder. The 

magnet holder is mounted on top of the mixing sections. The mixing section consists of five 

mixing chambers C1 to C5. (B) Mixing sections with the two cylindrical magnets in magnet 

position 1 aligned with the inlet and outlet ports, and (C) two cylindrical magnets in magnet 

position 2 perpendicular to the inlet and outlet ports. Subsequent separation sections 

incorporate a rectangular permanent magnet. 
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by centrifugation at 10,000g for an hour. The obtained exosome pellets were resuspended in 

a convenient volume with phosphate-buffered saline (PBS, 10 mM, pH 7.0) and stored at -20 0 

C for future uses. 

A 200-µm tip was attached to the inlet ports. A sample consisting anti-CD9 conjugated 

dynabead, and the exosomes were carefully deposited onto the tip. As the sample volume was 

small, the tip was directly attached to the inlet to avoid sample loss through tube connections. 

A precision syringe pump (CETONI-Base 120, CETONI, Germany) was then connected to the 

outlet ports with Teflon tubing. Withdrawal mode was used to drag out the low-volume (around 

80 µL) samples. A flow rate between 10 to 40 µL/min was tested to optimise the mixing and 

trapping process of the magnetic beads. 

The assay has four steps for investigating the conjugated exosomes: mixing, washing, trapping, 

and washing of the samples. First, the streptavidin-coated dynabeads were washed with the 

binding and washing solutions, and mixed with the biotinylated CD9 antibody. The sample 

was incubated for 30 mins at 300 rpm at room temperature. Separately prepared exosomes 

(different concentration such as 1:10, 1:20, 1:40, 1:80, and 1:160 from the main stock) was 

mixed with the CD9 conjugated dynabead solution. The solution was then dispensed in the 

inlet tip. A rapid and efficient mixing of the CD9-Dynabead sample with the exome solution 

is expected through the rotational magnetic field. The second step involves removal of the 

untagged exosome from the device through a relatively high washing flow of PBS buffer. The 

magnet holder was still connected on top of the device. This avoids flushing of the conjugated 

dynabead+CD9+exosome samples.  

Next, the FITC tagged HER2 antibody was deposited to the inlet tips and flowed at a slower 

rate through the device. Theoretically, the HER2 antibody should be attached to breast cancer 

specific exosomes. The trapped dynabead sample in the mixing chamber fluctuates while the 

magnet holder rotates. This fluctuation promotes binding of the HER2 antibody with cancer-

specific exosomes. Finally, the conjugated dynabead solution trapped along the mixing 

chamber was flushed with the PBS buffer. Flushing was initiated by removing the magnet 

heads from the top of the mixing chamber. This washing steps also remove the unbound HER2 

antibody from the device. The washed dynabead+CD9+exosome+HER2 sample was captured 

in the trapping channel, close to the outlet for further investigations. 

The CD9 conjugated dynabeads were observed through the inverted optical microscope (Nikon 

Eclipse TE-100). Initially, the investigation through the chip was assessed with the bright field 
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modes of the microscope. FITC (B-2A, EX 450-490 nm) filter was then used to trace the FITC 

HER2 antibody upon the attachments to the breast cancer exosomes. Still images in the inlet 

area, in the five mixing chambers, and in the outlet area were recorded with an USB camera 

(Edmund Optics, Germany) to investigate the mixing and trapping process of the samples. 

ImageJ software (NIH, imagej.net) was used to enhance the image quality by adjusting the 

contrast, sharper, and threshold options. 

 

7.2.2 Numerical simulation 

COMSOL Multiphysics 5.2 (COMSOL Inc., USA) was employed to optimise the device 

parameters. A magnetic field with no current (MFNC) module was adopted to analyse the 

magnetic flux distribution over the LOC. The mixing section incorporates two cylindrical 

NdFeB magnets with a diameter of 4 mm. The gap between the two magnets is 2.2 mm. 

Repulsive polarity (N-N) was selected for the magnets. Both magnets can circulate around the 

centre chamber and the inner edges of the surrounding chambers.  The trapping section 

incorporates rectangular NdFeB magnets (553 mm), placed 1 mm adjacent to the trapping 

sections. A magnetisation of 1.6106 Am-1 was selected for the model. Magnetic insulation was 

adopted in the model to observe the flux distribution.  

Creeping flow (SPF2) was introduced into the model by defining the inlet and the outlet of the 

design. An incompressible fluid was introduced throughout the channel. No-slip boundary 

condition was applied to the wall. Shallow channel approximation was employed with a 

channel thickness of 50 m. A range of flow rates between 5-40 L/min was used with normal 

inflow velocity to optimise the mixing and trapping of the beads.  

Particle tracing for fluid flow (FPT) was coupled with the MFNC, and SPF2 model. The 

combined model investigates trajectory of both magnetic, and nonmagnetic particles. Magnetic 

particles with a diameter of 1 m (representing the dynabeads), and nonmagnetic particle with 

a diameter of 1 m (representing the nonspecific particles such as exosomes) were introduced 

through the inlet ports. The density of both particles were given as 1050 kg/m3. The particle 

trajectory was computed for a time period of 40 s with an interval of 0.001 s. The relative 

permeability of the magnetic bead, nonmagnetic bead, and DI water was 1.05, 0.99, and 1 

respectively.  
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Figure 7.2 shows the magnetic flux distribution over the LOC under different magnet 

arrangements, and their interference with the trapping section. The mixing section incorporates 

repulsive forces (N-N) between two cylindrical magnets that circulates around the mixing 

chamber. Fig. 7.2A, C depicts the two magnets that aligned to the inlet and outlet ports called 

“magnet position 1”. Fig. 7.2B, D presents “magnet position 2” that is perpendicular to the inlet 

and outlet ports. These two main magnet positions influence the induced magnetophoresis for 

mixing and trapping. Details of the optimisation can be found in our previous published papers 

[19]. Subsequent trapping of the sample is initiated by a rectangular magnet close to the outlet 

ports. The two cylindrical magnets have magnetic flux interference with the rectangular 

magnets. This interference reduces the magnetophoretic forces in the mixing sections, Fig. 

7.2A-B. Furthermore, this interference may also affect the rotation of the mixing magnets. The 

interference is minimised by introducing a magnetic shield around the rectangular magnets, 

Fig. 7.2C-D. 

As our target sample volume is only 50-80 µL, it is very important to select the right number 

of inlet ports. This small volume of sample needs effective deflection so that efficient mixing 

and simultaneous trapping may occur. Simulation models were compared to observe the 

behaviour of the particles with one, and two inlet ports.  

 

Figure 7.2. The magnetic flux distribution for different arrangements of the mixing magnets. 

Interference of the magnetic flux distribution in the trapping sections, (A-B) without the 

magnet shields, and (C-D) with the magnet shields. 
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Figure 7.3 depicts the deflection, and trapping of magnetic beads (MB) flowing with 

nonmagnetic fluid particles (FP). A number of FP, and MP were injected in the inlet port 1 and 

2 respectively at a flow rate of 5 µL/min. The FP does not deflect through the system as the 

system was under positive magnetophoresis. The FP follows the initial fluid trajectories and 

passes through the outlet ports. The MBs experience a magnetophoretic force in the mixing 

and trapping sections. MBs follow the magnetic flux maxima.  Mixing chamber C1-C5 has 

minimal defection of the MB due to the co-flowing stream of fluids. The MB-FB interaction is 

mainly visible in the chamber C3. Besides a number of MBs is trapped in the subsequent 

trapping sections. The simulation indicates that the two-inlet configuration will not induce 

enough contact between the MB, and FP. 

Figure 7.4 presents the interaction between the MB, and FP through one inlet ports. Both bead 

types were injected through the same ports at a flow rate of 10 µL/min. This allows both bead 

types to flow freely through the entire fluidic channel. The FP follow their initial trajectories 

as the introduced fluid is DI water. The MBs tend to follow the magnetic field maxima, thus 

initiates interactions with the FP. As an example, in the magnet position 1 (data not presented), 

 

Figure 7.3. Interaction of the magnetic beads, and nonmagnetic beads by the two inlet ports. 
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the MB receive a force against the flow stream in the chamber C1 that expands the particle 

trajectories. In the magnet position 2, the MBs have the tendency to flow downstream in 

chamber C2. The trajectory bends towards the magnets thus interact with the FP. MB receive 

an expanded force due to the magnets at both sides of the chamber C3. Chamber C4 shows 

mirrored trajectories similar to chamber C2. The trajectories bend towards the cylindrical 

magnets. MB faces an attractive force against the flow stream in chamber C5 for the magnet 

position 1 (data not presented) that squeezes the fluid stream. Thus rotation of the magnet 

induces a continuous expansion and congestion of the MB. This continuous changes of 

direction for the MB induce effective interactions between MBs and FBs. 

Optimising the flow rate is very crucial to initiate mixing and trapping of the MB especially in 

the same LOC. The right flow rate condition will deflect the particle effectively to augment the 

mixing as well as their subsequent trapping. A detailed COMSOL simulation can guide us to 

optimize the flow rate conditions thus saving the time and sample. Fig. 7.5 demonstrates the 

trajectory of MBs for flow rates between 5-40 µL/min. The images of five consecutive mixing 

chamber C1-C5 present the particle trajectories for the magnet position 1. When the magnet is 

in front of the chamber C1, the magnetic force attracts MBs. This attractive force expands the 

 

Figure 7.4. Interaction of the magnetic beads, and nonmagnetic beads by one inlet port. 
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particle trajectories through the flow rate range of 5-40 µL/min. The magnet tends to drag the 

MB downstream of the chamber C2 due to the magnet position 1. Bending of trajectories 

towards the magnets is visible for a lower flow rate of 5 µL/min. As the flow rate increases 

from 10 to 40 µL/min, the viscous drag force is dominant over the magnetophoretic force. The 

MB tends to keep their expanding flow through the chamber C2. The chamber C3 receives 

attractive force towards both ends that squeeze the trajectory at a lower flow rate. However, 

the drag force dominates the magnetic force in the flow rate range of 20-40 µL/min. Chamber 

C4 receives identical magnetophoretic force as of chamber C2. Contracted streams are visible 

at a lower flow rate of 5-10 µL/min. Magnet position 1 attracts the MBs in chamber C5 that 

tends to deflect the trajectories opposite to the viscous drag force. Contraction is visible for 

lower flow rates between 5 and 10 µL/min. 

 

Figure 7.5. Magnetic particle trajectories in the magnet position-1, at the flow rate of (A) 5 

µL/min, (B) 10 µL/min, (C) 20 µL/min, and (D) 40 µL/min. 
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Figure 7.6 shows the trajectories for the magnetic position 2 in mixing chamber C1 to C5  in 

the range of flow rates of 5 to 40 µL/min. MB shows no deflection in chamber C1 for the flow 

rate between 5 and 40 µL/min. MBs receive attractive force towards the magnets in C2, and 

C4 respectively. Bending of trajectories is visible for MBs in the flow rate of 5-40 µL/min. 

MBs receive attractive magnetophoretic force in chamber C3. Bending is visible toward both 

sides of the mixing chamber. An attractive magnetic force contracts the trajectory of the MB 

in chamber C5 for the range of flow rates from 5 to 40 µL/min. Interestingly, a number of MBs 

is trapped in the C1-C5 mixing chamber for the lower flow rate of 5 µL/min. Thus, a subsequent 

washing step is needed to drag these trapped MB out of the mixing chamber. 

 

 

 

Figure 7.6. Magnetic particle trajectories in the magnet position-2, at the flow rate of (A) 5 

µL/min, (B) 10 µL/min, (C) 20 µL/min, and (D) 40 µL/min. 
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Figure 7.7 depicts the trapping trajectories of MBs for a flow rate range of 5 to 40 µL/min. 

Interestingly, the movement of the mixing magnets slightly influence the trapping trajectories 

of the MBs. Therefore, a slight fluctuation may occur during the trapping of the MBs at lower 

flow rates. Therefore, balancing the right flow rates for mixing and trapping is crucial for the 

successful implementation of the device. At a flow rate ranging from 5 to 10 µL/min, the 

magnetic force dominates over the drag force. A number of MBs (3-4) is able to reach the 

trapping sections out of the injected beads (a total of 6). Furthermore, most MBs were captured 

in the trapping sections, Fig. 7.7A, B, E, F. Subsequent washing steps will drag these trapped 

MB towards the trapping sections. However, at a flow rate between 20-40 µL/min, the amount 

of trapped MB in the mixing section reduces. A number of MB passes through the trapping 

sections for both magnet positions, Fig. 7.7C, D, G, H. As a consequence, a significant amount 

of sample might be lost in this flow rate range. Thus a trade-off between the flow rates and 

washing steps need to be considered to initiate simultaneous mixing, and trapping in the same 

LOC. The depicted figure clearly suggest to omit the flow rates of 5, and 40 µL/min that cause 

significant trapping in the mixing section, and losses in the trapping section. The flow rate of 

 

Figure 7.7. Magnetic particle trajectories in the trapping zone between the flow rate of 5-

40 µL/min for the (A-D) magnet position-1, and (E-H) magnet position-2. 
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10 µL/min might be suitable for the particle injection, whereas 20 µL/min for the washing 

steps. 

 

7.3 Results and discussion 

The distance of the magnet holder with the 2-magnet setup was 3 mm from the mixing chamber. 

This optimum distance would allow for an efficient deflection of the CD9 conjugated 

dynabeads sample (DB-CD9) that promotes mixing with the exosomes. The sample mixing 

was promoted by the rotational movement of the magnet holders at 125 rpm. Trapping of the 

sample was realised by a stack of three rectangular NdFeB permanent magnets (553 mm), 

placed 1 mm apart from the separation channel. Shielding was employed by covering the 

rectangular magnets with a thick rubber. This reduces interference with the rotating magnets 

as suggested by the FEA simulation. 

An optimum flow of 10 µL/min was employed to drag the sample fluid throughout the LOC. 

As suggested from the simulation, both the DB-CD9, and exosome sample were injected via 

one inlet port.  Fig. 7.8 demonstrates the deflection of the DB-CD9 sample in the mixing 

chambers C1-C5. As the magnet rotates, efficient deflection is observed through each of the 

chambers. Two opposite streams are observed for the C1, C2, C4, and C5 chambers due to the 

 

Figure 7.8. Deflection of the dynabeads in different mixing chamber at an optimum flow of 

10 µL/min. 
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movement of the magnets. An expanded stream is visible due to the circulation of the two 

magnets around chamber C3. These directional changes ensure bead-bead interactions among 

the sample fluids. A number of dynabead is visibly trapped in these mixing chambers due to 

the dominant magnetophoretic forces. The remaining dynabeads passed through the mixing 

chamber, and were held in the trapping zones by the stationary magnets. 

Figure 7.9 shows the images of the continuously supplied DB+CD9 sample at the inlet, and 

outlet ports. During the continuous flow, most of the beads tend to remain along the trapping 

sections adjacent to the rectangular magnets. Due to the movement of the mixing magnets, 

fluctuation of the trapped MB was observed. As a consequence, some MBs were not trapped.  

Figure 7.10 shows the trapped DB+CD9 beads along the chambers C1 to C5 once the sample 

was completely captured. The number of trapped beads was higher in the first three chambers. 

They tend to locate towards the magnetic field maxima. A relatively higher flow rate of 20 

µL/min was used to remove all the untagged exosomes from the sample. FITC tagged 

secondary HER2 antibody was flowed through the LOC to conjugate with the breast cancer 

specific exosomes. 

Another washing step was introduced to clear all untagged antibodies from the LOC. The 

magnet holder was removed from the top of the LOC to initiate this washing steps. This 

washing step also clears the trapped beads from the mixing chambers C1-C5. Figure 7.11 

shows the captured sample in the trapping sections. Figure 7.11A-B shows the trapped 

DB+CD9 beads conjugated with the exosome samples. Figure 7.11C-D presents the DB+CD9  

  

Figure 7.9. Status of the dynabeads at a continuous flow rate of 10 µL/min in the (A-B) inlet 

ports, and (C-D) outlet ports. 
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conjugated exosomes tagged with the FITC-HER2 antibody. A clear change of colour is visible 

between the tagged and untagged FITC-HER2 antibody. 

Currently, we are working to authenticate the results with a spectrometer. Our intention is to 

check the changes in intensity with respect to the concentration variation of the sample. We 

expect to vary the concentration of exome, and antibody to observe the intensity variation of 

 

Figure 7.10. Trapped dynabeads in different mixing chamber once the sample is completely 

deposited. 

 

 

 

 

 

C1

C2

C3

C4

C5

 

Figure 7.11. Dynabeads at the trapped sections after the washing (A) without the FITC 

tagged HER2 antibody, and (B) with the FITC tagged HER2 antibody. 
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the sample. The results will also be compared with off-chip conventional methods. The 

proposed design will reduce the mixing time of the sample by multiple folds that is the 

prerequisite of the POC device for the early detection of cancer disease. The model will avoid 

manual washing, trapping, and incubation steps currency associated with the conventional 

electrochemical detection methods.  

 

7.4 Conclusion 

This chapter proposes a POC device based on positive magnetophoresis to mix two or more 

biological sample and subsequent target trapping. The mixing platform has been improved 

from our previous research results. Cascaded mixing incorporating five mixing chambers 

improves the molecular interactions. The device was designed to suit a small volume of 

biological sample as low as of 50 µL throughout the LOC. COMSOL Multiphysics was 

employed to optimise the magnetic flux distribution, inlet condition, and the flow rates of the 

device. The simulation provides a guideline to conduct research with fewer experimental steps. 

The designed LOC is expected to be a proof of concept for the development of a rapid, simple, 

low-cost POC device for the early detection of diseases. 

Streptavidin-coated dynabead was conjugated with biotinylated CD9 antibody off the chips. 

Exosome sample was diluted into different concentrations. Both samples were injected through 

one of the inlets as suggested by the simulation. Deflection of the dynabead was clearly visible 

through the cascaded mixing chamber. This defection induces mixing of the beads with the 

exosomes. A number of dynabead was trapped within the five mixing chambers. The rest of 

the dynabeads was able to be trapped in the subsequent section by the rectangular permanent 

magnets.  An initial washing step removes the untagged exosomes through the LOC. Next, the 

secondary FITC HER2 antibody was deposited to specify the breast cancer exosomes.  The 

magnet holder was removed to detach the trapped dynabeads through the mixing chamber 

followed by another washing steps. 

We are currently working toward the validation of the results with a spectrometer. The 

validation will confirm the variation of intensity with respect to the changes in concentration 

for both the exosome, and FITC-HER2 antibody. A comparison will also be considered for off-

chip sample mixing with our proposed methods. The proposed model is expected to be rapid, 

and efficient for the mixing, and identification of the early stage cancer diagnosis.    
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Chapter 8: Conclusion 

Great progress has been made in the last fifty years by the scientific community, especially in 

disease discovery and prevention. However, there are still many diseases affecting the world 

population. As medical science is advancing, more sophisticated, complex and critical diseases 

can be detected early. For instance, Human Immunodeficiency Virus (HIV), deadly 

hemorrhagic fevers called Ebola, food-borne and water-borne diseases as a result of organisms 

such as cryptosporidium or bacteria such as Escherichia coli (E.coli) have become great 

concerns for medical science. Furthermore, drug-resistant microorganisms become a great 

threat for a proper and timely cure of infections. The changes in lifestyle, urbanization, air 

pollution, and the use of chemicals in food products may make healthcare more complex in 

foreseeable future.   

New research tools such as “Micro Total Analysis Systems” or “Lab on a chip” (LOC) may be 

the ultimate solutions of the aforementioned problems. LOC may serve as a testbed for already 

discovered disease caused by bacteria and viruses. The artificially developed environment in 

the LOC may replicate in-vivo condition of the human body. Thus, a detailed investigation of 

specific viruses and their possible effects may be modelled. Possible cure may be attempted 

that will mitigate the clinical trials both in animal and human body.  Besides, a toxic 

environment may be established in the LOC to detect possible new disease and predict its 

effects.  

In this regards, a more sophisticated LOC device needs to be designed that can replicate the in-

vivo environments. The sophisticated device may benefit from the advancement in 3D 

bioprinting, which will offer a rapid, convenient and low-cost fabrication option for tissue 

engineering. The formation of the 3D cell spheroids, their transplantation and culturing in a 

complex LOC will mimic a more relevant in-vivo environment of the human body. 3D printing 

may be utilised for the fabrication of complex LOCs, subsequent construction of 3D spheroids, 

and their simultaneous deposition. This will ultimately aid the medical community to cure the 

currently incurable diseases, and counter any future threats to the human health.  

One of the aims of the thesis was to address the current challenges of 3D tissue printing both 

in terms of technological and biological consideration. The challenges, gaps, and possible 

solution to formulate the bio-ink materials, deposition of the cells, formulation of the tissue 

and organ printing have been discussed as an engineering problem of particle trapping. Next, 

the important application of the LOC devices has been discussed elaborately. Among the 
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various methods for particle manipulation, an effective active method called magnetophoresis 

has been addressed. The reason for selecting this method was justified with ample literature. 

The thesis provides detailed theoretical background of magnetophoresis and its major 

application in biological and chemical uses such as sample mixing, particle separation, and cell 

trapping.  

The research was carefully designed, simulated and conducted for 3D spheroid formation, its 

transplantation and culture in the LOC device (Chapter 3). The developed LOC facilitated the 

fusion of spheroids inside the microchannel. The formulated 3D spheroids exhibit a higher 

degree of cell-cell and cell-matrix communications than dispersed cell suspensions. The results 

may be used as a guideline for cell transplantation therapies.  The LOC device can be used to 

observe the fusion phenomena of the spheroid for in-vitro conditions. COMSOL multi-physics 

was utilised to observe the fluid motion with velocity and pressure distributions in the 

microchamber. Simulated particle trajectories and experimental particle tracing with green 

fluorescent polymer microspheres were utilised to optimise the flow rates and to observe the 

possible trajectories of the spheroids. We initiated a number of attempt to maximize spheroid 

trapping to investigate the fusion phenomena. We successfully injected sensitive cell spheroids 

without affecting their structural integrity with an optimum flow rate. The developed LOC can 

also be used to determine the cellular and molecular mechanisms of spheroid fusion to identify 

factors that enhance the rate of fusion.  

In the near future, a more sophisticated LOC design mimicking the in-vivo condition may be 

used. Cell spheroids were manually harvested and transported with two different stages. This 

thesis may guide the future research works to incorporate a single 3D platform where both 

culturing the spheroids and their manipulation may be initiated in a single step. Furthermore, 

the device can be tested for drug screening. The conducted research will help to obtain a more 

accurate and quantitative experimental data to overcome the current obstacles of the 3D cell 

culture.  

The thesis also covers the concept of a point-of-care disease diagnosis platform, focusing on 

mixing of sample fluids (Chapter 5). A novel laminating sheet and tape attachment methods 

were introduced to fabricate the LOC device. The method offers fast and low-cost fabrication 

of the LOC. The developed mixing platform offers reduced steps by a complete separation of 

the magnetic source from the fabricated LOC devices. The conducted research was tested for 

non-biological particle mixing such as fluorescent particles dispersed in a ferrofluid solutions. 
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The platform and the LOC device were carefully designed and fabricated to achieve rapid 

mixing. Negative magnetophoresis was selected over positive magnetophoresis due to the 

label-free manipulation of particles and fluids. The thesis also reported the first work on mixing 

with the dynamic motion of magnets and negative magnetophoresis. The dynamic motion of 

the magnetic source offers more efficient biomolecular interaction that is the prerequisite for 

clinical sample mixing. Numerical simulation was compared with experimental data that are in 

good agreement. Flow rate ratio, magnet strength, magnet pole alignment, the number of 

magnet array, and the device geometry were systematically optimised. The results are 

promising with mixing efficiency of almost 86% within a short time period. The conducted 

research can further be developed for applications such as in-vitro drug testing, binding the 

targeted sample with the magnetic beads, enzymatic assay, and cell lysis. 

Separation is another important step in the development of a point-of-care diagnostic device. 

Negative magnetophoresis was employed to separate fluorescent particles with a subtle size 

difference. First, the research gap such as the clogging issue of the nanoparticle in the 

microchannel under an external magnetic source was identified. A design was proposed to 

mitigate the problem by introducing parallel ferrofluid streams with predefined concentrations. 

The design offered reasonable separation with a subtle size variation and augments the 

longevity of the device with consistent results. Detailed numerical simulations were employed 

to optimise the magnetic pole arrays, the distance of the magnet from the microchannel, flow 

rate ratio and the concentration distribution of the ferrofluids. The effects of parallel streams 

for the improvement of separation were investigated for the two- and three-stream 

configurations. A maximum separation performance of 78%, and 75% was achieved for 3.2 

µm red and 4.8 µm green particles, respectively. The conducted research may further be 

improved by using a wide range of samples such as the separation of dead cells from the live 

cells, detection of the infected cells, isolation of circulating tumour cells, and identification of 

the pathogenic bacteria. 

POC device for the diagnosis of disease is the ultimate aim of the LOC concept. Chapter 7 

presents a  POC device based on magnetophoresis, where an improved sample mixing platform 

was proposed. Cascaded design was implemented to improve the molecular interaction of the 

sample. The mixing platform ensures binding of the magnetic beads (streptavidin coated 

dynabeads conjugated with biotinylated CD9 antibody) with cancer-specific exosomes. The 

magnetic field strength, inlet condition, and the flow rate of the system were optimised to 

enhance the mixing performance. Subsequent isolation of the conjugated sample (dynabeads-
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CD9-exosome) was investigated in the same LOC. Improvements are underway to validate the 

trapped sample by tagging the breast cancer-specific FITC-HER2 antibody for a range of 

concentrations. Variation of intensity with respect to the concentration changes in exosome and 

antibody will be characterised by a spectrometer. A comparison will also be considered for off-

chip sample mixing with our proposed methods. The device is expected to be efficient for 

mixing, trapping, and identification of biomarkers of early stage cancer.    

Microfluidics is a vast research area useful for the detection and prevention of diseases. The 

current research focuses on the fundamentals of fluid and particle manipulation. Implementing 

these fundamental concepts in  early detection, curing and prevention of diseases are still 

remain largely unexplored. This thesis provides a small contribution towards this research area. 
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Appendix: A 

A.1 Codes to control the DC motor with Arduino board 

// Adafruit Motor shield library 

// copyright Adafruit Industries LLC, 2009 

 

#include <AFMotor.h> 

AF_DCMotor motor3(3); 

AF_DCMotor motor4(4); 

 

void setup()  

{ 

  Serial.begin(9600);                   // set up Serial library at 9600 bps 

  Serial.println("Motor test!"); 

  // turn on motor 

  motor3.setSpeed(255);             // maximum set speed 

  motor4.setSpeed(255);             // maximum set speed 

   

  motor3.run(RELEASE);            // release the motor 

  motor4.run(RELEASE);            // release the motor 

  motor3.run(FORWARD);         //Motor moves on clockwise direction 

  motor4.run(FORWARD);         //Motor moves on clockwise direction 

 

  motor3.setSpeed(100);           //Motor start at 100 rpm 

  motor4.setSpeed(100);            //Motor start at 100 rpm 

  delay(500); 

} 

void loop()  

{ 

//  uint8_t i; 

//  Serial.print("tick"); 

//  motor3.run(FORWARD); 

//  motor4.run(FORWARD); 

  motor3.setSpeed(150);         //Motors changeable working rpm 

  motor4.setSpeed(150);         //Motors changeable working rpm 

} 
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A.2 Customised MATLAB program for the substraction of stationary particles. 

% Clear cache 

clear all; 

clc; 

close all; 

data_path= 'Image Path';               % add path. 

 

a = imread('Image_a.jpg');              %% Select the images 

a1 = imread('Image_a1.jpg');         %% Select the images 

a2= imread('Image_a2.jpg');          %% Select the images 

a3 = imread('Image_a3.jpg');         %% Select the images 

a4 = imread('Image_a4.jpg');         %% Select the images 

a5 = imread('Image_a5.jpg');         %% Select the images 

  

r1 = a-a1;                                        %% ref= image to subtract 

r2 = a-a2;                                        %% ref= image to subtract 

r3 = a-a3;                                        %% ref= image to subtract 

r4 = a-a4;                                        %% ref= image to subtract 

r5 = a-a5;                                        %% ref= image to subtract 

  

R= r1+r2+r3+r4+r5;                        %% Blend the image together  

imshow(R)                                      %% show the image 
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A.3 Customised MATLAB program for the fusion of images. 

% Clear cache 

clear all; 

clc; 

close all; 

data_path= 'Image Path';                                    % add the path 

 

a= imread ('Image_1.jpg');                                  %% Select the image 

b= imread (''Image_2.jpg');                                 %% Select the image 

c= imread (''Image_3.jpg');                                 %% Select the image 

d= imread (''Image_4.jpg');                                 %% Select the image 

 

r1= imfuse (a, b, 'blend','Scaling','joint');             %ref= fuse the image 

r2= imfuse (r1, c, 'blend','Scaling','joint');            %ref= fuse the image 

r3= imfuse (r2,d,'blend','Scaling','joint');              %ref= fuse the image 

  

imshow (r3);                                                        %% show the image 

R= ref-r3;                                                             %% substract the background noice 

imshow (R); 
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A.4 Customised MATLAB program for evaluaitng the mixing efficiency. 

% Evaluation of mixing image using probability density fuction (PDF) 

% Copyright Dr. N. T. Nguyen, Nanyang Technological University, 2005 

% Modified by Munaz Ahmed 

 

% Clear cache 

clear all; 

clc; 

close all; 

 

n = 16;                                                   %% no of images to evaluate. 

step=1;                                                   

%% generate step function between two definable levels. 

k=1; 

data_path= ''Image Path';                     %% add path. 

efficiency= zeros(1,n);                          %% create array of all zeros. 

 

%%%%%%%%%%%%%%%%%%%Body%%%%%%%%%%%%%%%%%%%% 

for i=1:step:n                                         %% for-loop over distributed range. 

k; 

A=imread(strcat(data_path,num2str(i),'.JPG'));    

%% imread= read image from graphics file. 

%% strcat= concatenate strings horizontally. 

%% num2str= Convert number to string. 

%% A = imread(file1, 'jpg'); 

%%A = rgb2gray (A);   %% convert the image from RGB to gray. 

  

cmax=max(max(A));  

%% First experiment without mixing as a reference of the bright side. 

%% consider the largest elements in array. 

cmin=min(min(A));    

%% Use this for the first experiment without mixing. 

%% consider the smallest elements in array. 

%% if the max and min values are taken from the actual image, the results are more 
%% reasonable. The peak is in the middle at 0.5. 
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%% cmax=232;          

%% These values used as reference for the subsequent data. 

%% cmin=125;   

%% These values used as reference for subsequent data. 

  

image_handle=figure; 

A=wiener2(A,[5 5]); 

%% noise-removal filtering, display grey scale image with improved contrast. 

imshow(A,[cmin cmax]);               %% display color-coded image. 

imagesc(A,[cmin cmax]);              %% Scale the data and display image object. 

  

%% Defining the evaluation surface by dragging a rectangle. 

title('Select a line and double-click for the end point'); 

%% Defining the evaluation path by clicking the start and end points. 

[x,y]=getline(image_handle);        %% Select polyline in the current axes of figure. 

x=round(x);                                   %% round to the nearest integer. 

y=round(y); 

c=improfile(A,x,y);                          

%% improfile=retrieves the intensity values of pixels along a line. 

c=c'; 

title('Drag to select a rectangle for probability evaluation'); 

rect=getrect(image_handle);        %% select a rectangle in the current axes. 

AA = imcrop(A,rect);                     %% creates an interactive Crop Image. 

cmax=max(max(AA));  

cmin=min(min(AA)); 

  

%%figure 

%%subplot(3,1,1); 

%%imagesc(AA,[cmin cmax]); 

%%text(10, 10,strcat('Color-Coded Region of Interest for PDF')); 

xlabel('x (pixels)');                        %% labels the x-axis with the string, str. 

ylabel('y (pixels)');                        %% labels the y-axis with the string, str. 
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%% Calculation of normalized concentration across the region of interest. 

Anorm=(double(AA)-double(cmin))/(double(cmax)-double(cmin)); 

%% returns the double-precision value for AA, cmin, cmax. 

N=double(cmax)-double(cmin); 

for i=1:N+1                                   %% i=the basic imaginary unit. 

    edges(i)=(i-1)/N;                      %% triangulation edges as a matrix of vertex. 

end 

imagesize=size(Anorm);             %% returns the size of triangulation connectivity list. 

for i=1:imagesize(1) 

    for j=1:imagesize(2) 

        if Anorm(i,j)<0 

            Anorm(i,j)=0; 

        end 

        if Anorm(i,j)>1 

            Anorm(i,j)=1; 

        end 

    end 

end 

 

%%%%%%%%%%%%%Calculation of mixing efficiency%%%%%%%%%%%%% 

 

Avector=reshape(Anorm',imagesize(1)*imagesize(2),1); 

%% B = reshape(A,[m n]) returns the m-by-n matrix of B whose elements are taken 
%% column-wise from A. 

standarddev=std(Avector);                     %% returns the standard deviation  

MixingEfficiency=(0.5-standarddev)/0.5; 

effciency (k) = MixingEfficiency;             % output efficiency array 

k= k+1; 

end 

  

  

  

 

 

 




