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Abstract 

Advances in microfluidic research have improved the quality of assays performed in 

micro-scale environments. Improvement of liquid handling techniques has enabled 

efficient reagent and drug use while minimising waste. The requirements for the 

applied techniques vary with applications and a custom integrated liquid handling 

solution was developed to accomplish some of these applications with minimal 

changes to the system. It is desirable to employ this technology to neuroscience 

research that requires a fluidic system that can test theories of reinforcement learning 

in neuronal cultures. An integrated system is therefore required to implement 

transport and manipulation of media and drugs loaded in a microfluidic device. 

One requirement for such an integrated system for liquid handling is a transport 

mechanism to deliver reagents and nutrients to cultures. A liquid flow control system 

is required to allow precise and timely control of flow rates through a microfluidic 

device. This can be extended to enable more sophisticated drug delivery approaches 

like gradient generation, spatial drug distribution and high temporal resolution of the 

drugs delivered. Another requirement for an integrated system is a liquid loading 

system that is capable of inserting specified drugs into the flow line. Such a loading 

system would allow any number of drugs to be loaded during an experimental 

process to the microfluidic device containing cells as part of an assay. The 

integration of these systems will allow researchers take advantage of the combined 

systems. Software development process should also be undertaken to improve the 

modularity of the integrated system so that hardware changes have marginal effects 

on the system operation. 

The project scope was the development of these liquid handling systems as well as 

their integration in hardware and software to enable their spatio-temporal drug 

delivery to neuronal cultures in microfluidic devices. The approach was to optimise 
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performance of custom liquid handling system which was developed to realise fast 

flow rate changes within 1 second interval. 

Macro- and micro-scale solutions have been investigated in order to realise effective 

off-chip liquid loading capabilities. Emphasis has been placed on ease of use, 

modularity, rapid prototyping and precision. A commercial autoloader was identified 

as a starting point for sequential drug delivery. This was characterised for suitability 

and the constraints with this setup was used to identify additional requirements for 

the development of a novel sequential liquid injection system. The design process of 

the novel liquid injection system was unable to realise a working system due to 

mechanical and operational challenges encountered. A modular on-chip liquid 

manipulation system has been investigated and proposed to realise the sequential 

injection requirements. Rapid prototyping techniques that can promote ubiquitous 

microfluidic applications have been identified and verified. 

An integrated liquid manipulation system has been developed using the commercial 

autosampler that enables sequential loading of agonists into the microfluidic device 

as well as reliable chemical signalling of the loaded drugs by switching flow rates of 

the inputs to the device. This system will be beneficial towards research of other cell 

types within other research fields requiring similar functionality. 
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1. Introduction and Literature Review 

1.1 Thesis Overview 

Precise control of fluid handling is a key requirement for many biomedical 

applications. A great many of these involve the controlled delivery and removal of 

substances such as agonists that interact with cultured cells to induce behaviour (like 

GABA or Carbachol), or to highlight their activity (example calcium imaging) and 

nature (example is protein specific staining). Precise volumes of media containing 

particular agonists can not only be delivered to the cultured cells, but can later be 

removed and sampled in order to assess what molecules the cells have excreted in 

response to their environment. Delivery of substances and subsequent sampling are 

respectively referred to in this work as 'upstream' and 'downstream' operations. 

Automating these processes in a manner that permits the same software and 

equipment to perform many different types of fluid handling interaction with precision 

would be of considerable value to biological researchers. 

Upstream loading operations will allow delivery of different agonists to the cell 

cultures to perform chemical stimulation or inhibition of cellular activity These loading 

operations will also enable protocols such as calcium imaging to be performed in 

addition to immunocytochemical assays and live-dead staining of cells. The 

automation process will reduce variability and increase repeatability of the 

procedures. 

Downstream automated fluid sampling could enable mass spectrometry analysis to 

be performed to identify consumed or secreted molecules. Another potential example 

of downstream analysis is characterisation of the transcriptome. This can be 

performed by isolating, amplifying and identifying RNA molecules from the sampled 

fluid. This procedure can give information on levels of genes expression within the 

cell culture. 



2 
 

Such experiments can be of long duration and wasteful of reagents if performed 

using standard cell culture equipment, and also may have unintended discrepancies 

due to slight variation in manual preparation by the experimenter. This is particularly 

true of open bath applications where the delivery is reliant upon diffusion of the 

applied agonist and where the initial volume of buffer may be fractionally different for 

each culture. 

Thus a system capable of ensuring that a repeatable volume of agonist is delivered 

into a cell culture region of known, fixed volume on a repeatable timescale is 

extremely valuable. Such a system that delivers minimal volumes and requires 

minimal supervision from the experimenter will allow many more experiments to be 

completed in less time and using fewer resources. 

The adoption of microfluidic approached in biomedical research has contributed to 

advances in the repeatability and quality of long term assays. The confinement of 

biological cells to microscale environment allows efficient reagent utilisation due to 

the reduced volumes required. 

Microfluidic technology can also allow long term observation of cultured cells in the 

device by providing constant perfusion of media, drugs and reagents to the cells 

without interrupting the flow or disrupting the cultures. It is difficult to achieve precise 

agonist-exposure manually without introducing air bubbles into the device or 

disrupting the flow, thus, the need for an automated fluid handling system.  

Of particular interest to the Neurophotonics Laboratory (NPL) at the University of 

Nottingham, is both up- and down-stream precision fluid handling for cultured 

neuronal networks. Deciphering how the brain encodes and stores information, and 

how networks of cells can dynamically alter the signal pathways between cells in 

response to external cues, is crucial to understanding behaviour and learning. Figure 
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1-1 shows the overview of the real-time system for long term conditioning, stimulation 

and monitoring of neuronal cultures.  

Neurons exchange neurotransmitters at synapses to communicate and when enough 

incoming synaptic signals arrive at one neuron an action potential is induced. The 

ability to dynamically stimulate, inhibit and modulate this information transfer is key to 

further understanding the how complex information is encoded in the signals in 

neuronal networks. 

 A liquid handling system is required therefore and must be integrated with other 

sensing and recording technologies. The fully integrated liquid handling system 

should allow perfusion of growth media to these cultures. This system will also need 

to allow sequential delivery of different agonists required during the study. This 

system will also be required to enable real-time dynamic control of chemical 

stimulation patterns and chemical gradient patterns to these cultures. 

 

Figure 1-1: Real time neuronal culture monitoring system with incorporated chemical stimulation 
The needs of the Neurophotonics laboratory for long term monitoring of neuronal cells requires a 
nutrient and drug delivery system capable of dynamic control of spatiotemporal drug deliver in a 
microfluidic device.. 
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1.2 Aims and Objectives 

The primary objective of this thesis is to implement a robust, scalable and modular 

and highly integrable automated fluid handling system (AFHS) for microfluidics 

application and to apply the AFHS to demonstrate upstream and downstream 

applications for cell cultures. This involves the development of a system capable of 

very precise spatiotemporal control of drug delivery, and in particular the application 

of this to cultured neurons, which due to the complex problem of in vitro neuronal 

culture, explained in detail later, are a particularly difficult cell type to work with in 

vitro. 

This research will integrate a liquid handling system with a microfluidic device that 

will enable long term upstream loading operations and downstream sampling 

operations from the cells. Nutrients from the media are consumed and signalling 

molecules are secreted by the cells in the microfluidic device. 

The research will achieve the aims by developing the liquid handling system, 

integrating the system and applying the system in exemplar applications that 

demonstrate both its functionality and precision. 

The development objectives are to assess and/or build a mechanism that is capable 

of inserting micro litre liquid samples into another flowing liquid; develop a feedback 

control system to regulate the flow of the transported liquid; design a computer 

control interface for user manipulation of flow rates and sampling operations; 

evaluate the accuracy and precision of the sampling and volume delivery 

functionalities. 

Integration of the system will combine this flow control system, injection and sampling 

with a microfluidic system; quantify fluid dynamic properties and the characterise the 

effects of the flow on the effective drug concentrations at the device; assess stability 
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of the system and flow disruption due to system operation; optimise flow control 

system to meet requirements of the temporal and spatial drug delivery. 

The larger scope for the application of a robust liquid handling solution in 

neuroscience to enable researchers carry out experiments that could provide 

information on information coding in the brain is justified. The use of microfluidics 

technology in life science research to facilitate this type of research will be discussed 

in more detail and will be comprised of the development of devices and fabrication 

techniques. This will then be succeeded by discussion on fluid dynamics in in 

microscale. Liquid handling systems for microfluidic applications will be treated with 

emphasis given to macro-scale systems. Example applications that could be 

performed with such systems are also presented. More information is provided on the 

technological requirement for effective integration of developed liquid handling 

components in hardware and software. 

 

1.3 Microfluidics for Life Science Research 

The ability to deliver agonist volumes to micro cultures on effective timescale 

requires an accurate and precise automated system that allows the experimenter to 

transport growth media to these cultures and replace these media with drugs and 

reagents when required in the experimental protocols. Advancements in liquid 

handling technology has improved research in life science and pharmaceutical 

research (Hung, Lee et al. 2005). High throughput assays can be performed using 

multiplexed devices like array bioreactors and microtiter plates. The limitations of 

these systems include high system cost and difficulty integrating with other laboratory 

functions such as long term culture maintenance, custom sensors, real-time 

observation and analysis (Ho and Tai 1998, Stone and Kim 2001, Squires and Quake 

2005). An example is the long term neuronal culture maintenance, stimulation and 
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recording electrodes for neuronal culture monitoring. This has sparked research into 

improved liquid transport and manipulation for research involving in vitro cell analysis 

using microfluidic technology (Quake 2007). 

Microfluidics is a well-established field (Whitesides 2006) combining engineering, 

nanotechnology, biotechnology, fluid dynamics, chemistry to develop practical 

systems and applications for manipulation of fluids in low volumes, typically in 

micrometre scale devices (Tabeling 2005, Nguyen and Wereley 2006, Volpatti and 

Yetisen 2014). The application of microfluidics approaches extend to fields such as 

chemical engineering where chemical assays can be performed in small scale; 

development of microelectromechanical systems (MEMS) for development of 

miniature sensors, actuators and micro structures. The biomedical field has also 

benefited from microfluidic technology where reducing macro-scale cultures to 

microscale environments for improved liquid handling and efficient reagent utilisation 

and reduced waste.  

Advances in the field spanning twenty years has resulted in varied applications such 

as suitable environment for growing and maintaining cell cultures. It has also 

provided new technologies that enable researchers perform automated bioassays 

efficiently on these maintained cultures (Teh, Lin et al. 2008, Ng, Uddayasankar et al. 

2010). This is typically realised through the application of fluid control components 

with macro and micro-sized liquid manipulation components; liquid sampling 

techniques (Whitesides 2006, Xiao, Niu et al. 2012) and complex microfluidic chips. 

This incorporation of fluid handling and analysis capabilities for microfluidic chambers 

is commonly termed ñlab-on-a-chipò or ñminiaturised total analysis system - µ-TASò. 

The attractive advantage is the ability to replace bulky laboratory equipment with 

easily disposable lab-on-a-chip systems in biomedial and pharmaceutical research 

(Timoney and Felder 1999, Neuģi, Giselbrecht et al. 2012). 
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One advantage of these microfluidic systems is the ability to implement perfusion of 

media and drugs to cells in the devices (Leclerc, Sakai et al. 2003, Hung, Lee et al. 

2005). It has been established that transport of media and growth factors into the 

microfluidic devices is required to maintain the housed cells just as is required in 

petri-dish cultures where regular media change is performed. A study was performed 

to assess mammalian cell activity in microfluidic devices maintained two sets of 

microfluidic devices, both with liver cells, but only changed the media to one set. It 

was found that cells without media change died ñrapidlyò (Leclerc, Sakai et al. 2003). 

Another study using HeLa cells claims that the cells in the device without perfusion 

died and detached from the device substrate after 4 DIV (Hung, Lee et al. 2005). The 

study also showed that flow orientation affected cell growth. Typical flow rates 

recommended for perfusion in microfluidic devices cannot be compared directly as 

due to varied device geometry. Wildly different flow rates have been quoted such as  

HeLa cells with 120nl/min (Hung, Lee et al. 2005) and 5000-20000nl/min were 

suggested for hepatocarcinoma cells (Leclerc, Sakai et al. 2003). The flow rate may 

be given as a function of induced wall shear stresses on the cells and the channel 

dimensions where these values are given (Wang, Jedlicka et al. 2014). A detailed 

formulation for velocity in a microfluidic channel which accounts from interfacial 

stresses has been derived (Barbati, Fang et al. 2013). Lower flow rates have also 

been reported as linear velocities over the cells in the channel such as 49 µm/s 

(2.45pL/s) in a device with unspecified dimensions (Kumamoto, Kitahata et al. 2015). 

This device, however, bears striking resemblance to a commercial chip (SND 450, 

Xona Microfluidics). Another study recorded 1.6 ï 14 µm.s-1 flow rates in a channel 

with width x height (0.033 x 0.046) which equals to volume flow rates of  0.0024 ï 21 

nL.s-1 (Millet, Stewart et al. 2007). 

These wide gaps in recommended flow rates may also be dependent on the cell 

type. Cells that require regular media change in static cultures should be maintained 
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at higher volume flow rates during perfusion in contrast to cultures requiring less 

nutrient change (Kim, Toh et al. 2007).  

Applications of microfluidic devices include cell separation for single cells analysis 

(Wang, Yang et al. 2000, Kuczenski, Chang et al. 2011), high throughput analysis 

and mass spectrometry (Kamholz and Yager 2001). These devices are useful for 

drug discovery in pharmaceutical and biomedical research (Stone and Kim 2001). Its 

increasing use in research communities stems from the ability to construct these 

devices within laboratory environments (Whitesides 2006). 

A microfluidic device confines the area for cell presence to few mm2 (Balagaddé, You 

et al. 2005, Quake 2007)  Considering the typical sizes of cells (10-20um diameter) 

the area required for hundreds of cells to grow is no more than 4 mm2. Due to the 

small reaction space in microfluidic devices, there is a reduction in the volumes 

required for bio-analysis and reactions occur faster. This further reduces waste of 

costly reagents used (Beebe, Mensing et al. 2002). Another advantage of this micro 

devices is the preferred laminar flow of culture medium to the cells (Soe, Nahavandi 

et al. 2012). 

A disadvantage to microfluidics is the need to re-evaluate volume densities, perfusion 

media consumption rate, development rate for cell lines where this data is 

unavailable (Halldorsson, Lucumi et al. 2015). Most of the other disadvantages 

revolve around the use of polydimethylsiloxane (PDMS) for fabrication. This material 

as will be discussed is preferred for its optical, non-toxic properties but its 

disadvantage lies in its potential for non-bio-compatibility, molecular absorption 

formation of artifacts due to interactions occurring in cultures as well as formulation 

used during device fabrication (Wang, Douville et al. 2012). Surface treatment is 

often required to mitigate these unwanted challenges to bio-compatibility and 

molecular absorption. Its gas permeability is also a challenge to its use as CO2 and 

O2 levels in the cell environment must be checked to ensure they are appropriate 
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levels. PDMS is known to swell when exposed to typical solvents and this effect is 

more pronounced with high-solubility solvents like Benzene and Pentane (Lee, Park 

et al. 2003). These disadvantages, though localized to PDMS, further affects the 

increased use of microfluidics in biological applications (Halldorsson, Lucumi et al. 

2015). 

Despite the advantages from using microfluidic technology, there is still a small scale 

adoption in laboratories that do not specialise in microfluidic technology. A typical 

study showed that only 9% of publications using microfluidic technology in 2011 were 

products of biomedical research (Sackmann, Fulton et al. 2014). Factors responsible 

for this low adoption include biocompatibility issues with the materials used; 

complexity of fabricating intricate microfluidic device designs and control equipment 

to realise advanced liquid handling in these devices (Araci and Brisk 2014, 

Sackmann, Fulton et al. 2014). Another factor is the lack of standardisation of custom 

solutions for interfacing and fluid handling (Becker 2010). Many researchers are 

aware that microfluidic technology only improves on well-established macro scale 

techniques and require a similar level of operational complexity to jump on the 

moving microfluidic wagon. A list of companies that provide established and custom 

microfluidic devices are presented in a study (Halldorsson, Lucumi et al. 2015). 

Development of microfluidics based systems for life science research requires 

understanding of the fluidic dynamics in microscale as well as the materials and 

fabrication techniques used to develop these micro-scale systems.  

 

1.4 Fluid Dynamics  

Fluids can be defined as materials that undergo deformation due to an applied shear 

stress (White 2008). The term typically describes liquids and gases. They can be 

either compressible or incompressible, referring to the relative volume change of the 
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fluid with an applied pressure. Incompressible fluids have a linear relationship 

between the applied stresses and the flow rates (Boon, Yip et al. 1988, Kundu, 

Cohen et al. 2012).  

The equation for incompressible flow are derived from a solution of Navier-Stokes 

equations given in Equation 1.1. The equation represents conservation of momentum 

and are solved with the continuity equation that represent the conservation of mass.  

If we define an arbitrary volume stationary within a fluid flow as illustrated in Figure 

1-2, we can say the mass flow into the volume less the mass flow out of volume is 

equal to the time rate of change of the mass within the volume shown in Equation 

1.2. Fluid flow depends on the fluid properties, the forces acting on the fluid and the 

flow channel properties (White 1991). 

 

Figure 1-2: Arbitrary volume within a fluid flow 

  

Equation 1.1 

Inertial forces = pressure forces + viscous forces + external forces applied to the fluid 

Where:  u  = fluid velocity 
  p  = fluid pressure 
  ɟ  = fluid density 
  µ  = dynamic viscosity 

  I   = Identity matrix 
  F  = external forces applied to the fluid  
 

 

Equation 1.2 
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The fluidic resistance is derived from the solution to the set of governing equations 

for fluid flow (Beebe, Mensing et al. 2002). These solutions are described in Equation 

1.3 for fluid flow and Equation 1.4 for fluidic resistance in fluidic channels. For flow in 

fluidic channels, the fluidic resistance is dependent on the cross-sectional area, 

viscosity µ; and the length of the channel which shows fluidic resistance for a circular 

tube with radius, r. The solution is different for rectangular channels with different 

aspect ratios. Low aspect ratios where the width is almost equal to the height (w å h) 

have the solution presented in Equation 1.5 and for rectangular channels (w << h or 

h << w) with high aspect ratio, the fluidic resistance is defined in Equation 1.6 (White 

1991, Kovacs 1998, Beebe, Mensing et al. 2002). This may have implications for 

microfluidic channel designs as well as tubing used in microfluidics. 

 

  

Equation 1.3 

  
Equation 1.4 

 

  

Equation 1.5 

  
Equation 1.6 

 

Where:  ȹP = pressure drop in the channel; 
  Q    = flow rate; 
  L     = channel length; 
  R    = Fluidic resistance in the channel; 
  µ     = fluid viscosity 

  r      = radius of the circular channel 
  Re = fluidic resistance in a circular pipe 
  Rlow.a.r = fluidic resistance in a low aspect ratio rectangular channel 



12 
 

  Rhigh.a.r = fluidic resistance in a high aspect ratio rectangular 

channel 
  w = width of the channel 
  h = height of the channel 
 

Flow in a pipe or channel can also be characterised by the velocity and viscosity 

properties of the fluid. The Reynoldôs number is used to characterise the flow as 

turbulent or laminar flow. Turbulent flow regime exists above Reynoldôs number, 

higher than 2400 (Avila, Moxey et al. 2011), characterised by higher fluid velocities 

and larger channel geometries while laminar flow dictates the properties of the flow 

below the threshold.  

Laminar flow is illustrated in Equation 1.7 where there are no cross-currents, eddies 

or fluid swirls and all the particles move parallel to the channel walls (Douglas, 

Gasiorek et al. 1979, Douglas 2005, White 2008, Kundu, Cohen et al. 2012). The 

fluid flows in parallel streamlines (or layers) without lateral mixing. This is the 

characteristic flow in microfluidic devices (Lin, Yu et al. 2012). Laminar flow effects 

includes Poiseuille flow, Taylor Aris dispersion which affects the behaviour of loaded 

volumes in a microfluidic device. 

  

Equation 1.7 

  

Equation 1.8 

 
Where: Dh = diameter of the tube  
 v = mean fluid velocity (m/s); not to be confused with kinematic    

viscosity,  
 ɟ = density of the fluid (kg/m3) 
 µ = fluid dynamic viscosity (Pa.s) 

 A = cross sectional area 
 P = wetted perimeter of the cross section 
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Figure 1-3: Illustration of parallel streamlines of laminar flow within a channel. 
The streamlines shown do not interact with each other and stay parallel all through the pipe length. 

 

1.4.1 Poiseuille flow 

The linear profile of a volume in a pipe will be referred to as a plug for the throughout 

this thesis. Ideally, a flat interface exists at the boundaries of this plug that will be 

maintained when while the volume is under flow. The fluid velocity is assumed to be 

constant across the pipe cross-section. 

One characteristic effect of laminar flow includes Poiseuille flow named after Hagenï

Poiseuille, who showed that there is a non-uniform pressure drop across the cross 

section of a fluid flowing in a channel (White 2008). As the fluid progresses along a 

channel, the speed is faster at the centre of the tube cross section than at the walls. 

This results in the development of a parabolic flow profile of the fluid as it travels 

through the pipe. This is illustrated in Figure 1.4 (Douglas, Gasiorek et al. 1979). The 

equation for HagenïPoiseuille flow shown in Equation 1.9 can be used to show the 

developed parabolic velocity profile for a fluid that has travelled a distance through a 

pipe. 
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Figure 1-4: Velocity profile for laminar flow in cylindrical channel 
Fluid flow in a cylindrical pipe is shown with non-uniform velocity attributed to the non-uniform pressure 
drop across the pipeôs cross-section.  

 

  

Equation 1.9 

Where:   = fluid velocity 

    = pressure drop 

   = change in distance 

    = fluid viscosity  

   = tube radius 

   = radius of interest 

 

1.4.2 Taylor-Aris Dispersion 

Diffusion is a random motion of molecules in solution which results in movement of 

solute particles from a region of high concentration to low concentration (Bruus 

2007). The parabolic flow profile combined with diffusion causes the solute in a 

section of fluid with different composition concentration to spread along the channel 

(Taylor 1953). This effect is illustrated in Figure 1-5 where a solution of specific 

concentration Cs is injected into a flow channel with zero concentration of the solute 

like water. As the plug of liquid travels down the channel, it is affected by non-uniform 

pressure which causes the parabolic profile. The concentrated sections then mix with 

the sections where there is no solute to form a uniform concentration at the cross-

section. The effect of these combined phenomena is the broadening of the drug plug 

with reduced concentration at the boundary of the plug. A thorough derivation of the 

diffusion equations due to Taylor dispersion results in an effective diffusion coefficient 

Deff (Aris 1956). Taylor Aris dispersion equation that shows the time taken to broaden 

the width of a sample by length (w) is given in Equation 1.10. 
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Figure 1-5: Change in concentration profile of a solution flowing inside water 
The plug is inserted with a flat concentration profile. The mean concentration Cm across the length of 
the plug is constant and gradually a parabolic profile emerges due to Poiseuille flow. Convection and 
diffusion produce Taylor dispersion that affects the concentration of the plug of fluid. A Gaussian 
concentration profile is formed as a result. 

 

  

Equation 1.10 

The ultimate implication of Taylor dispersion is a reduction in concentration of drugs 

and reagents delivered to microfluidic devices with cell cultures. 

Other forces that become more dominant at the microscale are surface tension and 

capillary forces. Surface tension is the reduction of a fluidôs free energy by 

contracting to achieve the smallest possible surface area. It is caused by the higher 

cohesion between liquid molecules than adhesion between liquid and air molecules. 

This causes the surface to act as a single elastic membrane and is responsible for 

capillary effects, which increase with reduced channel dimensions. The capillary 

effects describe how fluid flows through a small orifice in a narrow tube or porous 

membrane. These forces are more dominant at the microscale, causing fluids to flow 

in opposition to gravity, and are the basis for applications such as capillary 

electrophoresis. They are, however, limiting factors for passive flow control and 

gravity driven flow systems within microfluidic devices. 
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1.4.3 COMSOL Simulation 

The effects of fluid manipulation at microscale like Laminar flow, HagenïPoiseuille 

flow and Taylor dispersion all contribute to the delivered agonist profiles. These 

effects can be observed experimentally and have been defined theoretically with 

characteristic equations that can be used to model the fluid behaviour. Solving each 

of these equations for a variety of applications can be performed using 

Computational fluid dynamics (CFD) software like COMSOL to visualise the effects of 

these systems (Andersson, Andersson et al. 2011). COMSOL as a CFD software 

breaks the fluid dynamics problem into a mesh of small discrete finite element sizes. 

The fluid dynamics equations that relate diffusion and flow are applied to the 

elements to produce results for the elements which are then recombined to obtain a 

solution for the large system. COMSOL simulations allowed quick examination of 

flow effects in different geometries without requiring the physical device. Mesh 

settings may need to be optimized to obtain more accurate results if the margin of 

error with course mesh sizes is too large. 

While these effects are mostly detrimental to the applications requiring deterministic 

chemical signalling patterns, it is also possible to exploit these defects for some 

signalling applications. An example is a an gradient interface formed when two 

concentration volumes are flowed in parallel (Lin, Yu et al. 2012).  

 

1.5 Materials for Microfluidics 

Microfluidic devices for cell cultures are made from materials with good optical, 

electrical, mechanical, chemical and thermal properties. These materials include 

glass, silica, elastomers, and thermoplastics. (Ren, Zhou et al. 2013)(Waldbaur, 

Rapp et al. 2011). It is useful to briefly overview the advantages and disadvantages 
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of these materials in microfluidics while looking at examples cases where they have 

been adopted for use. 

 

1.5.1 Glass and other inorganic materials 

The optical transparency, chemical inertness and electrical insulation of glass have 

made it common place in microfluidics development. One wide spread application is 

its use as substrate layers for the microfluidic devices. Other applications of glass in 

microfluidics requiring channel fabrication typically involves chemical etching which 

may be a costly and dangerous process using chemicals such as HF. Further limits 

to use of glass are the requirement for clean room facilities for high temperature and 

high pressure bonding of glass devices. Other materials used include silicon and 

quartz. Fabrication techniques include soft-lithography; additive methods like 

deposition of chemical vapour and thermal oxidation; and subtractive methods like 

wet and dry etching (Nguyen and Wereley 2006, Guckenberger, de Groot et al. 

2015). Fabrication methods for use with glass and silicon materials are mostly 

expensive and require specialised tools and technical expertise (Sackmann, Fulton et 

al. 2014). Fabrication methods for use with glass and silicon materials are mostly 

expensive and require specialised tools and technical expertise (Sackmann, Fulton et 

al. 2014). This prompted development of devices using materials that maintain the 

advantages gained with glass but is easy to fabricate.   

 

1.5.2 Elastomers 

Elastomers are materials with cross-linked polymer chains and are able to 

temporarily deform during the application of an external force. Poly(dimethylsiloxane) 

(PDMS) is the most pervasive elastomer in microfluidics (McDonald and Whitesides 

2002). It is cheap and easy to fabricate in comparison with glass fabrication. Liquid 
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PDMS can be cast over molds with features and allowed to thermally cure at 

temperatures above or equal to room temperatures. Curing occurs at shorter 

durations with higher temperatures. PDMS can be temporarily or permanently 

bonded with itself or other materials like glass for reversible or irreversible sealing.  

Contact bonding allows the PDMS to seal when conformal contact is made with 

another material for a reversible seal. The PDMS surface can be oxidized using 

plasma treatment for irreversible bonding with glass or other substrates. PDMS also 

has the added advantage of being elastic, which has prompted research into its use 

in the fabrication of microvalves discussed subsequently in the on-chip development 

section. 

Soft lithography is the preferred quick, inexpensive fabrication technique where a 

two-part polymer called polydimethylsiloxane (PDMS) is cured over a reusable mold. 

The mold may consist of microstructures that are imprinted on the hardened polymer 

to form the fluidic channels and features in the device (Iliescu, Taylor et al. 2012). 

The disadvantages of PDMS are widely reported (refs) as gas permeable and 

incompatible with organic solvents. Small molecule absorption into PDMS channel 

walls has also been reported with few results in the attempts at mitigating this 

absorption.  

 

1.5.3 Thermoplastics 

Thermoplastics like Teflons are very inert to chemicals and solvents. They are also 

optically transparent and have elastic properties that allow the fabrication of 

microvalves from them (Grover, von Muhlen et al. 2008). Others like PMMA, 

Polycarbonate (PC), Polyethylene terephthalate (PET) are more compatible with 

solvents than PDMS but are not able to withstand most organic solvents like ketones.  
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Thermoplastics are generally not gas permeable which may be an advantage where 

gas losses are undesirable. They are excellent for commercial production of cell 

microchips but not very useful for rapid prototyping techniques discussed 

subsequently. They are also more suited for use as substrates in place of glass for 

composite microfluidic devices. They are easier to bond using thermal bonding than 

glass and do not require as high a temperature or pressure and can be done without 

the need for a clean room facility. 

Fabrication methods for plastics also includes micromilling(Guckenberger, de Groot 

et al. 2015), injection molding (Attia, Marson et al. 2009, Tanzi, Matteucci et al. 

2013), hot embossing(Becker and Heim 2000, Abgrall, Low et al. 2007), and 

stereolithography (Au, Lee et al. 2014) (Waldbaur, Rapp et al. 2011). Injection 

molding involves casting a molten form of the material into a mold cavity that has a 

template of the microfluidic features. The molten material conforms to the template 

features and is cooled down to harden it. Hot embossing also requires a template but 

the template is pressed against the plastic at high temperature to transfer the 

features onto the plastic. Stereolithography is a 3D printing process to develop the 

microfluidic features one layer at a time.  

1.5.4 Material Selection and Fabrication for Microfluidics 

Material choice for microfluidic devices is typically influenced by the properties 

expected for the desired device. Properties such as chemical inertness, optical 

transparency and biochemical compatibility play a huge role in the material selection 

process but it is ultimately a choice of what offers the best balance. Other properties 

like implementation and ease of reproduction affect the fabrication process adopted. 

PDMS, for example, offers a good balance between its advantages and 

disadvantages. Its fabrication technique, referred to as soft-lithography is a far easier 

process to replicate than glass or thermoplastics. The interconnection of PDMS 

devices to the outside lab is also a factor to be considered in the development 
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process. PDMS elastic and hydrophobic properties make it more desirable to glass 

when considering connections as it is easy to press-fit tube connections into PDMS 

that maintain a liquid sealing (Beebe, Mensing et al. 2002). 

The type of microfluidic device developed is dependent on the functionality required 

of the chip (Kim, Toh et al. 2007). A simple chip design allows scientist to culture 

cells on the chip while liquid control is maintained by external systems. More 

advanced chips can be developed that incorporate liquid handling functionality and 

analytical sensing. These options classify microfluidic systems into Chip in a Lab and 

Lab-on-a-chip respectively and affect the ease of chip replication and the wide 

spread adoption of the developed solutions. 

 

1.5.5 Lab-on-a-Chip vs Chip-in-a-Lab 

Microfluidic design has taken several approaches which vary in complexity and ease 

of fabrication. Simple microfluidic designs consist of cell cultures and fluidic paths 

that allow fluid interaction, and all liquid manipulation is performed by external pumps 

and loaders that interface with the device. This simple chip-in-a-lab design simplifies 

fabrication methods used since there are fewer constraints on the type of material or 

the bond strength of the fabricated device. 

The device is only required to be leak free while flowing under considerably low flow 

rates (0 ï 100 nL.s-1) which is within the low end of typical values for cell cultures in 

microfluidic devices and represents three orders of magnitude log10 (flow rate) which 

will be a starting point to develop liquid handling solutions.  Standard protocols can 

be developed for liquid handling since the control system is developed off-chip and 

does not change operation when used with other chips. 

Another generation of designs implements liquid handling systems and/or analytical 

detection systems on-chip together with the micro-culture environment (Ghallab and 
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Badawy 2004, Bodén, Lehto et al. 2008). The integrated liquid handling system 

poses more constraints on the fabrication process since the device must be able to 

withstand high pressures required for fluid actuation without leaking (1 ï 4 Bar air 

pressure) (Huang and Lee 2007, Quake 2007, Rohde, Zeng et al. 2007, Cole, Desai 

et al. 2011, Fordyce, Diaz-Botia et al. 2012). Miniaturised total analysis systems (µ-

TAS) requires advanced sensor integration and compatible fabrication techniques 

which adds constraints to the development of these systems.  

This ability to integrate one or more laboratory tools in a single chip for automation is 

termed ñlab-on-a chipò. The advantages includes system compactness; ability to 

perform highly parallelised functions and high-throughput analysis; increased process 

control due to faster system response; shorter diffusion distances leading to faster 

response times and analysis; and low fluid volume consumption since all the required 

volumes are contained on the chip. One disadvantage is the novelty of the 

technology and need for new research to establish standard operational protocols for 

cell lines which could be reproduced. Another disadvantage is the complex 

fabrication techniques required which pose challenges for laboratories that do not 

specialise in microfluidic technology. While these devices perform liquid handling on-

chip, they also require off-chip manipulation equipment like pressure control systems 

and advanced logic operations to implement interesting fluidic control (Grover, 

Ivester et al. 2006, Jensen, Grover et al. 2007, Devaraju and Unger 2012, Fordyce, 

Diaz-Botia et al. 2012) 

Selecting a simple cell culture microfluidic device is key to developing simple tools 

and applications that could improve on the work in neuroscience as it will use simple 

fabrication techniques that may be easily adopted and apply macro-scale systems 

that can be developed with greater ease than microstructures found in microfluidic 

devices. Practical considerations such as bubble formation (Garstecki, Ganan-Calvo 

et al. 2005, Sung and Shuler 2009), shear stress (Chung, Flanagan et al. 2005) and 
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fluid dynamics must be accounted for in selecting an ideal microfluidic device as well 

as flow control methods (Kim, Toh et al. 2007). The fluid dynamics in the microscale 

is dominated by laminar flow characteristics and the effects of these forces on flow in 

this scale are described to give an understanding of the major issues with microfluidic 

liquid handling. 

 

1.5.6 Fast prototyping Multi-Layered Devices 

There is a disparity between the rates of emerging microfluidic system development 

techniques and the adoption of microfluidic systems life science or biomedical 

research especially when those research environments are not core-microfluidic 

laboratories (Langelier, Livak-Dahl et al. 2011, Scott, Au et al. 2013, Sackmann, 

Fulton et al. 2014). This could be due to a gap between the microfluidic technology 

production and end users in the field or aggressive patenting of microfluidic devices 

which limits industrial contribution and development (Bange, Halsall et al. 2005, 

Yetisen and Volpatti 2014). A significant investment is required for entry into 

microfluidics research and in-house device fabrication is the go-to option for research 

groups venturing into microfluidics. In-house multi-layered microfluidic device 

fabrication typically includes any of the following: 

¶ SU-8 master molds for the feature transfer to PDMS; 

¶ Milling, etching and laser ablation  of polymeric substrates and glass;  

¶ Hot embossing and injection molding; 

 

as  these techniques guarantee precision of the features (Thompson, Ouyang et al. 

2015). High resolution mold fabrication methods are preferred in literature since 

several features can be developed on the small surface area. However, the 

significant investments and technical expertise required to undertake this in-house 

system development presents another obstacle to the widespread adoption of 

microfluidic technologies (Iliescu, Taylor et al. 2012). Technical expertise, from 
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training, practice and experience is required to manage the complicated work 

stations during the fabrication process. Suitable equipment as well as clean-room 

facilities are required further pushing the development option out of the reach of new 

entrants into microfluidics. A further disadvantage of these standard mold fabrication 

techniques is the long turn-around time per device which is more disadvantageous 

when the mold requires corrections. The same is true if the mold development 

process is outsourced to companies such as MIT foundry. 

The development process encountered some of these challenges faced by standard 

laboratories when investigating microfluidic technology for liquid handling. As such 

the development process pursued rapid prototyping techniques that could potentially 

deliver on the liquid handling requirements with minimal strain on available 

resources. 

An early adoption of rapid prototyping techniques used a flexible plastic in place of 

PDMS as the actuating membrane for the valve (Yuen, Kricka et al. 2000). The 

devices were fabricated with doormat style valves but the system was limited by the 

high pressure liquid flow required to actuate the plastic membrane for liquid flow (1 ï 

7 bar).  

More recently, the rapid-prototyping train has taken off showing rapid prototyping 

techniques as a method for developing single layered devices with the typical 

example of a craft-cutter in a method called Xurography (Bartholomeusz, Boutté et 

al. 2005). Multilayered devces have also been developed using the rapid-prototyping 

techniques but the reference to rapid-prototyping has also been made in situations 

where the methods used have been anything but. Methods like glass- etching, 

embossing, laser ablation or 3D-printing have been documented as rapid-prototyping 

methods. It goes to say that any method of device fabrication that excludes SU-8 

mold replication has been termed rapid-prototyping. 
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This research redefines rapid-prototyping techniques by excluding methods that do 

not allow quick turn-around time on feature development for multi-layered devices. It 

also restricts the development to methods that use Xurography. 

High-resolution craft cutters have been used to develop features for on-chip valves 

and applied for on-chip liquid handling solutions. Studies showed lack of 

development in the fabrication of on-chip liquid manipulation components using low 

resolution features (~500 µm feature and above) such as is obtainable with low-

resolution craft-cutters. It may be that the low resolution of the features from simple 

craft-cutters make it difficult to realise these components but there has been no 

evidence to support or contrast this claim. The typical fabrication techniques have 

been based on the scaling advantages gained when using small features to develop 

on-chip liquid manipulation components (Cosson, Aeberli et al. 2015).  

It was therefore, more beneficial to attempt the development of simple modular on-

chip components using a simple craft-cutter to demonstrate the possibilities for 

realising an integrated liquid handling system. Another objective for pursuing low cost 

fabrication techniques is the added potential for wider appreciation and adoption in 

biomedical research. PDMS was selected as preferred material for the research due 

to its widespread adoption for its optical, inert, plumbing and soft lithography 

properties. 

The use of Tape has increased the speed at which microfluidic devices can be 

fabricated as the tape provides adhesion and can be cut into the features for the 

different layers. However, simple tape adhesion has been found to be an unsuitable 

bonding technique for multi-layered devices fabricated in PDMS material due to the 

weak bonds formed between PDMS and the tape layer with the onset of Taylor 

fingers in the tape layer at high pressures (Thompson and Abate 2013). Variation to 

simple tape adhesion using clamps as well as chemical adhesion of mutil-layered 

devices were investigated for developing multi-layered devices using xurography and 
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soft-lithography techniques. A PDMS-to-PDMS bond is also investigated as they are 

able to provide very strong bonds while the challenge of the moulds is solved using a 

tape/plastic combination. 

 

1.5.6.1 PMMA-assisted Tape Adhesion (Additional clamping 

pressure) 

Tape bonded devices have been used in a wide variety of applications with limited 

flow pressures. The advantage of tape bonds is the availability of materials to 

produce the features. A craft cutter is often used to excise geometries from a piece of 

double-sided silicone tape that is then brought in contact with two layers on either 

side to form a complete device (Bartholomeusz, Boutté et al. 2005). Multiple layers 

can be made by repeating the steps. Silicone tape has been seen to perform better 

at sticking to PDMS than other types. It is also well known that PDMS adheres poorly 

to tape due to its low surface energy and hydrophobicity (Kim, Surapaneni et al. 

2009) which affects its application in multi-layered Lab-on-a-chip devices. Some on-

chip valves have been shown to require high actuation pressures (P = 2bar) which is 

beyond the bond strength of tape to PDMS adhesion. Figure 1-6 shows the onset 

and progression of Saffman-Taylor fingers in tape-bonded devices under low 

pressures (P = 1 bar) obtained in the lab during a trial run. This is due to weak 

adhesion of PDMS to the tape. 
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Figure 1-6: Saffman-Taylor Fingers progressing in a tape bonded microfluidic device without clamps 
Before pressurisation, the tape layer is intact (left image) but parts of the layer start to form the fingers 
during pressurisation (right image)  

 

PDMS offers a quick and effective solution to meet the thin membrane requirement 

and facilitates external tubing connections for fluid flow which makes it a better 

material for fabrication. A solution to this weak bond between tape and PDMS can be 

solved by adding a spring or screw clamp mechanism to the device (Lamberti, Sacco 

et al. 2011, Temiz, Lovchik et al. 2015). This can improve chip longevity in high 

pressure applications and has been demonstrated in non-tape bonded devices where 

the leakage pressure increased to 0.6 bar when a clamp was used (Chen, Li et al. 

2013). 

1.5.6.2 Chemically Bonded Devices 

Chemical bonding techniques have been proposed as a reliable method for fast 

prototyping multi-layered microfluidic devices (Tsao and DeVoe 2008, Lee and 

Chung 2009). These methods were developed in response to the need for bonding 

techniques that take advantage of the quick turnaround brought about by xurography. 

Typically, patterns are excised in plastics to act as actuation or liquid layers which 

are then chemically bonded to PDMS 
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A technique based on covalent chemical bonding between PDMS and thermoplastics 

has been demonstrated  (Tang and Lee 2010). This used APTMS and GPTES for the 

additional functionalization of PDMS and plastic surfaces respectively that had 

undergone oxygen plasma treatment. The procedure requires initial oxygen plasma 

treatment of the PDMS and plastic at 50-60W for one minute. The treated surfaces 

are immersed in 1% (v/v) aqueous solutions of the APTES and GPTES for 20 

minutes. There are then thoroughly washed and dried. The surfaces are then brought 

together and kept in contact for 1 hour. A leak test was performed to determine the 

bond strength and a pressure test was also performed. It was seen that the bonds 

were maintained for an average pressure of 5.10 Bar for PMMA; 5.79 Bar for PC; 

5.79 Bar for PET; and 6.07 Bar for U-PET. 

An alternative approach (Aran, Sasso et al. 2010) showed chemical bonding using 

one silane on a single surface. 5% aqueous solution of APTES was heated at 80 

degrees while the plastic was plasma activated. The plastic was then immersed in 

the APTES solution for 20 minutes and left to dry. The surface was brought in contact 

with plasma activated PDMS layer for 20 seconds. The bond is described as 

instantaneous for PCTE and PETE plastics. The bonded devices bond stayed intact 

at pressure of 2.2 Bar which was the limit of the pressure sensing equipment used. 

The attraction of this method is the ability to bond the functionalised plastic to glass in 

situations where the substrate is glass. 

A ñone-stepò chemical bonding procedure which does not require specialist skill or 

training was also proposed (Wu and Lee 2014) as a simpler procedure over the other 

methods. This is a single step modification process using an amine-PDMS linker to 

functionalise different plastic sheets for 20 minutes. The sheets are sonicated in IPA 

solvent for 1 minute to remove the excess amine-linker. They were then exposed to a 

corona discharge to activate the surfaces and the bond is formed when the surfaces 

are brought in contact to PDMS. This procedure was found to give approximate bond 
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strength of 4.28 Bar 3.6 Bar and 4.3 Bar for the polycarbonate, 

poly(ethyleneterephthalate) PET and PVC sheets used respectively. The use of the 

corona lamp significantly reduces the technical requirement for special Plasma 

generator systems as these lamps could be obtained for significantly less and do not 

require vacuum conditions or precise gas control. This method is most promising for 

replication since it requires far less steps and can be done with relatively less cost 

(Wu and Lee 2014). 

 

1.5.6.3 PDMS-PDMS Bonding 

Plasma generator or corona discharge lamp requirements for hydroxylation steps of 

the chemically bonded microfluidic devices limit the ease of fabrication for the 

method. The number of steps required for bonding the devices increases the risks of 

error due to bad bonds or misalignment. PDMS-to-PDMS bonding was reviewed as 

an alternative method for rapidly prototyping the devices. 

The use of uncured PDMS as a glue in the stamp-and-stick method (Satyanarayana, 

Karnik et al. 2005); and the contact of two partially cured PDMS pieces together for 

subsequent full thermal curing (Eddings and Gale 2006) have been presented as 

options for PDMS-to-PDMS bonding. 

The PDMS stamp-and-stick method is performed by spinning uncured PDMS to 

obtain a thin layer of PDMS which is then transferred to a PDMS layer that is brought 

in contact with it. The PDMS layer with the thin uncured PDMS film is then placed on 

another pre-cured PDMS piece and the assembly is left to cure under temperature. 

Typical spin speeds depend on target film thickness. In one application, for example, 

a 1.5 µm film was obtained by spinning at 8000 rpm for 8 minutes (Satyanarayana, 

Karnik et al. 2005). 
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The partial cure alternative is a method where the layers are brought in contact with 

each other after a partial cure process (70oC for 25 minutes). They layers are then 

cured for a longer duration (Fordyce, Diaz-Botia et al. 2012). 

This use of uncured PDMS glue has been reported to produce strong bonds with less 

variability in the bond strength with average burst pressure of 6.7 Bar with small 

difference of 1.4 Bar between the minimum and maximum burst pressure reported 

(Eddings, Johnson et al. 2008). This was significantly better than partial-cure bond 

method which showed higher variability (~ 3.2 Bar) between the operating range of 

the device. These high bond strength values reported make PDMS an ideal rapid 

prototyping technique in addition to the ease of assembly with no requirement for 

technical expertise.  

The limit to this technique is the mold fabrication process. The fabrication of SU-8 

molds for feature transfer was ruled out as it does not fit the rapid prototyping 

objectives of the development process. Laser cutting (Samuel, Thacker et al. 2014) 

and xurography (Pinto, Faustino et al. 2014, Martínez-López, Betancourt et al. 2017) 

has been used previously to develop features for microfluidic devices. Features are 

first cut out of the tape and backing layer combination. The backing layer is removed 

from the parts of the cut piece where the feature is expected. This will leave some 

parts with the backing tape still on it. The whole piece is transferred to a petri dish 

where the PDMS will be cast together with the parts with backing tape left on. This 

ensures that the cut patterns maintain their position in the layer. The part with the 

backing tape is removed from the petri dish and the layer features remain adhered to 

the petri-dish. 
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1.6 Liquid Handling for Microfluidic Systems 

Different materials for and prototyping techniques have been presented for the 

development of microfluidics systems. Liquid handling is required to accomplish flow 

of nutrients and chemical agonists to the microfluidic devices to maintain and perform 

assays on cultures within the devices. The different types of fluid handling 

mechanisms for biomedical microfluidic systems can be grouped into: 

¶ The flow control system that manages the transport of fluid to the devices; 

and  

¶ Volume injection system that enables an agonist volume plug or volume 

sequence to be injected into the device for drug-response and analytical 

assays. 

Further analysis on secretions from cultured cells may also be required. This can be 

achieved by sampling of the fluids downstream of the microfluidic device. The flow 

control, liquid injection and sampling subsystems can be developed as off-chip macro 

scale systems or on-chip micro-scale systems.   

 

1.6.1 Liquid Transport 

Transport of cell culture media, drugs, reagent and analytes are required in 

microfluidic devices for long term maintenance and analysis. Majority of flow control 

developed for microfluidics are pressure driven flow systems or electroosmotic flow 

systems (Author 2008). Others include gravity-driven flow, bubble-driven flow, and 

capillarity. The disadvantages to electroosmotic flow, such as unrepeatability, 

dependence on fluid properties, and electrochemical reactions; make it an unsuitable 

choice for precise, highly scalable liquid transport mechanism. Only pressure-driven 

flow systems and gravity driven flow will be considered as they can provide 

consistent flow characteristics that are independent of fluid properties.  
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On-chip and off-chip flow control are illustrated in Figure 1-7 and Figure 1-8. In both 

classifications, liquid is transported from a reservoir to the microfluidic device by 

actuation mechanisms. On-chip flow control has been mostly developed as an 

integrated lab-on-a-chip solution that requires advanced fabrication techniques 

(Jang, Hancock et al. 2011). The fabrication methods are difficult to realise in a non-

specialised microfluidic laboratories. The method of flow control illustrated in Figure 

1-8 requires pressurized liquid at the sample inputs while the on-chip valves allow 

flow on that path or restricts it. This simple on-off system requires off-chip hardware 

to pressurize the liquid. Liquid transport can also be realised by the generation of 

peristaltic pumping of on-chip valves arranged in a sequence (Melin and Quake 

2007). This method does not have any feedback system for accurate flow control and 

does not meet the requirements for the target liquid handling system. As such, the 

simple on-off system will be investigated further for on-chip liquid manipulation. 

 

Figure 1-7: Simple Microfluidic Device with off-chip liquid handling 
The use of a simple microfluidic device with off-chip liquid handling maintains the architecture regardless 
of the changes made to the chip design. The system objectives to the microfluidic chip always remains 
the same ï to transport samples to the chip. All liquid manipulation is done by systems capable of 
performing required tasks. 
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Figure 1-8: Integrated Microfluidic Chip with On-Chip Valves Performing Liquid Handling 
On-chip valves perform Liquid handling requirements on the chip. This method reduces the space 
required to keep macro-sized liquid handling systems but requires extensive fabrication methods. 

 

Off-chip liquid actuation solutions that can be used to realise liquid transport in 

microdevices induce pressure-driven flow. These solutions include gravity-driven 

arrangements, syringe drivers, peristaltic pumps, and pneumatic pumps. Valves can 

be used as assistive flow control technology with any of these mentioned techniques 

to allow flow or halt flow in a liquid channel. These solutions may be applied to 

achieve i) positive flow actuation where flow direction is away from the actuating 

device; or ii) negative flow actuation where the fluid is transported towards the control 

system.  

Manually controllable flow control techniques are not considered since they obviate 

critical automation requirements. 

 

1.6.1.1 Gravity-Driven flow 

Gravity flow can be induced when there is a difference in hydraulic head ȹh (m) in 

reservoirs causing liquid to move in the direction of lower height. The advantage of 
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gravity-driven flow is the flow rate consistency that can be achieved if the height 

difference is maintained. Real time flow control is achievable by mechanical 

equipment setup to actively alter the hydraulic head by altering the height of the 

reservoir (Kenis, Ismagilov et al. 1999, Takayama, Ostuni et al. 2001). Alternatively,  

the fluidic resistance can be changed by pinching the tube for flow control but this is 

best suited to small liquid reservoirs and requires manual pressure modifications 

(Kim, Kuczenski et al. 2009). A mechanical system was developed to dynamically 

change the fluidic resistance and fluidic capacitance  in the microfluidic network(Kim, 

Kuczenski et al. 2009). The achieved flow rates were not stated but the device was 

able to perform an interface shift operation in 0.2s in a 500µm wide channel. This 

method of pumping is more suited to long term perfusion of media to cells since they 

are less noisy and these applications do not require dynamic flow rate control 

(Tehranirokh, Kouzani et al. 2013). However, the method is vulnerable to flow rate 

changes due to bubbles causing changes in resistance. 

 

1.6.1.2 Peristaltic Pumps 

A peristaltic pump applies positive displacement for pumping a variety of fluids. This 

flow control applies a continuous compression and translation force on an elastic 

tubing containing the fluid from a connected liquid reservoir. This is illustrated in 

Figure 1-9 with three rollers that rotate to cause the liquid flow. Peristaltic pumps 

have previously been applied to provide flow for microfluidic devices (Feng, Yang et 

al. 2011) 

Peristaltic pumps create pulsed flow and will not be suitable for applications where 

flow perturbations are undesirable because they can cause boundary shifts that 

expose the cells to agonists. The constant pinching and motion by the rollers will 

quickly degrade the flexible tubing which will require regular replacement. 
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Figure 1-9: Schematic of peristaltic pump 
Peristaltic pump is comprised of rollers, a flexible tubing housed inside a hard casing. The rotor rotates 
the rollers to cause a pinch of the tubes. This continuous rotation forces the liquid to be pushed through 
the tube till it exits the device. 

 

1.6.1.3 Syringe Pumps 

Syringes use a plunger to create positive liquid displacement when pushed and 

negative liquid displacement when pulled illustrated in Figure 1-10. Commercially 

available syringe drivers have been used extensively to control volume flow rates for 

long term experiments.  

The rate of volume displacement is equal to the flow rates in the channel though it 

has been seen that this flow may deviate throughout the course of experiments with 

syringe drivers. A noisy flow rate has also been observed which is typical to simple 

syringe drivers and has been shown to be caused by the pumpôs mechanical 

oscillations (Li, Mak et al. 2014). It has also been shown that the pumpôs mechanical 

frequency increases with increasing flow rates (Zeng, Jacobi et al. 2015). The use of 

high quality syringe pumps like those manufactured by Kloehn, Cavro Scientific 

Instruments (Chien and Parce 2014) can mitigate the noise and provide high 

accuracy. These are more expensive setups and represent significant investment 

when compared with regular laboratory syringe drivers. Laboratory experience 

showed that the syringe quality also played an important part in maintaining 

consistent flow. Stalling of the syringe plunger was found to be more common in 

plastic syringes were found to be less smooth in operation compared to glass 

syringes. 
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This noisy performance of syringe drivers are difficult to mediate since the pumps do 

not have feedback control which makes it difficult to monitor and reliably control the 

flow rates with dynamic precision. Syringe drivers can cause pressure build up if the 

flow path is blocked momentarily. This is because the syringe driver continues to 

push the plunger and the pressure builds up while flow rate is zero. The high 

pressure setup during the obstruction can cause damage to microfluidic devices and 

fluidic components that cannot tolerate these pressures. This makes it highly 

unsuitable for injection systems where the flow path may be temporarily blocked 

during the injection phase sending pressure shock waves to the cultures. Another 

disadvantage of syringe drivers is the continuous flow when flow is terminated in the 

control interface. This is due to the built up pressures in the system and can be 

minimised by using inline valves to abruptly stop flow when desired. The hysteresis in 

the syringe also prevents rapid flow rate changes.  

 

Figure 1-10: Syringe Illustration. 
The plunger in the syringe allows the displacement of volumes by its linear motion. The volume that is 

displaced per second (m
3
.s

-1
) is the product of the cross sectional area - r̄

2
 (m

2
) and the linear velocity 

of the plunger ï ȹx/t (m.s
-1

). 

 

1.6.1.4 Pneumatic Pumps 

A positive (or negative) pressure difference may be applied across a microfluidic 

device. Gas can be supplied from a pressure source to a partially filled, sealed liquid 

reservoir causing the liquid to flow through an immersed tube in the liquid reservoir. 

Figure 1-11 shows a schematic for a positive pressure pump with a pressure source, 



36 
 

optional pressure regulator used to regulate the input pressure to a value more suited 

for micro volume applications and a partly filled liquid reservoir. Figure 1-12 shows an 

example schematic of components for a pneumatic regulator. The regulator 

illustrated is a two-valve system where the interoperation of two valves for 

pressurisation and depressurisation of the system. 

 

Figure 1-11: Pressure-driven pump system 
The pressure-driven pump system is comprised of a pressure source, pressure regulator and liquid 
reservoir. The pressure above the liquid forces the liquid to flow through the connected tube. The flow 
rate is determined by the fluidic resistance experienced in the tube and the optional back pressure. 
 
 

 

Figure 1-12: Pneumatic Pump Schematics. 
The schematic for the pneumatic pump above is comprised of an input source; two Valves (FPV1 and 
FPV2), a Pressure Relief Valve (PRV); a Pressure Transducer (PT1); an output connection to the 
reservoir and an orifice for venting to atmosphere. The pressurisation valve (FPV1) controls air flow into 
the system that is sensed by the PT1. PRV1 is set to relieve pressure in the system by venting to 
atmosphere when a threshold pressure is exceeded. This is used to protect the pressure transducer. 
The depressurisation valve (FPV2) controls the air flow to atmosphere which depressurises the system 
quickly at high flow rates or vice versa. The combined action of the pressurisation and depressurisation 
valves determine the total pressure maintained in the system and present at the liquid reservoir.  

 

Alternatively, a vacuum pump can be used to draw liquid from the liquid reservoir 

through the microfluidic device. This method is limited by the ability to dynamically 

control the pressure difference since the pumps are on-off mechanisms. An in-line 
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proportional valve could regulate the pressure from the pump but there is limited 

control over the stability of the partial pressure. Another disadvantage is that constant 

vacuum pump operation may damage it. 

Pneumatic pumps were preferred for the continued development of the liquid 

handling station as they could be developed to provide consistent, pulseless flow and 

less likely to damage microfluidic components due to pressure build-up. Flow 

sensors may be required to improve accuracy and precision of liquid flow control. 

The preferred liquid transport system will be connected to a volume injection system 

which will insert samples into the flow line that will be transported to the microfluidic 

device. Accomplishing this task will require an understanding of volume injection 

systems and the integration of liquid handling systems. 

 

1.6.2 Volume Injection 

Off-chip solutions for volume handling were preferred for microfluidic application 

development to reduce the complexities of chip design and provide a tool that was 

well within the reach of typical laboratory users. The use of pneumatic pumps was 

also selected to achieve volume transport to the microfluidic devices. The sample 

manipulation part of the liquid handling system lies between the flow transport and 

micro-device and enables users to load volumes into the channels.  

Liquid Injection systems are usually used to insert volumes of drugs or reagents into 

flow lines to microfluidic devices for analytical experiments where a volume of 

reagent is placed directly into a flow stream of liquid without interrupting the flow or 

introducing an air bubble. One of the goals of this project is to apply off-chip liquid 

injection systems for custom drug delivery in microfluidic systems. A suitable method 

of realising this goal is the use of flow injection systems that are used for flow 

injection analysis in analytical fields. This involves the transport of volume solution of 
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analytes to a target region where detection and analysis operations can be 

performed. These methods and systems have also been applied as tools for injecting 

agonist concentrations to cultures in microfluidic devices. The ideas are very much 

the same in that flow rate of a buffer or zero agonist concentration liquid is controlled 

by syringe drivers or pneumatic pressure controllers. Reagents are then inserted into 

the flow path by action of a switch. Typically, a sample plug in inserted into a flowing 

carrier stream for transport to the detection system but this can be used as a 

mechanism of transporting agonists to microfluidic cultures. More information on flow 

injection systems will provide more understanding to its application to microfluidic 

applications. 

1.6.2.1 Flow Injection and Sequential Injection 

Air segmented flow analysis methods were initially used as methods of delivering 

very small volumes for microfluidic devices.  This method has been demonstrated 

using a vacuum pump to pre-load variable solution volumes (50 ï 700 nL) into 

cartridges (Linder, Sia et al. 2005). The volume plugs were separated by air during 

the loading stage. This is not suitable for live cell culture microfluidic systems, 

however, since air bubbles are detrimental to cell survival (Meier, Hatton et al. 1999, 

Sung and Shuler 2009). Another problem with method is the issue of cross 

contamination, which occurs when preceding volumes leave residue on the channel 

walls that are picked up by succeeding agonists (Chen and Ismagilov 2006). Flow 

injection analysis (FIA) has been widely used as replacement for segmented flow 

analysis since the carrier liquid removes the residue on the channel walls and 

discrete analysis can be performed without affecting successive results (Miró and 

Frenzel 2004)  which improves on air segmented flow analysis since no air is injected 

into the sample stream. This method will be more suited for cell cultures in 

microfluidic devices and has been established as a viable method of liquid delivery 

(Sundberg 2000). 
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In FIA, a carrier stream that is driven by a pressure pump is interrupted with a volume 

plug of reagent. The flow of the carrier liquid is resumed and propels the sample to a 

detector. This is commonly used in high performance liquid chromatography (HPLC) 

systems. FIA techniques have been implemented in microfluidic perfusion systems 

where the chip replaces the detector illustrated in Figure 1-13. 

Advantages of FIA in analytical fields include the relative ease and low cost to setup; 

and the simple structure of the equipment, which can be integrated with many 

detection instrumentation. FIA offers ability to precisely and accurately delivery low 

volumes (10 ï 100µl). This will be affected by dispersion in the channel but can be 

limited by reduced channel geometries. Another disadvantage of FIA is cross-

contamination (Ranger 1981) 

Sequential injection analysis (SIA) is an enhancement to FIA techniques (Economou 

2005) and are also illustrated in Figure 1-13 where a multi-position valve is switched 

to allow single or sequential volume loading into a holding coil (or reaction column) 

and transport of loaded sequence to the detector. Ideally, the multi-switch valve 

should allow the coil to be loaded without affecting the flow of the carrier fluid to the 

target destination (Economou 2005). This can be achieved using injector valves 

where the coil is connected as a potential path between either of two flow paths as 

illustrated in Figure 1-14. Sample loading and carrier flow to the detector occur 

simultaneously due to internal fluidic connections in the injection valve. 
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Figure 1-13: Flow Injection Methods 
With the flow injection analysis method (a), the flow from the primary source was stopped and the flow in 
the secondary source was initiated in order to push the sample into the flow path. This was then stopped 
and the primary flow restarted to transport the reagent to the detection system. An improvement on this 
method used a multi-position switching valve in sequential injection analysis (b). Here the multi-position 
switch is used to select the sample to be aspirated into the reaction column1, the sample is then 
transferred to the reaction column 2 and the transport mechanism for the carrier liquid is used to 
transport the inserted plug(s) to the detector. This schematic shows an implementation where the 
transport mechanism to the detector is paused while loading the different samples into the reaction 
column. Typically, these reaction columns can be used as reservoirs to hold large volumes of the 
samples to be delivered or can be used in dilution operations. 
 

 

SIA is also characterised by software control capabilities and can allow long term 

unsupervised assays to be performed which is beneficial to its application in 

microfluidic cell cultures. The SIA method can be applied using commercial 

autoloaders (Zotou 2012). Autoloaders may lack determinism in volume injection due 

to the number of push pull sequences that are required to load samples into the line. 

These sequences will also take longer time to realise for larger volumes. This is due 

to the fact that the syringe used to sample will have to load the samples at a constant 

rate for all volume samples and it will take 100 times as long to load 100 µL as it will 

take to load 1 µL. 

(a) 

(b) 
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The overall volume injection operation is comprised of volume loading and volume 

injection phases where the reagent is first loaded into a holding reservoir and a 

switching mechanism is actuated so that the reservoir is brought in-line with the 

carrier liquid. These operations move the sampled fluid through fluidic channels, 

each time increasing the dispersion effects (Taljaard and Van Staden 1998, van 

Staden 2015). The volume sampling step can be performed using a pneumatic pump 

to pressurise sample reservoirs (Foret and Kusý 2006). This was done in  (Rane, Zec 

et al. 2012) where solenoid valves were gated to achieve very low sampling volumes 

(50 ï 600 nL). 

 

Figure 1-14: Two position injection valve system 
A two-position injection valve used in sequential injection systems. The internal fluid paths can be 
altered by a switching mechanism to direct flow in either of the shown configurations. In position (a), the 
carrier liquid is directly connected to the detector system allowing loading operations to be performed 
simultaneously. In (b), the switch changes the internal fluidic configuration to enable transport of the 
loaded volumes. 

 

This fluid transport and volume injection system is crucial for the intended application 

of this project outcome which is to facilitate the development of a real-time feedback 

system for neurons in a controlled environment in order to learn information 

processing patterns and behaviour in these neuronal cultures. 

 

1.6.3 On-Chip Liquid Manipulation 

The advantage of precise micro volume management has propelled research into 

microfluidic systems and the several devices with singular functions or integrated 

functions have been developed over the decades of research (Young and Beebe 

2010, Streets and Huang 2013), 

(b) (a) 
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The introduction of on-chip valves (Unger, Chou et al. 2000), typically called Quake 

valves, has allowed researchers to replace macro-sized liquid manipulation 

components with micro-sized variants. The micro-sized liquid components realisable 

from quake-valves include solenoid valves (Kaigala, Hoang et al. 2008, Kim, Chen et 

al. 2009, Churski, Michalski et al. 2010, Au, Lai et al. 2011), pumps (Chang, 

Beaumont et al. 2008, Blanco-Gomez, Glidle et al. 2009), mixers (Nam-Trung and 

Zhigang 2005), and concentrators(Gao, Sin et al. 2011). These micro components 

can be assembled as building blocks for more lab-on-a-chip systems (Sin, Gao et al. 

2011). 

Passive components like reservoirs can be developed on chip as well. These on-chip 

components reduce drug delivery time, volume waste, dead volume and increases 

precision during volume injection (Bodén, Lehto et al. 2008). 

On-chip valves are developed using multi-layered device fabrication techniques. An 

elastic membrane, like thin PDMS is typically used to seal the flow path which 

prevents liquid flow. On-chip valves can be normally-open or normally-closed where 

the active deflection of the membrane by an actuation means seals the liquid path or 

opens the path respectively. The actuation method is typically pneumatic pressure 

but has been demonstrated with liquid pressure. 

 

1.6.3.1 Normally open (NO) valves 

Normally open microfluidic on-chip valves have been the most utilised on-chip valve 

type (Huang, He et al. 2012) since their development (Unger, Chou et al. 2000). 

Designs for normally open valves exist in literature and best practices have been 

proposed to improve liquid flow cut-off and start times. Higher aspect ratio (width/height) 

of the liquid channel and longer valve length have been shown to improve 

performance (Fordyce, Diaz-Botia et al. 2012).  
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The assembled layers for a normally open valve are shown in a CAD design in 

Figure 1-15 while the schematic illustrated in Figure 1-16 (a) shows the side of the 

device; (b) shows the front view with the length of the liquid channel; and (c) shows 

the flexible membrane deflected to block the liquid channel.  

The flexible membrane is usually made from PDMS and previous studies have 

shown that the thickness affects the valve operation and durability. The fluid layer is 

sandwiched by the bottom substrate and the thin flexible membrane layer. The 

actuation layer is above the membrane and is filled with pressurising fluid that 

deflects the membrane. 

NO valves have been used extensively in microfluidic applications (Unger, Chou et 

al. 2000, Yuen, Kricka et al. 2000, Wheeler, Throndset et al. 2003, Go and Shoji 

2004, Oh and Ahn 2006, Quake 2007)  and typically require high pressures for 

actuation between 0.4 - 2 bar (Mohan, Schudel et al. 2011). 

 

 

Figure 1-15: CAD Design for a Normally Open On-chip Valve 
The CAD design shows the expanded view of an assembled microfluidic device with a normally open 
valve. The liquid channel in the liquid layer is not restricted during non-actuated periods. The membrane 
lies flat over the channel. At actuation, the gas is introduced into the actuation layer which deflects the 
membrane to restrict liquid flow in the liquid channel.  
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Figure 1-16: Layers for a normally open on-chip valve 
a. Left to right view of the device. The thin membrane has not been actuated and 

remains flat allowing liquid to flow through the path in the fluid channel layer 
b. The front view of the device shows the liquid and actuation layers 
c. The thin membrane has been actuated and preventing liquid flow.  

 

 

1.6.3.2 Normally closed (NC) valves 

The major drawback of NO valves which is the requirement for high actuating 

pressure is addressed in NC valves. A section of the fluid channel is raised so that 

contact is made with the membrane when the device is assembled. This contact 

seals the liquid path when the membrane is not actuated and actuation is achieved 

by applying vacuum in the actuation layer which raises the membrane away from the 

raised section in the liquid layer. The CAD design shown in Figure 1-17 shows an 

expanded view of a microfluidic device with a normally closed valve. Figure 1-18 

shows the schematic of NC valves where (a) shows the side view with the channel 

blocked by the raised feature that contacts the membrane layer shown in (b); and (c) 

shows the actuation of the membrane to permit liquid flow. 
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Figure 1-17: CAD Design for Normally Closed Valve 
The liquid channel has a wall which stops liquid flow while the membrane is flat over the liquid layer. 
Vacuum pressure pulls the actuation membrane away from the wall allowing liquid to flow over. 

Substrate

Fluid channel layer

Actuation layer

Connection Layer

PneumaticTubing

for actuation

Thin flexible

PDMS membrane

(a) (b)

(c)

Membrane Deflection

Blocked Liquid Path

 

Figure 1-18: Layers of Normally Closed On-Chip Valves 
a. The thin membrane has not been actuated and remains flat blocking liquid flow 

through the path in the fluid channel layer 
b. The front view of the device shows the liquid and actuation layers 
c. The thin membrane has been actuated permitting liquid flow 

 

These devices have been shown to be more durable since the operating pressures 

are not high enough to damage the membrane or de-bond the multi-layered 

assembly. Detailed considerations have been documented on the development of 
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normally closed valves (Mohan, Schudel et al. 2011). There is good evidence that 

these valves require vacuum for actuation (Grover, Ivester et al. 2006).  

Variants of the normally closed valves include the ñdoormatò and ñcurtainò designs. 

The doormat version has the membrane above the wall separating the micro 

channels (Kazuo and Ryutaro 2000, Li, Hsu et al. 2005, Cooksey, Sip et al. 2009). 

The curtain style version has the wall integrated with the flexible membrane. This is 

lifted off the channel layer when actuated with a vacuum pressure allowing liquid 

flow. 

 

1.6.3.3 Doormats as Normally Open 

The doormat valve can be used as a normally open valve where the liquid pressure 

forces a path for flow over the wall. This is possible when the liquid pressure is able 

to overcome the stiffness of the flexible membrane or the area of the actuation layer 

is significantly large (Samuel, Thacker et al. 2014). These valves are built such that 

the width of the actuation layer is larger than the width of the liquid channel. Doormat 

Valves as normally-open valves require significantly less pressure to close seal the 

flow path (< 0.3 Bar) (Samuel, Thacker et al. 2014). This offers a promising 

advantage over typical NO valves which may require higher pressures (up to 2 Bar).  

Normally-open valves and doormat valves are preferred due to ease of use and 

practical considerations. Positive pressure sources and regulators are more readily 

available and may be more assessable to experimenters for application than sub-

atmospheric pressure sources which provide vacuum conditions for normally closed 

valves. 

1.6.3.4 Actuation 

On chip valves could be actuated using an on/off solenoid air valve to allow or stop 

positive pressure or sub-atmospheric pneumatic pressure supply to the actuation 
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layer which results in the push or suction of the membrane layer. As described 

previously, a positive pressure is applied for NO valves to push the membrane to 

block the fluid path. Valves that are normally closed usually require sub atmospheric 

(vacuum) pressure to pull the membrane away from the liquid flow path. 

 

1.6.3.5 On-chip reservoirs 

The use of on-chip reservoirs are a further advantage to on-chip liquid handling. 

Reservoirs can be made by cutting out a cylindrical feature from the top bulk layer 

(Sin, Gao et al. 2011). This implementation further reduces the overall size of the 

liquid handling solution and has the added advantage of eliminating the need for 

external liquid reservoirs when loading smaller volumes in the order of 100 µL. 

Pipette tips and microvials have been directly connected to the chip to act as 

reservoirs to facilitate easy reagent dispensing. 

The on-chip components can be assembled as fully integrated microfluidic devices 

with these on-chip components. However, the constraints in our design which include 

modular design will require a more modular approach to microfluidic chip design and 

this is further investigated. The on-chip liquid transport system can also allow for 

 

1.6.3.6 Chip Modularity 

The need for developing scalable and modular system can be extended to the on-

chip manipulation system. This is a preferred alternative to a wholly integrated 

microfluidic chip design in line with the project objectives. The idea is to fabricate 

chips where the liquid handling functionality is separated from the cell culture 

environment. Some example chips have been fabricated previously that take 

advantage of the emerging need for modularity in microfluidics. These chips are 

developed as subcomponents for a microfluidic system like liquid transport, 
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manipulation and the target microfluidic device are subsequently assembled (Arora, 

Simone et al. 2010, Araci and Brisk 2014). Lego-styled plug-and-play microfluidics 

have been developed previously (Rhee and Burns 2008, Yuen 2008) and recently 

(Bhargava, Thompson et al. 2014, Hsieh, Yang et al. 2014), where microfluidic 

components are fabricated as independent blocks that can be fitted together to solve 

the liquid transport and manipulation problem independent of the microfluidic device 

target.  

Modularity allows easily reconfiguration to the fluidic circuit as well as the points for 

manipulation and transport. This trend in microfluidics may improve the rate of 

adoption for microfluidic techniques in biomedical research since a plethora of 

applications are possible from reconfiguration of these components. A redesign is not 

required as all the components can been pre-fabricated allowing the experimenter to 

pick and choose which ones are required for the target experiment. 

 

1.7 Integrated Liquid Handling Systems 

Long term liquid flow and repeated drug delivery to microfluidic devices is sometimes 

required for applications in biology. One way to achieve this is to implement one of 

the flow control systems mentioned in the ñLiquid Handling for Microfluidic Systemsò 

section above. Adoption of a flow control method alone may only provide sufficient 

flexibility to perform long term perfusion but is not capable of sequential injection of 

various small volumes into the microfluidic devices. It may also be possible to 

improve the flexibility of fast signaling applications by enabling a wider choice of 

agonists with the integration of a liquid injection system. Commercial systems are 

usually configured for single applications and are not easy to integrate into the 

desired lab due to hardware incompatibility and proprietary software development 

which prevents custom development.  
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Other advantages of developing an integrated liquid handling system is the potential 

for modularity, if properly designed, that ensures the system can be integrated into 

other laboratory systems and protocols if developed with the aim of future integration. 

An integrated liquid handling system is typically custom design and/or built using off-

the-shelf components or equipment that are best suited to the smaller functions 

required. This includes use of actuators like pneumatic valves, solenoid valves, 

pressure sensors, flow sensors, data acquisition systems, control interface typically 

PC; and control software. 

A typical application requiring some of these properties of an integrated liquid 

handling system is an immunoassay described in the ñImmunocytochemistryò section 

that requires precise low volume chemical delivery to avoid wasting expensive 

reagents. Co-flow applications where two or more flow inputs are directed to the 

device could be optimized using an integrated liquid handling system. These 

applications include boundary switching systems, gradient generation, drug 

concentration modulation and rapid interface sweeping applications.  

Liquid handling systems are typically automated by custom or proprietary software 

developed for their specific control (Ly, Masterman-Smith et al. 2013). However, the 

integration of these components represents a non-trivial challenge to typical lab 

users, which further alienates the vast majority of researchers that could benefit from 

automating liquid handling operations. The integration of these components is treated 

in this project as hardware and software development processes undertaken to first 

develop liquid transport system and loading systems and then to integrate these 

systems into a working tool that allow fluidic operations in microfluidic devices. This 

will enable further research to utilise this integrated liquid handling tool to develop 

high level applications. It is, however, necessary to discuss immediate applications 

that can be performed using this system. 
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1.8 Example Applications of Liquid Handling 

Sub-second agonist delivery and bio-assays like immunocytochemistry were 

identified as potential applications for liquid handling systems to facilitate 

neuroscience research into information processing in the brain. The system 

development process will also require the use of fluorophores to demonstrate and 

characterise the system capabilities. Fluorophores are also used to optically detect 

cell cultures in immunocytochemistry. More information on fluorescence theory will 

provide more insight on its application to microfluidic device verification and in vitro 

culture monitoring. 

 

1.8.1 Fluorescence Theory 

Fluorophores are fluorescent chemicals that can be used to localise specific target 

molecules in cell biology. They are an important tool in cellular analysis because they 

can identify molecules responsible for cellular functioning or used to identify the cell 

structure. For example, they can be used to enhance contrast in images of living and 

dead cells under microscope. 

Fluorescence is a process involving absorption of a photon and an electron transition 

and the subsequent photon emission (Masters, So et al. 2009, Burry 2010). Light can 

be emitted and absorbed as photons that exhibit both particle and wave properties 

(wave-particle duality). As a particle, the photons have an energy and momentum 

that depends on its frequency, v (or its wavelength ɚ) and is related in Equation 1.11. 

  
Equation 1.11 

where:  h = Planckôs constant = 6.626068 Ĭ 10-34 m2.kg.s-1 
  v = frequency (Hz) 
  ɚ = wavelength (m) 
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  c = speed of light = 3.00×108 m.s-1 
 

When light of a particular wavelength (frequency) excites a fluorophore, photons are 

absorbed and electrons at a ground state are excited to a higher, unstable energy 

level. The electrons then lose a small amount of energy due to infra-red vibrational 

losses. Eventually, a photon is emitted at a longer wavelength (lower frequency) to 

this thermal loss. The difference in wavelength between excitation and emission 

photon is known as Stokes Shift. The transitions are illustrated using the Jablonski 

diagram in Figure 1-19. An optical filter can be used to separate the emission and 

excitation spectra because the wavelengths differ. A fluorescence microscope is 

typically required to excite the fluorophore and to collect the emitted fluorescence 

light. 

 

 

Figure 1-19: Electron energy transition during fluorescence 
A fluorophore absorbs photons when incident light at its excitation frequency is applied. These photons 
excite the electrons at ground energy state to a higher excited level. The electrons lose energy due to 
infra-red vibrational losses (stokes shift) and rest temporarily at a slightly lower energy state. Thermal 
loss occurs and a photo is emitted at a longer wavelength which contributes to the collective 
fluorescence. 

 

For example, Fluorescein is a commonly used fluorophore for optical illumination 

experiments. Fluoresceinôs peak absorption is for blue light at 470nm wavelength and 

its peak emission is green light at 550nm wavelength. Fluorescein spectrum is shown 

in Figure 1-20. Many fluorophores are now available with a wide range of excitation 

and emission wavelengths. 
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Figure 1-20: Fluorescein excitation and emission spectrum 
Fluorescein is excited with light at 470 nm wavelength and emits its peak light intensity at 550 nm 
wavelength. 

 

1.8.2 Immunocytochemistry 

Immunocytochemistry (ICC) relies on the use of antibodies, produced by an animalôs 

immune system (e.g. rodents such as mice, or larger mammals such as goats), to 

identify specific proteins in in vitro cell cultures. 

An antigen is the foreign substance introduced to a body to trigger the production of 

antibodies. The antigens may be around a cell or on a structure contained in a cell. 

Antibodies, also known as immunoglobulins, are proteins produced by cells of the 

immune system in response to the presence of such foreign molecules. Antibodies 

bind specifically to the antigen and thus can be used to identify the presence of these 

molecules in ICC assays.  

ICC may be performed using a direct approach where a fluorescent tag is attached to 

the antibody that targets the antigen directly. Another approach requires a primary 

(1°) antibody to bind with the target antigen and a secondary (2°) antibody that is 

covalently bound to a fluorescent tag subsequently binds to the primary antibody 

(Burry 2010). This indirect labelling method is used to amplify the fluorescent signal 

obtained since several secondary antibodies can bind to the primary antibody which 

Stokes Shift 
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is attached to the antigen. This improves the sensitivity since weak signals are more 

difficult to detect, although it may also decrease accuracy through binding to incorrect 

targets. These approaches are illustrated in Figure 1-21. 

 

Figure 1-21: Direct and Indirect Antibody Labelling. 
Direct labelling (left) uses an antibody tagged with a fluorescent marker to label target antigens while 
indirect labelling (right) uses secondary antibodies tagged with the markers to target the primary 
antibody that has bound to the target antigen. This amplifies the signal from the detectable fluorescence 
because the direct method provides fewer fluorescent tags per antigen molecule while several 
antibodies may bind to the primary antibody in the indirect method. 

 

This review will focus on fluorescence labelling where fluorescent markers are 

attached to the antibodies that bind to antigens. ICC protocols are well established 

(Burry 2010, Skoog and Tani 2011). The general steps involved in the protocol are 

fixing of the cells, 'blocking' cells to reduce subsequent non-specific binding of 

antibodies, permeabilisation of cell membranes to allow perfusion of reagents, 

antibody incubation, imaging to localise antibody binding and interpretation of the 

data. Fixation is a crucial and mandatory step in ICC. Fixing is a method of 

maintaining the structure of the cells in a life-like form by creating a form of 

scaffolding within the cells (Burry 2010). Results of ICC protocol have been shown to 

be sensitive to the fixation method used (Skoog and Tani 2011).  

Fixation can be performed by denaturing which utilises thermal or organic solvents 

like methanol; or chemical fixation which uses chemicals that bind to cellular 

components. The preferred chemicals contain aldehyde group and includes 
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formaldehyde, formalin and paraformaldehyde (Burry 2010). Chemical fixative may 

be advantageous because these not denature the cells (Vekemans, Rosseel et al. 

2004, Burry 2010). In ICC research, the latter is used while formalin is more used in 

IHC for clinical analysis. 

The chemical fixatives are carried in a buffer solution to where they are applied to the 

cells. During fixation, this buffer solution keeps the pH between 7.1 and 7.3 (Burry 

2010). The method of application is critical due to the onset of necrosis at death of 

the animals. Vascular perfusion is the preferred method where the fixative is carried 

in the blood stream of the animal before death, thereby fixing the cells before they 

can necrose (Burry 2010). Alternatively, the tissue containing the cells can be placed 

in the fixative in a drop-in fixation method where the fixative is allowed to perfuse 

through the tissue. Finally, it can be performed by applying the fixative directly on the 

cells. This is difficult because there is a possibility of removing the cells from the 

cover slip by force when applying the fixative solution. There is also a possibility of 

drying of the cells when all the liquid is removed. 

Permeabilization ensures that the reagents can penetrate the walls of the cells. For 

neuronall cultures, this is necessary as the target structures lie inside the cell walls. 

The wall is comprised of lipids so detergents are used to breakdown the cellular 

membrane to enable access to the internal structure. 

Application of antibodies at this stage may bind to several sites where the antigen is 

not present. This ñnon-specificò binding is an unwanted condition that can be 

prevented by a blocking step that blocks sites absent of the target antigen(Burry 

2010). Blocking agents prevent nonspecific binding and each possible site for 

incorrect binding requires a different blocking agent. 

Current ICC procedures requires repetitive incubation of cell cultures in antibody 

solutions coupled with regular rinses. An automated system that streamlines the 
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sequence of reagent delivery to the neuronal cultures will add precision and accuracy 

to the results ensuring repeatable and comparable results across laboratories. 

 

1.8.2.1 Automating Immunocytochemistry 

The results from ICC assays can vary due to differences in the cell cultures or 

incubation time, as well as small differences in reagent concentrations used (Burry 

2010). The inconsistencies are likely to be particular significant when volume sizes 

are small. This variability could be reduced from the automation of the ICC protocol 

that manages the control of the wash cycles and incubation steps with precision.  

Reagents used for ICC are expensive and there is therefore a cost benefit to 

reducing the wastage due to unused reagents. A microfluidic approach could add a 

cost benefit to developing a system that automates immunocytochemistry. Constant 

supervision of the process can be eliminated, thus increasing productivity in the 

laboratory. Other advantages include reduced skill and labour required to perform the 

operation (Javois 1999). Research on automated immuno-staining tends towards 

immunohistochemistry - immuno-staining for tissues; but present the same ideas for 

precise control of the ICC procedure. The developed automated staining system 

should meet the following criteria (Javois 1999, Burry 2010): 

1. Highly repeatable volume sampling. Errors in the volumes loaded into the flow 

line should be as small as possible, 

2. Full automation of entire procedure. A lab technician should not be required to 

supervise the process. 

3. Reagents carryover must be eliminated in the system and as such cleaning 

should form part of the operation of the system. 

4. Inert materials must be used to avoid reaction with transported reagents. 

5. A control system must be implemented in a user-friendly program  
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6. The system must improve the repeatability and reliability of the staining 

process over currently used methods. 

7. The staining system must not add noise or interfere with other laboratory 

functions. 

 

1.8.3 Co-Flow Applications 

Parallel liquid volumes under laminar will maintain their independent streamlines as 

long as diffusive transport is not dominant. The flow rates of two liquid inputs can 

also be altered independently to affect the volume of each liquid present in a 

microfluidic device (Yamada, Katanosaka et al. 2009). Here, a Y-shaped microfluidic 

channel was used in a study to facilitate cell response analysis in response to the 

amount of the drug present in the device. This application made use of gravity driven 

flow and the heights of the liquid reservoirs were altered to change the flow rates. A 

faster interface shift can be achieved by rapidly switching the flow rates between the 

liquid inputs with one going high-low-high and the other low-high-low (Bae, Beta et al. 

2009). These co-flow applications are generally performed with a single drug 

connected to one of the inputs of the device. An integrated liquid handling system 

could allow for long term, automated co-flow applications with varied drugs used 

within a single experiment. The big advantage to this flexibility is that all drug 

changes occur within the system without addition of air introduction which may occur 

while replacing the liquid in the reservoir for one input. 

 

1.9 Hardware Development 

The potential of microfluidic tools in Life Science research and the liquid handling 

systems that could help realise this potential has been established. The development 

of the hardware components can take the path of off-chip macro systems that 
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integrate with single-layered microfluidic devices which may have single-input or 

multi-input liquid channels. It may also follow on-chip development methods where 

the liquid handling components are established on microfluidic chips. 

 

1.10 Software Development 

The software development task for integration of laboratory equipment is complex. 

The primary challenge is the choice of development environment. Good software 

development of laboratory equipment should provide users a powerful software 

control of laboratory systems and a user friendly interface that improves on 

functionality achievable from manual control of the equipment. The ability to easily 

add functionalities to the developed system in software is a requirement for increased 

scalability. Highly scalable systems can handle a growing amount of work since they 

can be increased to (Bondi 2000). Any system that can improve performance, 

capacity or functionality with added hardware or software improvements is a scalable 

system (Hill 1990). 

The challenge to ensure scalability of liquid handling system through efforts in 

software development is another technological gap that is addressed in this work. A 

good software design methodology must be adopted from start to finish to promote 

this integration. The choice of a programming language is the first step towards 

ensuring the development of a highly integrated and scalable system that is easy to 

maintain over time. 

Text based languages such as C and C++ offer a versatile low-level environment for 

application development. However research has benefitted from the ability to quickly 

implement ideas using high-level languages because these languages provide 

considerable advantages over the low-level alternatives (Griswold and Griswold 

1983). The use of LabVIEW programming interface from National instruments 



58 
 

provides a power tool for research and development of control systems (Cruz and 

Gutiérrez 2010). The graphical programming style allows the development of 

engineering ideas using a logical top-down development approach instead of a 

bottom-up design methodology. 

LabVIEW is a versatile tool for developing high-level programs for increased 

modularity and improved readability. LabVIEW is expensive in comparison to open 

source programming languages like Python, C, and C++ but has key strengths in its 

high level design format, quick development time as well as the ease of code 

maintenance. LabVIEW abstracts the developer from low level challenges like 

memory allocation, multi-threading setup, GUI module additions and design. These 

key strengths along with the advantage of a large library of development kits for 

laboratory equipment makes LabVIEW the ideal choice for realising the software 

integration as well as laboratory equipment interfacing (Zurek, Marketos et al. 2007, 

Cruz and Gutiérrez 2010). The availability of development kits for laboratory 

equipment is critical for developing large scale applications with these systems but 

many of the kits that are currently available cannot be edited/adapted. As such their 

use is often limited in the integration efforts described. This forms another 

technological constraint towards realising the fully integrated liquid manipulation 

system that is addressed. A fully transparent software development process will be 

undertaken to provide researchers with useful plug and play libraries for integration of 

the developed liquid handling system. 

Another consideration for development is the requirement for a sensing and control 

hardware that can convert commands from the high level programs into data 

acquisition and control signal generation functions. National Instruments provides a 

wide array of useful data acquisition systems ranging from real-time systems to 

multifunctional data acquisition systems. The advantage is the high level of support 



59 
 

obtainable with the equipment and high level of integration with the software as well 

as scalability. 

The use of open source tools has been widely adopted for development of liquid 

handling solutions with increasing development of electronic prototyping tools and 

single board pcs like the Arduino and raspberry pi boards (Urban 2015). An Arduino 

was used for syringe pump control (See and Hauser 2014), solenoid valve control 

(Bogusz, Hantao et al. 2012), automated injection (Mai, Pham et al. 2013); and 

Raspberry Pi has been applied for peristaltic pump control (Ting, Hu et al. 2014). 

These tools have the advantage of removing licensing costs for the developed 

software applications. These applications are generally developed using low level 

programming coding languages that affords the user good control of low-level 

functions but sometimes requires high-level programming for user interfacing. 

The bulk of software development efforts have been directed towards implementation 

in LabVIEW with an object-oriented design architecture. 

 

1.11 Software Design Methodology 

The long term goals of the overarching project ï the implementation of a chemical 

reward system for neurons, was considered when developing software for the 

individual components of the system. It was necessary to abstract the specific high 

level applications from the low level functions of the liquid manipulation systems. It 

was also necessary to build scalable software that could be quickly updated to add 

functionalities. For example, software for applying interface switching and flow control 

can be updated to integrate another device such as the autoloader or a successfully 

implemented alternative. This scalable development process could have been 

achieved using any of the waterfall, spiral and agile software development 

approaches (Graham 1992, Cockburn and Highsmith 2001, Boehm 2006). However, 
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the choice would impact on the deliverables, user experience and realistic timescale 

for these deliverables (Chamberlain, Sharp et al. 2006, Kaur and Sengupta 2013). 

i. Waterfall development process -  where the overall aims and objectives are 

defined from the outset and the progress of development flows from the high 

level conceptual descriptions to initiation, design, construction, debugging, 

implementation and maintenance. This system is difficult to realise with 

limited knowledge of the future potential of the system and so was not used. 

ii. Spiral development process ï where the different aspects of development are 

reiteratively considered and used to modify the development process. This 

method treats the development as a series of smaller waterfall processes 

where the end of a sub waterfall process starts another one. This was a very 

extensive process that required several short term targets and multi-person 

development team catering to different aspects of the final program. 

iii. Agile software development ï where the immediate goals are first met and 

then incremental developments realise the final outcome. This method allows 

the system adaptable to changes in requirements and is more amenable to 

an evolving system. 

The agile method was selected since it enabled quick deployment which was 

required for timely software development. The basic requirements for each 

component of the microfluidic system was identified and an initial software prototype 

was developed. The software was then deployed for use by other laboratory users 

who applied the system to solving immediate problems. Integration efforts were also 

carried out using the agile software methodology. 

Overall, the design rules adopted were used to inform on more detailed choices 

made during the design process. 
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1.12 Design Rule Adopted 

The usability of the software designed would impact its adoption and the user 

interface (UI) design, user experience (UX) design, documentation, readability were 

considered during development.  

 

1.12.1 UI and UX Design 

Software was designed to maintain a simple and efficient user interface where 

possible while achieving the userôs goals for functionality. This is slightly different 

from the User experience design that refers to the experience during the use of the 

system which includes design graphics, interaction, information architecture and 

documentation/manual. Default LabVIEW front panel design controls and indicators 

were used throughout to maintain the same experience. LabVIEW tabs controls were 

used to hide advanced panels from the default users to maintain a clean minimalist 

design for typical users. Buttons were appropriately labelled to provide instant 

information to the users on the functions. Help tips were written for controls requiring 

detailed description. 

The LabVIEW programming language aided the user interface and experience 

design with its readily available controls, indicators, and graphing objects which sped 

up the development process, allowing these choices to be made on the fly with 

minimal costs when modifying them. 

This user experience and interface consideration is in line with recommendations for 

consistency and intuitive experience for the user when developing user interfaces 

robotic control software for microfluidic system integration (Kong, Yuan et al. 2012). 
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1.12.2 Code Readability 

A big part of the system development was the consideration for future development 

(Blume 2007). Often time, the developers ignore design rules and disregard the 

impact of their coding style on further development. This is typical where the 

application only serves a single purpose and will not be used subsequently. It was 

crucial that core aspects of the code were readable to increase development time for 

further integration of system core code to larger systems. This is also tied to the 

documentation style adopted. Appropriate wire labels and module documentation 

was adopted throughout the code design process. 

 

1.13 Thesis Structure 

The thesis aims to answer two questions: (1) Can an integrated liquid manipulation 

system be developed that implements high spatial and temporal drug signaling 

patterns in tandem with sequential agonist delivery for long term assays?; 

 (2) Can we reliably integrate that liquid manipulation system with other equipment 

used to answer questions on the learning ability of neurons in vitro? 

Chapter 2 describes the methods and tools used for microfluidic device fabrication, 

pressure control and sequential injection. 

Chapter 3 treats the characterisation and optimisation of Liquid Handling Systems. 

The results from a previous attempt at developing a pneumatic pressure controller is 

characterised and optimised to improve on its performance limits for flow transport in 

microfluidic devices. This is then used to demonstrate the ability to achieve steady 

long term flow and instantaneous flow rate changes for high resolution drug signalling 

applications. This will also then be integrated with a commercial auto-sampler system 

to demonstrate the ability to sequentially load different agonists at varied 

concentrations.  
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Chapter 4 will discuss the development process for a novel liquid handling system. 

Due to limits identified before and during implementation of the commercial injection 

system, a novel system is designed that could further improve temporal resolution of 

sequentially delivered volumes with sampling capabilities. The developed system is 

expected to also boost efforts towards a scalable, modular liquid manipulation 

system. Constraints critical to the design process are set and a prototype is 

fabricated from the realised design. 

Chapter 5 will pursue an alternative path towards developing a sequential injection 

system on a microfluidic device. An investigation is undertaken to determine if simple 

on-chip fluid manipulation systems could be developed using rapid-prototyping 

techniques which hinge on the use of craft cutter for making patterns used in 

microfluidic device development. This was carried out to improve on and potentially 

replace the commercial auto-sampler with the development of modular on-chip 

components offer flexible microfluidic devices for liquid handling. 

Chapter 6 treats the system integration challenges for Liquid Manipulation Systems. 

The software requirements for the highly scalable liquid manipulation system is 

treated in this chapter and software design elements are applied towards realising 

custom user friendly interface for liquid manipulation. Example demonstrations and 

applications are also shown that use the results of the developed liquid handling 

hardware and software system.  

Chapter 7 concludes with a Discussion on the outcomes of the research and the 

future work based on these outcomes. The research results are assessed in 

comparison with the original aims and objectives and the research question. Future 

work and further demonstration that is necessary is described as well as an appraisal 

of the position of this work in the field of liquid manipulation systems applied to 

neuroscience research. 



64 
 

 

2. Methodology 

This chapter details the used materials, components, devices and experiments that 

were used during the development of the liquid handling system. A full list is 

presented in the Appendices. 

 

2.1 Engineering Design Methodology 

The bulk of the thesis is dedicated to developing a highly modular and scalable 

microfluidic system that could be adapted quickly to meet the immediate needs of the 

laboratory and be able to scale quickly to meet additional needs if required in the 

future. An Engineering design methodology was adopted to cater to the development 

challenge. The design process iteratively tackled the issues with development of 

hardware and software sections required to develop the highly integrable system. 

The problem definition was performed at a preliminary stage to identify the basic 

functions and specification of the components that will make up the liquid handling 

system and a larger microfluidic station that incorporates this liquid handling system. 

The feasibility of this system being realised was investigated through initial tests with 

some of the available components that make up the desired system. The 

components were put together, tested for functionality and characterised to identify 

strengths and failings in the design and system. An optimisation was undertaken 

through hardware and software design processes aimed at developing novel 

approaches and a blueprint that would be useful to achieving the desired microfluidic 

system. 
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2.2 Microfluidic devices and Interfacing 

The single and dual-input devices shown in Figure 2-1 below have been made to 

demonstrate the application of the fluidic handling system for microfluidics. They 

have also been used to develop neuronal cell cultures using different substrates in 

experiments that validate the use of the liquid handling system. These devices 

allowed further development of the liquid manipulation system to continue with the 

understanding that these designs would form the basis of future systems used in the 

research laboratory. These designs were fabricated on plain glass substrates for 

demonstrating liquid injection and drug switching. Other collaborators utilised the 

same with plain glass as well as gold patterned glass substrates for characterising 

surface modification effects on neuronal cultures. They also incorporated these 

designs on an MEA substrate (glass) in an attempt to integrating rapid drug 

signalling, agonist delivery and neuronal culture monitoring. 

Microfluidic devices were made using simple fabrication technologies that allowed 

rapid turn-around time for production. A combination of methods including soft-

lithography, photo-lithography, stamp and stick, Xurography were used to realise 

these devices. These methods allowed flexibility in developing new designs for 

fabrication. They also used materials that are bio-compatible with the other 

processes that are part of the multidisciplinary research efforts such as surface 

chemistry for cell cultures. Rapid prototyping procedures like xurography and ñstamp 

and stickò enabled the substrate surface to be chemically treated before bonding 

without damaging the chemical layer on the substrate. 
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Figure 2-1: Microfluidic devices used to demonstrate fluid handling capabilities 
The single input device (a) is used to demonstrate liquid loading capabilities that do not require high 
temporal resolution or spatial resolution of the loaded agonists. The dual input device (b) is used to 
demonstrate spatial and temporal resolution of fluid transport system. 

 

 

2.2.1 Soft-lithography, Photolithography and Device Assembly 

Device fabrication using PDMS was developed by Whitesides group and widely 

adopted for fabricating microfluidic devices (Whitesides 2006). It required the 

development of a master mold with features using photolithography and the 

application of a fluid elastomer over this mold to imprint the features on the elastomer 

which is cured. 

 

(a) 

(b) 












































































































































































































































































































































































































































































