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Microfluidic impedance cytometry (MIC) is a label-free technique for differentiating cell 
phenotypes according to their inherent biophysical markers, principally mechanical 
(deformability) and dielectric (membrane capacitance and cytoplasm conductivity) properties. 
This thesis describes new approaches for the measurement of both parameters coupled with 
a novel method for real-time sorting of single cells according to their electro-mechanical 
phenotype.  

Single-cell microfluidic impedance spectroscopy has been limited in frequency range and in 
the ability to extract the full set of electrical parameters from single cells.  In this thesis, the 
measurement frequency range was extended to 500MHz, enabling full characterisation of 
single nucleated cells at high throughput.  System validation used HL60 cells and THP-1 cells 
(differentiated into macrophages) exposed to different chemical treatments in order to change 
their electrical properties.  It was shown that suspending the cells in saline of lower conductivity 
enhanced discrimination between the cell types and treatment.  Single cell spectra were fitted 
to the double-shell model to obtain membrane capacitance and cytoplasm conductivity. 

Different single-cell deformability cytometers have been developed, but these are mostly 
based on processing high-speed optical images of single cells undergoing deformation. This 
thesis describes a prototype microfluidic deformability cytometer that measures both the 
electrical and optical deformability. It simultaneously measures the optical and electrical shape 
change of single cells deformed in a viscoelastic shear flow. Optical deformability is measured 
using a low-cost CMOS camera with images of single cells generated with a short LED pulse 
triggered by an impedance signal from a cell. Electrical deformability of the cell is determined 
by electrode arrays that measure the shape changes along two axes. The system was 
characterised by measuring the deformability of HL60 cells treated with cytoskeleton disrupting 
chemicals. Results show an excellent correlation between the optical and electrical methods. 

Finally, a single-cell sorting system was developed by integrating membrane pumps into the 
micro-cytometer. When the membranes are displaced, they generate short pressure pulses 
that can deflect single cells into different outlets. An algorithm was developed to generate a 
trigger according to the particle velocity. Proof of principle experiments demonstrate successful 
sorting of cells and beads based on size with a throughput of 13 particles/s and purity of 97%.   
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Chapter 1 Introduction 

1.1 Background 

Point-of-care (PoC) testing plays an important role in medicine and health care. Microfluidic PoC 

platforms, in particular, provide opportunities for the rapid detection of disease at low cost, and 

are portable devices for home use, increasing the efficiency of real-time monitoring and diagnosis. 

For example, PoC analysis of cells can be used to diagnose infectious diseases, cardiovascular 

diseases, tumours (cancer) and chronic diseases. The advantages of microfluidic PoC devices 

originate from the label-free technique, where biophysical properties can serve as ideal choices 

for label-free cell analysis and sorting. 

Cellular systems have a wide degree of heterogeneity, and intrinsic biophysical markers of cells 

can be used to distinguish type, state and even function. Bio-mechanical and bio-electrical 

properties of cells are linked to disease presentation, progression, and treatment response. For 

example, the differentiation potential of mesenchymal stromal/stem cells is strongly dependent 

reflected in their elastic and viscoelastic properties (Lin et al. 2017; González-Cruz, Fonseca, and 

Darling 2012), and the cytoplasm conductivity and membrane permittivity of red blood cells can 

be used to diagnose Plasmodium infection (Zhu et al. 2021). Thus, there is an interest in 

identifying and sorting specific cells based on biophysical properties from heterogeneous 

populations for emerging PoC applications.   

1.2 Current Challenges and Motivation 

Quantifying cell phenotypic heterogeneity based on biophysical properties, including dielectric 

and mechanical characteristics, is used to investigate cellular physiological responses to the cell 

environments and can be used to identify functionally distinct cells in a label-free way. Early 

studies (Gawad, Schild, and Renaud 2001; Lekka et al. 2005; Dulińska et al. 2006) demonstrate 

how techniques, such as atomic force microscopy and impedance spectroscopy, can measure 

cell biophysical properties, but these methods are either low throughput or only measure 

population average, which is time-consuming, inefficient and cannot unravel the unique 

properties of rare cells, such as early-stage embryos or circulating tumour cells (CTCs) (Fuchs et 

al. 2021; Kong et al. 2020). Thus, single-cell biophysical analysis and sorting are urgently needed 

because they can enhance measurement accuracy, thereby emphasising the heterogeneity of 

individual cells which is overlooked by population mean analysis.  

Current single-cell label-free microfluidic cytometry measures the biophysical properties using 

complicated systems and operations. For example, the popular microfluidic cytometry to 
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measure the single-cell deformability couple with a massive optical image system because the 

deformability is derived from the area and perimeter of each cell (Otto et al. 2015; Urbanska et al. 

2020). A huge amount of image data is usually to be processed which is a time-consuming work. 

The example on dielectric measurement is the single-cell electrorotation microfluidic devices 

(Kawai et al. 2020; Keim et al. 2019). These devices need to control cells movement in the channel, 

which requires skilled operators. These drawbacks hindered their development into clinical rapid 

diagnosis devices for PoC. Microfluidic impedance cytometry (MIC) provides an alternative 

method for analysing biophysical parameters in a rapid, easy to operate and time-saving way 

because the electrodes for detection are integrated inside the microchannel, no other 

complicated peripheral is required. Also, the data processing for impedance is much quicker 

than other data types, such as images. However, the mechanical and dielectric analysis by the 

MIC system still has some unexplored areas, such as how the deformability measured from the 

impedance method is correlated with the results from the optical method? Can the impedance 

spectroscopy based on MIC be improved with a broader frequency range than current studies 

when obtaining the spectra? These are the main points for single-cell impedance analysis shown 

in this thesis. 

Single-cell impedance sorting retains the advantages of the previously mentioned MIC analysis 

system while also enabling subsequent molecular-level analysis of cells from the same 

subpopulation, such as DNA expression. Microfluidic techniques are being developed for cell 

sorting because of low contamination risk, ease of operation and low sample volume requirement.  

The sorting method can be categorised into passive and active. Passive sorting does not use an 

external force field. It relies on fluidic properties and channel geometry and examples include 

inertial sorting (Yang et al. 2011), deterministic lateral displacement (Xavier et al. 2019; Xavier et 

al. 2016) or simple microfiltration. These sorting methods are generally based on cell size. Active 

sorting with external fields can deflect target cells to specific outlets. These active sorters can 

combine electrophoresis (An et al. 2009; Thomas et al. 2019; Hattori and Yasuda 2010), 

fluorescence (Li et al. 2019) and optical images (Isozaki et al. 2019) to determine single-cell 

phenotype isolate specific cells. Fluorescence-activated cell sorting (FACS) and magnetically 

activated cell sorting (MACS) have been widely used. However, they require molecular labels 

which can alter cell states and affect their viability. Optical image analysis usually requires high-

speed cameras to collect many images.   Microfluidic label-free cell sorting systems have many 

advantages compared with these methods including non-invasive detection and maintaining cell 

viability for further analysis. These points are important for rare cells, as obtaining enough number 

of cells for measurements requires a large sample volume. As a label-free method, MIC is of 

interest to employ a single-cell sorting system based on biophysical analysis. 
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1.3 Objective 

The main objective of this project is to establish new approaches for measuring both cellular 

mechanical and dielectric parameters based on the MIC technique while integrating a novel real-

time single-cell sorting method according to their electro-mechanical phenotype. The specific 

objectives are as follows: 

1. To establish an electro-optical deformability MIC system: 

• Utilise MIC to measure the mechanical deformability of HL60 cells subjected to 

chemical treatments that modify cell stiffness. 

• Simultaneously capture optical images of cell deformation under flow to correlate 

optical and electrical deformability. 

• Validate the accuracy of impedance-based deformability measurements by 

comparing them to optical deformation metrics. 

• Provide a foundation for developing future rapid PoC devices for cancerous cell 

identification. 

2. Extend MIC for single-cell dielectric spectroscopy: 

• Perform high-frequency impedance measurements up to hundreds of MHz to 

enable comprehensive dielectric characterisation of single, nucleated cells. 

• Fit measured spectra to the double-shell model, extracting subcellular dielectric 

parameters (e.g., membrane and cytoplasmic properties). 

• Improve system sensitivity and data processing algorithms to allow detection of 

subtle dielectric parameter shifts following chemical treatments (e.g., 

glutaraldehyde and cytochalasin D). 

• Explore the potential applications of this method for disease diagnostics and drug 

screening based on dielectric profiling. 

3. Develop and integrate an active single-cell sorting strategy: 

• Implement a chip-integrated active sorting mechanism using an external actuator, 

which redirects selected cells toward a target outlet by altering flow paths. 

• Evaluate the efficiency and purity of the sorting performance using polystyrene 

beads and treated cell models. 

• Demonstrate the integration of the active sorter into MIC chips with acceptable 

throughput and reliability. 

• Enable real-time identification and enrichment of rare cells from mixture samples, 

supporting future PoC diagnostic applications. 
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By achieving the above objectives, this project aims to enhance the capability of MIC-based 

systems for label-free, real-time single-cell analysis and sorting, bridging the gap between 

impedance-based cell phenotyping and clinical applicability.  

1.4 Thesis outline 

The thesis is organised as follows: 

Chapter 2 Literature review. Summarises methods for analysing the mechanical and electrical 

properties of single cells, mainly focusing on microfluidic cytometry. It also describes recent 

microfluidic cell sorting techniques. 

Chapter 3 Theory and simulations. It introduces the electrical theory and the shell model. Single-

cell mechanics are covered together with the principles of microfluidics. Finally, this chapter 

outlines the working principle of the sorter together with simulations. 

Chapter 4 describes the electro-optical deformability system, which correlates electrical and 

optical deformability. This sheath-less system uses a viscoelastic flow to induce cell deformation. 

A triggering algorithm is used to switch on an LED depending on the velocity of individual cells.  

Chapter 5 presents experimental results of single-cell impedance for nucleated cells. The 

spectra of single cells are measured up to 550MHz, and the dielectric properties of cells are 

derived from the spectrum fitting.  It is shown that suspending cells in a  low-conductivity medium 

can enhance the discrimination of different cells and cell treatment. 

Chapter 6 describes the design and experimental verification of the sorting system. An 

impedance measurement system provides signals that control a downstream sorter. The system 

was validated using fluorescence bead mixtures of fixed and normal cells.  

Chapter 7 summarises the thesis with perspectives for future work. 
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Chapter 2 Literature Review 

2.1 Introduction 

This thesis focuses on the application of microfluidic impedance cytometry (MIC) for bio-

mechanical and bio-electrical label-free analysis of cells together, with the implementation of 

single-cell sorting based on MIC.  

The operational principle of MIC is based on measuring the electrical impedance of cells that 

pass along a microchannel with integrated electrodes. Low-frequency measurements 

characterise the geometric properties of cells, such as size, volume and even mechanical 

properties like deformability, while high-frequency measurements probe the intrinsic dielectric 

properties of cells, including membrane capacitance and cytoplasm conductivity.  This chapter 

gives an overview of existing methods for measuring cell properties and microfluidic cell sorting. 

Key performance indicators such as single-cell resolution and non-invasive operation with high 

throughput are discussed. 

2.2 Single-cell Biophysical Properties and Measurements 

A cell is the basic unit of life and varies in size across organisms (Figure 2.1), with a typical size of 

a mammalian cell around 5~30 μm.  

 

Figure 2.1 Size and dimensions of biological particles, ranging from small molecules to large 
mammalian cells. 

At the sub-microscopic structural level, eukaryotic cells can be categorised into three principal 

components: the plasma membrane (cell membrane), cytoplasm and nucleus. The plasma 

membrane coordinates transmembrane transport of biomolecules and mediates signal 

transduction through integrated receptors; the cytoplasm houses a dynamic array of membrane-

bound organelles (e.g. endoplasmic reticulum, Golgi apparatus) that execute biosynthetic and 

metabolic processes; the nucleus is a double-membrane enclosed compartment specialising in 

the regulation of genetic information flow, including DNA replication, transcription and RNA 

processing/export. Cellular heterogeneity is through the stochastic expression of genes, proteins, 
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and metabolites, exhibiting intercellular variations in structural organisation, biochemical 

composition and functional capacities (Ren et al. 2019; Bao et al. 2011; Zhou et al. 2017).  

2.2.1 Mechanical properties and characteristics 

Cell mechanical parameters are important in understanding the biophysics of cells (Azubuike 

and Tanner 2023; Nyberg et al. 2016).  In the cytoplasm, there exists a cytoskeletal system, 

assembled from a series of proteins which serves as a scaffold for maintaining cell morphology 

and the organisation of internal structures. In a microenvironment, cells have viscoelastic 

mechanical properties, including stiffness, adhesion, and viscosity. These properties are closely 

linked to the fundamental structure and function of cells (Hao et al. 2020; Maremonti et al. 2022; 

Belotti et al. 2019). Emerging biomechanical evidence has established that the cytoskeleton, 

particularly the cortical actin meshwork, plays a crucial role in defining cell stiffness. Its 

disassembly leads to cell fluidisation, while its stabilisation or enhanced assembly increases cell 

rigidity (Galie, Georges, and Janmey 2022; Luna and Hitt 1992; Nematbakhsh and Lim 2015). Cell 

stiffness has attracted significant attention from researchers and interconnects to many 

physiological processes, including the cell cycle (Gupta and Chaudhuri 2022; Gerum et al. 2022), 

cancer immune cell activation (Suresh 2007; Tse et al. 2013; Gossett et al. 2012; Zak et al. 2021; 

Bufi et al. 2015) and stem cell differentiation (Gossett et al. 2012; Sliogeryte et al. 2014). 

Observing irregular alteration in cell deformability can help uncover the underlying mechanism of 

various diseases, including atherosclerosis, fibrosis, cardiac hypertrophy, muscular dystrophy 

and others (Panciera et al. 2017; Li et al. 2024).  

Conventional single-cell deformability measurements include atomic force microscopy (AFM) 

(Radmacher 2007; Shan and Wang 2015), optical tweezers (Guck et al. 2001), micropipette 

aspiration (Hochmuth 2000) and acoustic scatter (Kang et al. 2019). These methods enable 

precise quantification of a few individual cells.  

Atomic force microscopy (AFM) quantifies cell membrane deformability via a cantilever scanning 

probe (Matthews et al. 2022; Dulińska et al. 2006; Lekka et al. 2005). An incident laser beam 

undergoes reflection from the cantilever, with the resultant signal monitored via a detector 

(Figure 2.2(a)). Tip-sample interactions induce cantilever deflection, modulating the reflection 

trajectory of the laser beam with sub-nanometer resolution. The bending displacement of the 

cantilever is converted to interaction force using its spring constant. A closed-loop feedback 

system dynamically adjusts the up and down position to maintain preset deflection thresholds, 

enabling real-time force regulation during scanning. The AFM force-indentation curve on the cell 

is fitted to a model to estimate cell elasticity (Moeendarbary and Harris 2014). AFM is an 

extremely sensitive technique because it can achieve sub-nanometer and pico-Newton 
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resolution. A recent study presented its capacity to discriminate red blood cells (RBCs) treated 

with ultralow glutaraldehyde (0.001%v/v) from controls (Abay et al. 2019).  

Optical tweezers uses a laser to manipulate microbeads attached to the cell membrane and 

induce an elongation (Figure 2.2(b)). The calibrated force imposed by a focused laser beam on a 

microbead determines the escape force required for the trapped bead. When the laser beam 

holds the trapped bead, the microscope stage movement elongates the cell via the bead fixed to 

the stage. The applied force (F) of the stage movement is increased until the trapped bead just 

escapes the optical trap. Then, the transverse (Dt) and axial diameters (Da) of cells are tracked by 

images (Matthews et al. 2022). From these parameters, the elastic shear modulus or bending 

modulus of the membrane can be determined through a deformation model (Mills et al. 2004). 

Optical tweezers allow the selection of rare cells for measurement and integration with other 

measurement modalities, such as Raman spectroscopy (Wood et al. 2007).  

Micropipette aspiration has been used to determine cell biomechanics for over 50 years. It 

quantifies the extensional rigidity (shear modulus μ) of individual cells by analysing their uniaxial 

elongation or shear deformation of the membrane (Figure 2.2(c)). A cell is aspirated into a glass 

micropipette with an internal radius (Rp) smaller than its own radius. As the cell partially enters 

the micropipette, the relationship between the suction pressure (P) and the length of the 

protrusion (L) is utilised to determine its intrinsic deformability through the shear modulus μ.  

Compared with the previous three methods, acoustic scattering is a non-invasive technique that 

can probe and monitor cell mechanics in a short time period (Kang et al. 2019). The vibration of a 

suspended microchannel resonator (SMR) is used as an acoustic source, and the investigation of 

the acoustic scattering shift in resonant frequency (Δf) at the node of a suspended microchannel 

resonator is used to determine the cell cortex mechanical properties with size normalisation.  

The sensitivity of these systems is high enough to probe the nano-scale deformation of cells. 

However, these single-cell methods suffer from limitations such as low analysis speed and low 

throughput, which hinders their ability to profile heterogeneous cell populations, and the 

complexity of manipulation is unsuitable for clinical or point-of-care (POC) analysis. Microfluidic 

techniques have the potential to solve these limitations by allowing simpler measurements. 

Microfluidic deformability methods are introduced in section 2.2.2. 
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Figure 2.2 (a) Atomic Force Microscopy. A micron-sized tip connects to a micro-fabricated 
cantilever to deform and interact with the sample. A laser beam is reflected from the cantilever 
and collected by a detector, which measure the displacement. The real-time force is recorded. 
(b) Optical Tweezers. Microbeads are attached to the measured cell. A laser beam traps one of 
the beads and an elongation is induced in the cell. The escape force (F) of the trapped bead and 
dimensional alterations of cell (Da and Dt) are used to evaluate the elastic or bending modulus of 
the membrane through a deformation model. (c) Micropipette Aspiration. A cell partially or 
completely enters the micropipette with a radius Rp. Its deformability is determined through the 
relationship between the shear modulus μ, the suction pressure (P) and the length of the 
protrusion (L). (d) Acoustic Scatter. A particle interacts with acoustic fields (black waves) 
produced by SWR vibration (black arrows) at the resonant frequency f. The interaction between 
the particle and the surrounding fluid induces acoustic scattering (blue waves), resulting in a shift 
in the resonant frequency (Δf). (a), (b)and (c) are adopted from (Matthews et al. 2022), (d) is 
adopted from (Kang et al. 2019) 

2.2.2 Single-cell microfluidic deformability cytometry 

Single-cell microfluidic deformability cytometric methods have been developed to enable rapid 

assessment of cells with high throughput. Most of these techniques require high-speed optical 

systems to determine deformability. Urbanska et al. (Urbanska et al. 2020) showed that there are 

three major types of microfluidic deformability cytometry, which vary by the magnitude of applied 

stress to the way deformability is measured. The first class is constriction-based deformability 

cytometry (cDC), forcing single cells through a constriction smaller than their diameter 

(Rosenbluth, Lam, and Fletcher 2008; Lange et al. 2015; Nyberg et al. 2017). The transit time is 

measured by recording frequency changes (Urbanska et al. 2020), optical imaging (Lange et al. 

2015) or electrical resistance changes (Adamo et al. 2012) (Figure 2.3(a)). This method has been 

developed to characterise both electrical and mechanical metrics of individual cells, including 
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Young's modulus and capacitance (Feng et al. 2023; Feng, Chai, et al. 2022). However, this device 

is easy to block by particles and removing particle clusters within the channel is difficult 

(Petchakup et al. 2022). Furthermore, cell transit time is influenced not only by deformability but 

also by cell volume and membrane-wall friction and interactions. 

To address these drawbacks, contactless methods integrated with high-speed camera and image 

processing were developed. Shear flow deformability cytometry (sDC) and extensional flow 

deformability cytometry (xDC) use hydrodynamic flow to induce cell deformation, eliminating the 

interaction between the cell and the channel wall. sDC uses shear flow to deform cells in a long, 

narrow channel. Deformability is defined by the relationship between cell contour area and 

perimeter obtained from optical images (Figure 2.3(b)). A widely used example is real-time 

deformability cytometry (RT-DC). Otto et al.(Otto et al. 2015) introduced RT-DC for continuous 

cell deformability characterisation with a high throughput. It is proven to be sensitive to 

cytoskeletal alterations and can distinguish cell-cycle phases and identify cell populations in 

whole blood. xDC combines extensional flow with the cross-slot microfluidic design. The cells 

are delivered to the cross junction of the channel, where images are recorded for analysis. The 

deformability is defined as the maximal aspect ratio observed in the images (Figure 2.3(c)). 

Urbanska et al. found this method can detect change of deformability altered by osmotic changes, 

but the deformability increase due to actin disassembly was not detected. Armistead et al. 

(Armistead et al. 2019) developed a device capable of spanning both high- and low-strain flow 

regimes, encompassing both shear- and inertia-dominant conditions. Their findings revealed that 

different flow regimes probe different aspects of cell structure, with a shear-dominant, low-strain 

regime proving to be the most sensitive to cytoskeletal changes. A comparison between sDC and 

xDC by Urbanska et al. (Urbanska et al. 2020) confirmed that the higher strain rate of xDC makes 

measurement of cytoskeletal changes challenging, probably due to cytoskeletal fluidisation 

(Armistead et al. 2019). There is another channel shape, the hyperbolic channel, applying the 

extensional flow to deform cells without contacting the channel walls. Piergiovanni et al. 

(Piergiovanni et al. 2020) explored the deformability of nucleated cells by images and found that 

a hyperbolic channel can lead to elliptical deformation patterns (Figure 2.3(d)). Moreover, these 

single-cell microfluidic deformability systems require a high-speed imaging system with 

expensive and complicated microscopy and high-speed imaging. With the development of 

impedance-based flow cytometry, probing cellular mechanics through electrical measurement 

is of great interest to replace optical systems. 



Chapter 2  

49 

 

Figure 2.3  Operating principle of cDC, sDC and xDC. (a) cDC. A cell passes through a constriction 
smaller than its diameter, and the transit time is measured to determine deformability. (b) sDC. 
A cell passes through a contactless channel and shear force is applied to its surface. The 
deformability is determined from optical images. (c) xDC. An extensional flow along with a cross-
slot microfluidic architecture induces extensional deformation of a cell and the deformability is 
determined by optical images. Copied from (Urbanska et al. 2020) (d) The extensional forces 
dominate in the short hyperbolic channel so that cells perform elliptical deformation patterns. 
Copied from (Piergiovanni et al. 2020). 

Microfluidic impedance cytometry (MIC) has been developed for decades, and is based on the 

Coulter counter principle, the first technology that uses electrical methods to measure the 

properties of a single particle (Coulter 1956) (Figure 2.4). The Coulter device consists of two 

electrically isolated fluid-filled chambers with a pair of electrodes, and the DC (Direct Current) 

resistance is measured as particles flow through a small tube. The current pulse corresponds to 

the movement of a single particle and the magnitude is proportional to the amount of fluid 

displaced, i.e. cell size (Sun and Morgan 2010).  



Chapter 2  

50 

 

Figure 2.4 The structure and principle of the Coulter counter. As a particle passes through the 
tube, the generated current is recorded to count the number and deduce its size. Copied from 
(Hurley 1970) 

The first Coulter counter integrated with a microchannel was developed by Larsen et al (Larsen, 

Blankenstein, and Branebjerg 1997). MIC is based on a microfluidic device integrated with 

microelectrodes to detect the impedance of a microchannel when cells pass through successive 

pairs of electrodes. The transit time determined from the impedance signal can be used to 

estimate the deformability. This is an example of cDC. Zheng et al. (Zheng et al. 2012) (Figure 2.5) 

developed a microfluidic system capable of measuring multiple biophysical parameters of single 

RBCs, including transit time, amplitude ratio and phase of the impedance signal. The transit time 

reflects cell membrane stiffness and the friction between the membrane and channel wall. The 

impedance amplitude ratio and phase were used to determine the volume, the membrane 

conductivity and the haemoglobin density of RBCs. They used multiple parameters to classify 

foetal/neonatal and adult RBCs.  

 

Figure 2.5 Schematic of a microfluidic system for electrical and mechanical characterisation of 
RBCs. The transit time, impedance amplitude ratio and impedance phase increase were 
determined, and foetal/neonatal and adult RBCs were classified successfully. Picture from 
(Zheng et al. 2012) 
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Zhou et al.(Zhou et al. 2018) proposed a deformability MIC with multiple pairs of electrodes as 

shown in Figure 2.6. This measured the impedance of undeformed and deformed cells 

simultaneously for the first time. The system used cDC to squeeze cells through a constriction 

smaller than the cell size. The cellular models were extended to MCF-7 breast cancer cells. The 

differential impedance simplified measurement of passage time (Figure 2.6(a)), entry time 

(Figure 2.6(b)) and transit time (Figure 2.6(c)). The entry time was used to characterise the ability 

to deform, and the transit time was governed by the frictional properties of the cell membrane. 

The impedance measured from electrode configurations in Figure 2.6(a) and (c) were utilised to 

analyse undeformed and deformed cells simultaneously. However, their system still relies on cell 

transit time detection and the deformability is still not directly defined by the impedance signal.  

 

Figure 2.6 Schematic of the microfluidic impedance systems developed by Zhou et al. (Zhou et al. 
2018). (a) Total passage time was used to reflect the undeformed state of cells. (b) Entry time was 
used to characterise the deformability of cells. (c) Transit time was used to identify the fractional 
properties of cells. 

Petchakup et al. (Petchakup et al. 2022) developed a deformability MIC using microfabricated 

coplanar electrodes to quantify size, deformability and membrane properties of neutrophils, 

demonstrating alterations upon activation (Figure 2.7). This system used viscoelastic-inertial 

sheath flow to focus cells into a narrow stream, guiding them through a cross-junction where they 

were deformed by the squeezing forces of the sheath fluids. Inside the microchannel, shear force 

dominated, and the cell shape changes were assessed by comparing impedance signals before 

(native state) and after (deformed state) the cell flowed along the cross-shaped channel.  

 

Figure 2.7 Schematic illustration the system from Petchakup et al. (Petchakup et al. 2022). Cells 
were subjected to the dominant shear force and the cell shape changes were assessed by 
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comparing impedance signals before and after the cross-shaped channel. Size, deformability, 
and electrical opacity were defined by impedance at different frequencies. 

Reale et al. (Reale et al. 2022) used a hyperbolic channel to induce cell deformation by 

extensional flow (Figure 2.8(a)). Four coplanar electrodes are integrated into the cross 

configuration to probe the cell along the direction of flow and along the direction transverse to 

flow. Jarmoshti et al. (Jarmoshti et al. 2024) from the same group kept the hyperbolic channel 

design, but they used a three-electrode configuration to measure pre-deformation, deformation, 

and recovery of a cell when it passed along the channel. A multilayer perceptron neural network 

was utilised to train raw impedance signals from cells under extensional flow along with their 

image metrics, deriving metrics to quantify cell deformability over wide anisotropy ranges with 

minimal errors from cell size distribution (Figure 2.8(b)).  

 

Figure 2.8 (a) Deformability MIC with hyperbolic channel proposed by Reale et al. (Reale et al. 
2022) i. The device geometry which contains a hyperbolic channel and four coplanar electrodes 
in cross configuration to probe the cell along the direction of flow and along the direction 
transverse to flow. ii. IF = IT, when a spherical particle passes through. iii. IF ≠ IT, when an elongated 
particle passes through. (b) Schematic illustration of the channel design from (Jarmoshti et al. 
2024). Deformation of cells under viscoelastic hyperbolic extensional flow alters their anisotropy 
index (AI), defined as the ratio of length (A) to width (B) in the flow direction. Cells were measured 
using a three-electrode configuration to measure three stages of deformation: pre-deformation, 
deformation and recovery. 
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Table 2.1 Summary table for deformability MIC mentioned in this section. 

Main metric Channel type Cell type Aim of the work Ref 

Transit time 

Aspiration 

channel 
RBCs 

Used multiple parameters to 

classify foetal/neonatal and 

adult RBCs 

Fig 2.5 

(Zheng et al. 
2012) 

Constriction 

channel 

MCF-7 breast 

cancer cells 

Characterise the ability to 

deform and fractional 

properties of the cell 

membrane 

Fig 2.6 

 (Zhou et al. 

2018) 

Deformability 

index 

Cross-junction 

channel 

HL-60 cells, 

Neutrophil 

Quantify size, deformability 

and membrane properties of 

neutrophils after activation 

Fig 2.7 

(Petchakup 

et al. 2022) 

Hyperbolic 

channel 

RBCs 

Characterise the deformed 

cell shape of healthy and 

chemically stiffened RBCs 

Fig 2.8 (a) 

(Reale et al. 

2022) 

Cancer and 

cancer 

associated 

fibroblasts 

cells 

Characterise the pre-

deformation, deformation and 

recovery of a cell, and the 

support vector machine model 

is used for multiparametric 

classification 

Fig 2.8 (b) 

(Jarmoshti et 

al. 2024) 

 

2.2.3 Characterisation of cell electrical properties 

Cell electrical parameters (conductivity and permittivity) are governed by structural and dynamic 

characteristics  (Zhong, Yang, et al. 2021; Shi et al. 2015; Mansoorifar et al. 2018). The electrical 

properties of the cell membrane are primarily determined by membrane surface morphology, 

lipid bilayer composition and thickness, and the presence of membrane proteins (Yang et al. 1999; 

Wang et al. 1994; Zimmermann et al. 2008). The cytoplasm dielectric properties are influenced 

by the structural organisation of intracellular components and dynamic biochemical conditions, 

most notably the concentration of various ionic species within the cellular environment (Huang 

et al. 1995; Hölzel 1999; Duncan et al. 2007). These factors are related to the physiological 

process of cells, including cell viability (Zhong, Yang, et al. 2021; Feng, Cheng, et al. 2022), 

leukocyte types in whole blood (Holmes et al. 2009; Prieto et al. 2016), the activation state of 
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macrophages (Torres‐Castro et al. 2023; Salahi, Rane, et al. 2022), parasite invasion of red 

blood cells (Honrado et al. 2018; Du et al. 2013), cancer cells (McGrath et al. 2020; Chiu et al. 

2017) and antimicrobial susceptibility (Spencer et al. 2020; Tang et al. 2023).  

Early work on measuring single-cell electrical properties with patch-clamp was developed in 

1976 by Neher and Sakmann (Neher and Sakmann 1976).  The method used a pipette (P) with a 

DC resistance of 2-5MΩ and a 3-5 μm opening. It contained Ringer's solution and was applied 

close onto muscle fibres within 200 μm of intracellular clamp electrodes. A virtual ground circuit 

was used to measure the membrane current with an operational amplifier and a feedback resistor. 

However, this method took about ten minutes to measure one cell (Figure 2.9). 

 

Figure 2.9 The patch-clamp technique used to measure single-cell electrical properties. 
Schematic circuit diagram of current recording from a patch of membrane with an extracellular 
pipette. VC, a two-microelectrode voltage clamp circuit to provide a fixed value of the membrane 
potential of the fibre. P, pipette applied closely onto the muscle fibre within 200μm of the 
intracellular clamp electrodes. VG. Virtual ground circuit that measured the membrane current 
with an optional amplifier and a feedback resistor. Picture  from (Neher and Sakmann 1976). 

Other methods for analysing cell electrical properties include electric impedance spectroscopy 

(EIS) and single cell electrorotation (ROT).  

EIS is a technique that applies an electric field to many cells to measure the current at different 

frequencies. Various cell trapping mechanisms integrated with microfabricated electrodes have 

been developed to measure single cells (Tan et al. 2012). Malleo et al. (Malleo et al. 2010) 

developed a device that implemented hydrodynamic cell trapping for continuous differential 

impedance analysis of single cells. The current from two closely positioned electrode pairs, one 

empty (reference) and one containing a cell, were recorded, and time-dependent impedance 

responses to dynamic chemical perturbations of single cells were measured. This design 

recorded multiple signals from multiple trapping sites (Figure 2.10(a-f)). Mansoorifar et al. 

(Mansoorifar et al. 2018) designed an electro-activated microwell array for cell capture, dielectric 

spectroscopy analysis, and release. Using equivalent circuit modelling, the membrane 

capacitance and cytoplasmic conductivity were extracted from the impedance spectra. The 

results showed that this system can monitor the response of cells to external stimuli, such as 

alterations in the buffer conductivity and pH (Figure 2.10(g)). 



Chapter 2  

55 

 

Figure 2.10 (a-f) Overview of the device developed by Malleo et al. (Malleo et al. 2010) to measure 
the time-dependent impedance of single cells to dynamic chemical perturbations. Cells were 
hydrodynamically trapped on top of a pair of electrodes. (g) Schematic diagram of the electrical 
impedance spectroscopy system designed by Mansoorifar et al. (Mansoorifar et al. 2018). Cells 
are trapped in the electro-activated microwells and for dielectric spectroscopy measurements. 
Spectra are fitted to an equivalent circuit model to extract cell membrane capacitance and 
cytoplasmic conductivity. 

ROT uses a non-uniform electrical field to generate a rotation torque on a cell. The cell rotation 

speed is related to the electrical parameters of the cell and suspension media. The cell dielectric 

parameter (membrane capacitance) are derived from the rotation spectrum which gives the 

imaginary part of the Clausius Mossotti factor (Arnold and Zimmermann 1988, 1982b, 1982a). 

(Wang, Pethig, and Jones 1992).   Arnold et al. (Arnold and Zimmermann 1982a) developed a 

device consisting of a chamber with four electrodes driven by sinusoidal voltages with 90° phase 

differences around the chamber (Figure 2.11(a)). A cell in the chamber rotates due to the induced 

dipole. The frequency of maximum rotation for different conductivities were recorded, and the 

gradient yielded the membrane capacitance. Kawai et al. (Kawai et al. 2020) used a 3D-array 

device to measure the membrane capacitance and cytoplasmic conductivities of hematopoietic 

cells (Figure 2.11(b)). ROT requires skilled operators and is not high throughput. Moreover, cells 

may be damaged or even dead after the ROT (Li et al. 2024).  

 

Figure 2.11 (a) Schematic diagram of a chamber used to generate the rotating electric field. Four 
electrodes are driven by equal voltages with four phases shifted by 90°. The frequency of 
maximum rotation speed was recorded for different suspension conductivities in order to derive 
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the cell membrane capacitance (Arnold and Zimmermann 1982a). (b) Schematic diagram of the 
electrorotation device designed by Kawai et al. (Kawai et al. 2020). Hematopoietic cells in the 3D-
array microwells rotate, and the measured spectra used to extract membrane capacitance and 
cytoplasmic conductivity. 

2.2.4 Single-cell microfluidic impedance cytometry 

Unlike EIS and ROT, MIC has high throughput because particles flow through a channel at high 

flow rates. In MIC, cells are typically measured at two or at most three discrete frequencies, with 

classification based on the value of the impedance signals, for example, amplitude, phase, 

and/or electrical opacity (the ratio of high- to low-frequency impedance).  

Gawad et al. (Gawad, Schild, and Renaud 2001) used a coplanar electrode configuration to 

measure erythrocytes and ghosts, and presented the data as a scatter plot of low-frequency 

phase (LF) versus high-frequency phase (HF) (Figure 2.12). When the ratio of ghosts to 

erythrocytes was 1:4, ghost cells had a lower HF/LF ratio because their cytoplasm conductance 

was similar to that of the buffer solution.  

 

Figure 2.12 (a) Schematic diagram of the MIC device designed by Gawad et al. (Gawad, Schild, 
and Renaud 2001). Three coplanar electrodes were fabricated in the channel to generate the 
differential impedance signal shaped as an anti-symmetric Gaussian signal. (b) MIC scatter plot 
of low frequency (LF) phase versus high frequency (HF) phase for mixed ghosts and erythrocytes. 
Ghosts had a lower HF/LF ratio. 

Holmes et al. (Holmes et al. 2009) used electrical opacity to discriminate subpopulations of cells 

(Figure 2.13). They mixed antibody-conjugated beads with cells, and beads were bound to the 

target population, thereby altering the electrical properties of cells. In human blood samples, 

CD4 T-lymphocyte subpopulations were identified after adding CD4 beads, and it had a higher 

opacity compared to lymphocytes and granulocytes & monocytes subpopulations. 
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Figure 2.13 Scatter plot of a mixture of the T-lymphocytes, monocytes, neutrophils and 5.62μm 
diameter latex beads from (Holmes et al. 2009). (a) Opacity (|Z1707kHz|/|Z530kHz|) vs low frequency 
impedance magnitude (|Z503kHz|). (b) FACS analysis of the same sample showing forward and side 
scatter of the cells; colour coded according to fluorescence. 

Ostermann et al. (Ostermann et al. 2020) demonstrated that the phase at 6 MHz enabled the 

characterisation of the necrotic and viable U937 human lymphoma cells. A significant 

discrimination between two different subpopulations of cells was observed from the scatter plot 

(Figure 2.14). 

 

Figure 2.14 Scatter plot of phase versus amplitude of impedance at 6MHz showing discrimination 
between necrotic and viable U937 human lymphoma cells  (Ostermann et al. 2020). 

The examples mentioned above are just a few limited cases of MIC measurements at dual 

frequencies. In fact, there are many studies which attempted to use impedance signals including 

opacity or phase to assess various types of cells, such as macrophage activation by ex vivo 

intervertebral discs (Salahi, Rane, et al. 2022) and lymphocyte activation (Petchakup et al. 2021). 

However, measurements at only two or three frequencies are inadequate to obtain the intrinsic 

electrical properties of individual cells. This limitation arises because determining cellular 

dielectric parameters requires fitting the frequency-dependent impedance spectra to a set of 
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Debye relaxations (Morgan and Green 2003). This analytical process is typically implemented 

through established modelling such as multi-shell theory or equivalent circuit. To address this, 

the properties of single cells need to be measured across a wide range of frequencies.  

Early work by Sun et al. (Sun et al. 2007) used maximum length sequence (MLS) analysis to 

measure the properties of polystyrene beads with 512 evenly distributed frequencies between 

approximately 1kHz and 500kHz (Figure 2.15(a)). It demonstrated that the MLS technique could 

give multi-frequency measurements in a short period of time (ms), and validation was conducted 

with polystyrene beads, showing a good agreement between the MLS data and both circuit 

simulations and conventional AC signal measurements (average signal for 200 beads at every 

frequency). 

 

Figure 2.15 (a) Comparisons of MLS, Pspice circuit simulations and conventional AC frequencies  
(Sun et al. 2007). These three methods had good agreements. (b) The impedance spectrum 
example of the four-frequency impedance signal fitting of a single fabricated liposome particle 
(Chai et al. 2023). 

Some groups attempted to extrapolate particle dielectric parameters from a very limited range of 

frequencies. For example, Chai et al. (Chai et al. 2023) used giant liposomes of known radius, 

membrane permittivity and cytoplasm conductivity and fitted a single dispersion to only four 

discrete frequencies up to 1.2MHz. The dielectric properties of the liposomes were extracted 

using the single-cell equivalent circuit model (Figure 2.15(b)). They optimised the geometry of the 

channel and demonstrated that IFC achieved less than 10% relative error in characterising 

intrinsic electrical properties when the sensing zone dimensions approximate to the target 

particle diameter. Zhao et al. (Zhao et al. 2013; Zhao et al. 2018) used a constriction channel to 

measure the capacitance of single cells at two low frequencies, up to 250kHz (Figure 2.16(a)), 

and the raw data were fitted to equivalent electrical circuits without considering the nucleus in 

the model. They claimed to extract the cell specific membrane capacitance (Csm). Haandbæ k et 

al. (Haandbæ k et al. 2016) characterised different yeast cell phenotypes at frequencies up to 

20MHz, fitting data to a shell model, including the cell wall layer (Figure 2.16(b)). They 

demonstrated the cell wall conductivity and thickness and cytoplasm conductivity for 

characterising different species of yeast cells with large differences in morphology.  
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Figure 2.16 (a)-i. Schematic diagram of the MIC device to determine specific membrane 
capacitance (Csm) and cytoplasm conductivity (σcy). (a)-ii. The equivalent circuit was used to fit 
the measured impedance and derive the parameters. Sch – cross-section area of the side 
constriction channel. Lch – the length of the major constriction channel along the direction of the 
side channel. Mf – modification factor obtained based on numerical simulations. Four parameters 
including cytoplasm resistance (Rcy) and membrane capacitance (Cm) were obtained. Copied 
from (Zhao et al. 2018) (b) The shell model used to represent yeast cells (Haandbæ k et al. 2016). 
Ri , ɛi , σi – Inner radius, permittivity, conductivity; ɛw , σw – Cell wall permittivity and conductivity; 
ɛm , σm – Cell membrane permittivity and conductivity; Dw , Dm – Thickness of the cell wall and cell 
membrane. 

Spencer and Morgan (Spencer and Morgan 2020) developed a single-cell dielectric spectroscopy 

system which employed eight frequencies simultaneously to probe the impedance response over 

a frequency range from 200kHz to 50MHz (Figure 2.17). They measured thousands of single cells 

without nuclei (RBCs and ghosts) at a high throughput, up to 50MHz, sufficient to fit the data to 

the single-shell model. The radius, membrane capacitance and cytoplasm permittivity and 

conductivity of cells were extracted for each individual cell. 

 

Figure 2.17 (a) Schematic diagram of the impedance spectroscopy system proposed by Spencer 
and Morgan (Spencer and Morgan 2020). Eight frequencies ranging from 200kHz to 50MHz were 
applied to the microelectrodes simultaneously, and the spectrum of each single cell was fitted 
to a single-shell model to extract the dielectric parameters, including cell diameter, membrane 
capacitance and cytoplasm permittivity and conductivity. (b) Scatter plot for 1000 RBCs (red dots) 
and 1000 ghosts (blue dots). The bottom right plot is an example impedance spectrum for a ghost 
cell, showing an excellent fit to the single-shell model. 
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2.2.5 Discussion 

Section 2.2 described the biophysical characteristics, including mechanical (e.g. deformability) 

and electrical parameters (e.g. membrane capacitance and cytoplasm conductivity) of cells. 

Measurement of cellular biophysical properties offers novel insights into technology for disease 

diagnosis, drug development, bioengineering and clinical therapy. Although studies have 

indicated the potential of cellular biophysical properties as biomarkers for cell identification, 

early detection methods often rely on costly equipment, complex procedures, and specialised 

researchers, limiting their feasibility for on-site, high-throughput analysis of large sample 

volumes. The emergence of microfluidic techniques provides the possibility to address this 

limitation.  

In deformability measurements, cell deformation is induced by different channel structures or 

specialised fluids as they flow through the channels of a microfluidic cytometer. Deformability 

can be directly quantified from images captured by high-speed cameras or derived from indirect 

measurement parameters, such as cell transit time in a constricting channel. These methods 

require complicated microscope systems and a large amount of image data to be processed. 

Additionally, a constricting channel may cause microchannel clogging, thereby decreasing 

throughput. In the dielectric parameter measurements, early microfluidic devices manipulated 

trapped cells to obtain their frequency-dependent spectrum and determine their properties. Low 

throughput and complex operation procedures hinder the application of these measurement 

systems in rapid clinical diagnosis.  

Microfluidic impedance cytometry (MIC) provides an alternative approach to measuring the 

biophysical properties of cells. This high-throughput, label-free method can maintain cell viability, 

which is crucial for the analysis of hard-to-obtain cells, such as circulating tumour cells (CTCs). 

It is of great interest to develop a deformability MIC system and explore its correlation with optical 

measurements, as presented in Chapter 4. Optimising the microfluidic impedance spectroscopy 

for nucleated cells is introduced in Chapter 5. 

2.3 Single-cell Sorting 

In applications such as clinical diagnosis, identified target cells need to be purified and isolated 

from the original sample for specific operations, such as inducing selective differentiation, 

modifying surface molecules, or even performing advanced procedures such as gene editing and 

DNA sequencing (Tewhey et al. 2009). Compared with conventional sorting methods, microfluidic 

cytometry has many advantages, including a higher throughput, lower sample volume 

requirement, reduced cost and reduced size for operational convenience and portability (Wyatt 

Shields Iv, Reyes, and López 2015). There are label-based methods and label-free methods. 
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Fluorescence-based indicators are commonly used in commercial flow cytometry. Other label-

based methods include binding magnetic beads onto cell surfaces and forcing target cells sorted 

by an external magnetic field. Label-free cell sorting using microfluidic cytometry can not only be 

adapted in passive systems but also in active systems (using external force-fields). It sorts based 

on a wide range of physical characteristics in such as size, shape, deformability, density etc. This 

section reviews these two types of sorting methods and introduces some typical examples. 

2.3.1 Label-based sorting 

Fluorescence-based cell sorting was the first commercial cell sorter invented by Herzenberg et 

al. in 1969 (Hulett et al. 1969), known as fluorescence-activated cell sorting (FACS). In FACS, cells 

are labelled with fluorescent probes. The labelled cells are placed in a laminar flow stream and 

light is scattered from a focused laser beam. The fluorescent signal is analysed to classify each 

cell for downstream sorting, where each cell is encapsulated into a charged aerosol droplet and 

sorted electrostatically (Bonner et al. 1972; Wyatt Shields Iv, Reyes, and López 2015). However, 

due to biosafety concerns during the generation of aerosol droplets, researchers are moving to 

characterise cells in microfluidic devices (Wyatt Shields Iv, Reyes, and López 2015). 

Dielectrophoresis (DEP) and acoustic separation mechanisms are label-free sorting methods 

(see section 2.3.2) when they sort cells based on the intrinsic properties of particles, such as size 

and shape. These mechanisms can also be utilised to induce displacement of labelled particles 

to achieve desired sorting. For example, Mazutis et al. (Mazutis et al. 2013) developed a 

fluorescent droplet-based microreactor integrated with a cell sorter using DEP (Figure 2.18). 

Cells with/without target antibody (Ab-producing cell / non-producer) were encapsulated in 

droplets with a fluorescent detection antibody and incubated off-chip to produce secretion 

antibodies. They were sorted based on fluorescence signal.  

 

Figure 2.18 (a) Schematic diagram of a microfluidic fluorescent-based sorting system. Cells were 
encapsulated in droplets, and those with target antibodies produced increased fluorescence 
signals after off-chip incubation. (b) From i to iii, the whole process of sorting. Copied from 
(Mazutis et al. 2013). 
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Figure 2.19 (a) Schematic of a fluorescence sorting system developed by Li et al. (Li et al. 2019). 
(b) The chip image. (c) The microscope image of the channel and sorting region. Stained cells were 
forced by the acoustic waveform generated by the FIDT toward the target outlet. 

Li et al. (Li et al. 2019) developed a fluorescence-activated sorting system integrated with an 

acoustic sorter. The system used elasto-inertial particle focusing to align stained cells in a single 

stream, and the selected cells were forced toward the target outlet by the acoustic stream flow 

and acoustic radiation force (Figure 2.19).  

Fluorescence-based microfluidic sorting is widely used, but the cytotoxicity of fluorescent dyes 

may damage DNA and be phototoxic to viable cells (Perry et al. 2011). Magnetic beads can be 

used to bind target cells for sorting (Evans et al. 2009; Li et al. 2016; Shi et al. 2017; Buryk-Iggers, 

Kieda, and Tsai 2019). However, magnetic methods have drawbacks such as material limitations, 

and low response speed. In summary, label-based microfluidic sorting provides reliable 

performance, but the invasive manipulation of cells limits the application.  

2.3.2 Label-free sorting 

Label-free microfluidic sorting is simple, cost-effective, and time-efficient. Approaches can be 

divided into active sorting and passive sorting, depending on whether an external field is applied.  

There are several passive label-free sorting methods, including filtration, deterministic lateral 

displacement (DLD), and inertial microfluidics. These methods have no requirement for external 

fields,  and particles are separated by hydrodynamic forces generated by specialised channel 

structures or configurations. Microfluidic filtration separates cells based on size, and there are 

three kinds of filtration: membrane filtration (Fan et al. 2015; Kang et al. 2017; Crowley and 

Pizziconi 2005), pillar filtration (Sarioglu et al. 2015) and tangential flow filtration (Raub, Lee, and 

Kartalov 2015). Membrane filtration uses commercial membranes with holes of specific size to 

isolate larger cells (Lu et al. 2023). Fan et al. (Fan et al. 2015) and Kang et al. (Kang et al. 2017) 
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isolated circulating tumour cells (CTCs). Pillar filtration generally uses fabricated pillars with 

different shapes to block cell clusters (Sarioglu et al. 2015; Mehendale et al. 2018). Tangential 

flow filtration uses an additional sheath flow to provide a pressure gradient in the channel. The 

target cells flow through small gaps perpendicular to the original direction (Han et al. 2021).  

 

Figure 2.20 Microporous membrane filtration of whole blood using cross flow filtration to 
maximise yield or reduce processing time. This method achieved high isolation efficiency by 
minimising the accumulation of fouling elements, such as RBCs, at the filter face. Copied from 
(Crowley and Pizziconi 2005). 

Deterministic lateral displacement (DLD) is a separation technique which uses an array of 

micropillars to displace larger particles laterally in a bumping migratory flow trajectory 

(Hochstetter et al. 2020; Smith et al. 2018; Zeming et al. 2016). Huang et al. (Huang et al. 2004) 

demonstrated that cells with smaller sizes could more easily traverse between obstacles than 

larger cells, which achieved sorting. The key step is the critical sorting diameter DC, carefully 

evaluated by Inglis et al. (Inglis et al. 2006) . Particles smaller than 𝐷𝑐, zigzag through the pillar 

array with no net displacement while particles larger than 𝐷𝑐  are displaced from their original 

lateral position (Xavier et al. 2019) (Figure 2.21). This technique was used in many clinical 

scenarios, such as undiluted whole blood samples and isolating cancer cells (Davis et al. 2006; 

Huang et al. 2008; Liu et al. 2013). Tottori et al. (Tottori and Nisisako 2020) combined the DLD and 

inertial focusing, enabling a sorting efficiency of  99% for a mixture of MCF-7 cells (a model of 

CTCs) and blood cells. 
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Figure 2.21 Schematic of a DLD separating system. The critical diameter of the system is DC , 
which can be evaluated. Cells with size larger than DC move in a direction dictated by the arrays, 
while cells smaller than DC move with the convective flow. Copied from (Xavier et al. 2019). 

Inertial microfluidic sorting uses hydrodynamic forces acting on particles to produce cell 

movement. This method differentiates particles by size. Huh et al. (Huh et al. 2007) integrated 

fluid dynamics with droplet inertia to separate microorganisms and drops, utilised gravity to drive 

the flow, causing positional deposition difference. Shen et al. (Shen et al. 2017) optimised the 

channel design to a micro-spiral shape with a set of micro-obstacles integrated into it (Figure 

2.22), but small particles do not experience sufficient inertial forces, leading to separation failure.  

 

Figure 2.22 An inertial microfluidic sorting device with spiral channel. A set of micro-obstacles 
integrated into the spiral channel results in an enhanced performance. Three outlets for specific 
particle separation and collection. The sorting efficiency was 99.8% for sorting polymeric 
particles, CTCs and blood cells. Copied from  (Shen et al. 2017). 

Active sorting systems are often integrated with label-free detection methods. Dielectrophoresis 

(DEP) sorts cells based on their dielectric properties (e.g., polarisability).  In a non-uniform 

electrical field, polarised particles experience a force leading to migration along or against the 

field gradient depending on the excitation frequency, size and electrode configuration 

(Velmanickam et al. 2022). Fiedler et al. (Fiedler et al. 1998) achieved particle sorting under 
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conditions of negative DEP. Various sorting chips based on DEP have been proposed. For 

example, Wang et al. (Wang et al. 2007) integrated vertical electrodes in the sidewall of 

microchannels for multiplexed DEP switching of particles to change the equilibrium points for 

different types of cells or beads (Figure 2.23(a)). However, the DEP technique has several 

problems, such as Joule heating, limited throughput and the need for a low-conductivity buffer 

(Lu et al. 2023). Dielectrophoretic cell sorting can be enhanced by field-flow fractionation (FFF), 

which includes gravitational, centrifugal, thermal, magnetic, and electrical forces. This hybrid 

approach aims to position cells by height, thereby directing them into distinct laminar flow 

streams based on the flow velocity gradient inherent to parabolic flow profiles (Roda et al. 2009; 

Giddings 1993, 1985). Vykoukal et al. (Vykoukal et al. 2008) first developed a DEP-FFF system to 

separate stem cells from enzyme-digested adipose tissue. The microfluidic platform featured 

patterned microelectrodes at the bottom of a microfluidic channel, generating negative 

dielectrophoretic forces counteracting gravity. This allowed each cell type to attain an 

equilibrium height based on its surface charge, enabling rapid sorting under flow (Figure 2.23(b)).  

 

Figure 2.23 (a) Two sets of integrated electrodes in the sidewalls of the microchannel generate 
negative DEP forces with different directions to push particles away from the sidewall. Particles 
position at different equilibrium points along the width by the coupled DEP forces, flowing to a 
target outlet. (b) Sorting principle of DEP-FFF proposed by Vykoukal et al. (Vykoukal et al. 2008). 
i. An array of electrodes positions cells to equilibrium positions above the bottom of the channel 
according to their type. ii. Cells sorted by propelling them through the channel at rates according 
to their distance from the wall. Image is copied from (Wyatt Shields Iv, Reyes, and López 2015). 

Acoustofluidics uses an external acoustic field to move cells. In general, interdigitated 

transducers (IDTs) made from a piezoelectric material generate bulk acoustic waves (BAWs) 

(Petersson et al. 2005; Augustsson et al. 2012; Fong et al. 2014) and surface acoustic waves 

(SAWs) (Wu et al. 2019; Ding et al. 2014; Li et al. 2015; Nam et al. 2011). These waves form 

pressure and anti-pressure nodes enabling size or density-based particle separation.  
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Figure 2.24 (a) Nam et al. separated platelets from blood cells by a SAW device (Nam et al. 2011). 
Sheath flow was used to focus the cells into a confined band. Larger cells, such as leukocytes 
and erythrocytes, experienced greater acoustic radiation forces, thereby migrating farther than 
the surrounding platelets. (b) Components of the microfluidic device. 

Label-free sorting methods rely on the differences in forces experienced by cells in an applied 

field due to their intrinsic properties.  

One choice is to use real-time images to trigger a sorter. Sorting systems proposed by Nitta et al. 

(Nitta et al. 2018) and Isozaki et al. (Isozaki et al. 2019) both used intelligent image-activated 

methods which is beyond traditional fluorescence-activated ability. It achieves high-content 

sorting of cells with unique spatial chemical and morphological traits. Nawaz et al. (Nawaz et al. 

2020) utilised fluorescence traces and deformability data from real-time images to isolate blood 

cells (Figure 2.25). The sorter was a surface acoustic wave (SSAW). The system also used deep 

neural network (DNN) to train the raw images to find a predictor for a specific classification 

without extracting predefined features successfully sorting neutrophils from whole blood without 

labels. 

 

Figure 2.25 Intelligent image-based deformation-assisted cell sorting with molecular specificity 
(fluorescence signal) proposed by Nawaz et al. (Nawaz et al. 2020). The sorter used SSAW to 
change the direction of target cells. 
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Zhong et al. (Zhong, Li, et al. 2021) sorted human peripheral blood mononuclear cells (PBMCs) 

from dead cells and debris, by combining impedance-based PBMC viability assessment and 

acoustics cell manipulation (Figure 2.26(a)). Choi et al. (Choi et al. 2020) demonstrated the first 

single-particle-resolved, cytometry-like deformability-activated sorting in a continuous flow on a 

microfluidic platform. They used poly (ethylene glycol) diacrylate (PEGDA) beads as a 

deformability model to evaluate sorting performance (Figure 2.26(b)).  

 

Figure 2.26 (a) Schematic diagram of the impedance-based peripheral blood mononuclear cells 
(PBMC) isolation system proposed by Zhong et al. (Zhong, Li, et al. 2021). (b) Choi et al. (Choi et 
al. 2020) proposed a microfluidic deformability-activated sorting system of single particles. Poly 
(ethylene glycol) diacrylate (PEGDA) beads were created as the deformability model for device 
validation and performance evaluation. The deformability was measured according to the transit 
time of particles passing through the constriction.   

There are more attempts to integrate MIC with sorting functionality. Single cell differential 

impedance characteristic and mechanical phenotyping by extracting the transit time were 

integrated to trigger real-time deformability-based sorting of fixed and live MCF-7 cells mixture 

(Figure 2.27(a)) (Li and Ai 2021). Panwar et al. designed a novel system that combines MIC 

sensing with fluorescence-activated DEP sorting, enabling automated, high-throughput 

screening of droplets (Panwar et al. 2023) (Figure 2.27(b)).  

 

Figure 2.27 (a) Li and Ai (Li and Ai 2021) proposed an acoustic sorting system based on MIC using 
impedance and mechanical characteristics. (b) High-throughput automated droplet screening 
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using impedance to reduce false positive events and improve efficiency and stability. Copied 
from (Panwar et al. 2023). 

In general, due to the advantages of the label-free MIC method, MIC-based sorting system is not 

only as a final step, but also as a pre-processing stage in cell culture and biologics production. 

Additionally, MIC offers multiparametric data, enabling the sorting system to distinguish and 

operate on various cell phenotypes based on electrical and mechanical characteristics (Righetto 

et al. 2025). 

A sorter utilising membrane pumps relies on the mechanical actuation of an integrated 

membrane, where the fluid direction in a main channel is altered by the injected liquid filling the 

membrane pump. This sorter can be used for both label-based and label-free sorting. One way to 

form the membrane pump is by integrating a disc transducer which injects and sucks liquid in a 

side chamber (Chen et al. 2009; Rajauria et al. 2015). Chen et al. (Chen et al. 2009) used this 

concept to sort E.coli at a flow rate of ~2 μl/min with a throughput of 24 cells/s (Figure 2.28(a)). 

Rajauria et al. (Rajauria et al. 2015) developed a high-speed sorting system based on a pair of disc 

transducers, enabling a throughput of 60,000 particles/min (Figure 2.28(b)).  

 

Figure 2.28 (a) Chen et al. developed a membrane pump sorter using a piezoelectric (PZT) 
actuator (Chen et al. 2009). As the particles enter the sorting junction, the bending motion of the 
PZT actuator temporarily disturbs fluid flow, deflecting target particle to the left-right channels. 
When the PZT was not triggered, unwanted particles stayed in the centre streamlines towards the 
middle waste channel. (b) Rajauria et al. developed a high-speed sorting system with a pair of PZT 
actuators, with a throughput of 60000 particles/min. 

On-chip membrane pumps are fabricated directly into the microfluidic chip, actuated by external 

drivers, instead of integrated component, such as disc transducers. Sakuma et al. (Sakuma et al. 

2017) fabricated chips with membrane pumps, and external piezoelectric actuators to generate 

a push/pull flow (Figure 2.29(a)). This sorter was applied to an intelligent image-based detection 

mechanism to isolate human platelets (Figure 2.29(b)). 
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Figure 2.29 (a) Conceptual image of the on-chip cell sorter using dual-membrane pumps 
proposed by Sakuma et al. (Sakuma et al. 2017). The membrane pumps were fabricated on the 
chip and the membrane deflection was driven by the piezoelectric actuator. (b) Nitta et al. (Nitta 
et al. 2018) integrated high-speed intelligent image-based detection. 

2.3.3 Discussion 

Many label-based and label-free platforms have been developed, integrated with active or 

passive sorters. Which method is the best remains to be decided, as no single type of sorter can 

universally meet all requirements due to variability in sample conditions and target cell 

specifications. Trade-offs between sorting efficiency and purity must be carefully weighed during 

system selection. Additionally, the implementation of the sorter needs to consider both technical 

complexity and process feasibility because some sorters are hard to integrate with the pre-

existing detection methods.  

This project focuses on single-cell MIC analysis, with a separation system based on MIC 

detection. The selection of a sorter should consider chip dimensions, fabrication cost, 

production cycle and the ease of integration into the mechanical design of an existing device. 

Since the fabrication cost of making a batch of chips in the cleanroom is hundreds of pounds, 

with a production cycle of several weeks, it is necessary to place as many chip as possible on one 

wafer mask, minimising the chip size within feasible limits to reduce costs and fabrication time. 

Thus, the on-chip membrane pump shown in Figure 2.29 was considered to be the optimal 

solution for the requirement of this project. The design details and experimental verification are 

presented in Chapter 6. 
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Chapter 3 Theory and Simulation 

3.1 Introduction 

Label-free microfluidic impedance cytometry (MIC) is a single-cell analysis technique for the non-

invasive, high throughput and multiparameter characterisation of cells without requiring 

fluorescent or chemical labels. This technique differentiates cells according to their intrinsic 

dielectric signatures (e.g. membrane capacitance) and/or mechanical properties (e.g. 

deformability). This thesis describes a method for single-cell biophysical analysis, with combined 

single cell dielectric measurement and deformability measurement, coupled with single-cell 

sorting.  

Chapter 2 reviews previous studies of these fields. Traditional cell dielectric analysis methods 

such as electrical impedance spectroscopy (EIS) and single-cell electrorotation (ROT) either 

require complex cell trapping structures or suffer from low throughput and operating difficulty 

(Kang et al. 2013; Hong, Lan, and Jang 2012; Arnold and Zimmermann 1982a). For deformability 

assessment, existing microfluidic techniques predominantly use contact-based methods (Lange 

et al. 2015; Lange et al. 2017; Chen et al. 2011) or sheath flow to induce cell deformation 

(Petchakup et al. 2022; Urbanska et al. 2020), however, these techniques suffer from issues such 

as clogging and complicated channel fabrication. Early work on single-cell sorting is based on 

measuring the impedance magnitude or opacity (Zhu et al. 2024), without incorporating 

mechanical cellular deformability. The aim of this thesis is to address these limitations and to 

develop a combined method for real-time sorting of single cells according to their electro-

mechanical phenotypes. 

This chapter describes the theoretical foundation for the experimental investigations. It covers 

three domains: dielectric characterisation of single cells, mechanical modelling of cells, and 

microfluidic principles. The structural analysis and operational mechanisms of a cell sorting 

system are modelled using mechanical derivations and computational simulations. 

3.2 Single-cell Electrical Theory and Model 

The operational principle of MIC originates from dielectric polarisation in an applied alternating 

electric (AC) fields. Dielectric materials are polarised when they are placed in an electric field and 

molecules orientate in the direction of the applied field. The polarised systems exhibit relaxation 

dynamics following Debye's theory, where the relaxation time constant (τ) characterises the time 

taken for the dipoles to polarise. When subjected to a field with a frequency that is far below the 

relaxation time, all dipoles have time to orientate, and the polarisation reaches a maximum. As 
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the frequency increases beyond a critical value fc = 1/(2πτ), polarisation becomes progressively 

phase-lagged, resulting in permittivity dispersion. This decline in polarizability reduces energy 

storage, a phenomenon known as dielectric relaxation. In heterogeneous biological systems, 

Maxwell-Wagner interfacial polarisation dominates the dielectric response. This interfacial 

phenomenon arises from conductivity-dielectric contrast between adjacent components. In the 

experimental configuration used in this thesis, where cells are suspended in electrolyte between 

planar electrodes, the Maxwell-Wagner interfacial polarisation mechanism leads to frequency-

dependent impedance variations in the system. This change in particle-medium dielectric 

contrast forms the basis of the MIC spectroscopy platform. 

The dielectric response of biological suspensions is characterised by the complex permittivity. 

This is linked to the Clausisu-Mossotti factor through Maxwell's Mixture Theory (MMT). MMT 

establishes the quantitative relationship between these parameters with multi-particle systems 

treated as a homogeneous continuum with an effective complex permittivity. This continuum 

representation enables the derivation of intrinsic cellular dielectric properties when coupled with 

multi-shell modelling frameworks. Nucleated cells are modelled as a double-shell model, 

introduced in this section.  

The dielectric characteristics of the suspending medium, particularly its ionic conductivity, 

influence the Clausius-Mossotti factor. The experimental realisation of this principle using is 

detailed in Chapter 5. 

3.2.1 Complex permittivity 

The polarisation of non-ideal dielectric materials in an alternating electric (AC) field is modelled 

through parallel-plate capacitor theory. Unlike ideal dielectrics where polarisation arises solely 

from bound charges, lossy dielectrics exhibit dual charge transport mechanisms: mobile charge 

carriers and bound polarisation charges. This dual nature necessitates a combined RC circuit 

representation, where the complex impedance (Z*) of the system is expressed as a parallel 

combination of conductive and capacitive pathways (Figure 3.1): 

 Z* = 1
1

𝑅
+𝑗𝜔𝐶

 = 𝑅

1+𝑗𝜔𝑅𝐶
 (3.1) 

The impedance of the resistor (R) and capacitor (C) are (Morgan and Green 2003): 

 R = 𝐷

𝜎𝐴
 (3.2) 

 C = ɛ* 𝐴
𝐷

 (3.3) 

where ɛ* is the complex permittivity of the dielectric. It is given by: 
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 ɛ* = ɛ - j 𝜎

𝜔
 (3.4) 

Thus, the total impedance is: 

 Z* = 𝐷

𝜎𝐴+𝑗𝜔𝐴𝜀∗ (3.5) 

 

Figure 3.1 Diagram of the parallel plate capacitor. A is the plate area, D is the separated distance, 
ɛ is permittivity, and σ is the conductivity of the dielectric. 

The frequency-dependent polarisation manifests as a relationship between displacement 

current (capacitive component) and conduction current (resistive component). The critical 

frequency (fc) marking the transition between these mechanisms is determined by: 

 fc = 𝜎

2𝜋𝜀
 (3.6) 

This frequency-dependent behaviour forms the physical basis for dielectric spectroscopy, 

enabling discrimination between interfacial polarisation (Maxwell-Wagner effect) and bulk 

dielectric relaxation (Debye mechanism) in biological systems. 

3.2.2 Clausius-Mossotti factor and Maxwell Mixture Theory 

Dielectric spectroscopy measures the complex permittivity ɛ*
mix of a particle suspension through 

Maxwell's Mixture Theory (MMT), which is given by: 

 𝜀𝑚𝑖𝑥
∗ = 𝜀𝑚𝑒𝑑

∗
1 + 2𝜑𝑐𝑒𝑙𝑙𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)

∗

1 − 𝜑𝑐𝑒𝑙𝑙𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗ =  𝜀𝑚𝑒𝑑

∗
1 + 2𝜑𝑐𝑒𝑙𝑙 (

𝜀𝑐𝑒𝑙𝑙
∗ − 𝜀𝑚𝑒𝑑

∗

𝜀𝑐𝑒𝑙𝑙
∗ + 2𝜀𝑚𝑒𝑑

∗ )

1 − 𝜑𝑐𝑒𝑙𝑙 (
𝜀𝑐𝑒𝑙𝑙

∗ − 𝜀𝑚𝑒𝑑
∗

𝜀𝑐𝑒𝑙𝑙
∗ + 2𝜀𝑚𝑒𝑑

∗ )
 (3.7) 

where ɛ*
med is the media complex permittivity, 𝜑𝑐𝑒𝑙𝑙  is the volume fraction that a cell occupies in 

the suspending medium and the Clausius-Mossotti factor of a cell 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  is defined as:  

 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗ =

𝜀𝑐𝑒𝑙𝑙
∗ − 𝜀𝑚𝑒𝑑

∗

𝜀𝑐𝑒𝑙𝑙
∗ + 2𝜀𝑚𝑒𝑑

∗  (3.8) 

Note that the MMT is only applicable with a small volume fraction (𝜑𝑐𝑒𝑙𝑙<0.01). 
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3.2.3 Shell model 

The shell-model provides a framework for modelling the stratified dielectric structure of 

biological cells through concentric layers of homogeneous dielectrics. The multi-shell model 

developed by Irimajiri et al. (Irimajiri, Hanai, and Inouye 1979) is widely used to determine the 

dielectric parameters of cells from experimental impedance data. As schematically illustrated in 

Figure 3.2, each cellular compartment (membrane, cytoplasm, etc.) is represented as a discrete 

shell with distinct complex permittivity parameters. The simplest model is the single-shell model 

(Figure 3.2(a)), which ignores the nucleus and is usually applied to red blood cells. The double-

shell model is required to fully describe the nucleated cells.  

The single-shell model is briefly introduced here. The complex permittivity of the cell 𝜀𝑐𝑒𝑙𝑙
∗  is 

expressed as: 

 𝜀𝑐𝑒𝑙𝑙
∗ =

2𝜀1
∗(1 − 𝛾𝑎) + 𝜀2

∗(1 + 2𝛾𝑎)

𝜀1
∗(2 + 𝛾𝑎) + 𝜀2

∗(1 − 𝛾𝑎)
 (3.9) 

where 𝜀1
∗ and 𝜀2

∗ are complex permittivity of the cell membrane and cytoplasm. The factor 𝛾𝑎  is 

written as 𝛾𝑎 = (𝑅𝑎/𝑟𝑐𝑒𝑙𝑙)3 , with 𝑟𝑐𝑒𝑙𝑙  the cell radius, and 𝑅𝑎 =  𝑟𝑐𝑒𝑙𝑙 −  𝑑1 , where d1 is the 

thickness of cell membrane. 

Figure 3.2(b) shows the nucleated cell modelled with four concentric dielectric layers. The 

membrane thickness is d1 and the nuclear envelope thickness is d3. The cell permittivity is derived 

through (Mansoorifar et al. 2017; Irimajiri, Hanai, and Inouye 1979):  

 𝜀𝑐𝑒𝑙𝑙
∗ = 𝜀1

∗
2(1 − 𝛾𝑎) + (1 + 2𝛾𝑎)𝐸𝑎

(2 + 𝛾𝑎) + (1 − 𝛾𝑎)𝐸𝑎
 (3.10) 

where the subscript "1" indicates cell membrane. The factor 𝛾𝑎  is given by  𝛾𝑎 = (𝑅𝑎/𝑟𝑐𝑒𝑙𝑙)3, with 

𝑟𝑐𝑒𝑙𝑙  the cell radius, and 𝑅𝑎 =  𝑟𝑐𝑒𝑙𝑙 −  𝑑1. The parameter 𝐸𝑎  is given by: 

 𝐸𝑎 =
𝜀2

∗

𝜀1
∗

2(1 − 𝛾𝑏) + (1 + 2𝛾𝑏)𝐸𝑏

(2 + 𝛾𝑏) + (1 − 𝛾𝑏)𝐸𝑏
 (3.11) 

Here, the subscript "2" stands for cytoplasm,  𝛾𝑏 =  (𝑅𝑏/𝑅𝑎)3, with 𝑅𝑏  the radius of the nucleus 

and  

 𝐸𝑏 =
𝜀3

∗

𝜀2
∗

2(1 − 𝛾𝑐) + (1 + 2𝛾𝑐)𝐸𝑐

(2 + 𝛾𝑐) + (1 − 𝛾𝑐)𝐸𝑐
 (3.12) 

The subscript "3" is the nuclear envelope,  𝛾𝑐 =  (𝑅𝑐/𝑅𝑏)3 , with 𝑅𝑐 = 𝑅𝑏 − 𝑑3  and 𝑑3  the 

thickness of the nuclear envelope. Finally, 𝐸𝑐  is: 
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 𝐸𝑐 =
𝜀4

∗

𝜀3
∗ (3.13) 

and subscript "4" refers to the nucleoplasm. Finally, the complex permittivity of a cell 𝜀𝑐𝑒𝑙𝑙
∗  in 

equation 3.8 is given by the iterations of inner layers dimensions and dielectric parameters.  

 

Figure 3.2 Schematic diagram of (a) single-shell model and (b) double-shell model. εi is the 
permittivity and σi is conductivity. Subscript 1: cell membrane, 2: cytoplasm, 3: nuclear envelope, 
4: nucleoplasm, med: media. rcell is the radius of cell, d1 is membrane thickness, 𝑅𝑎 = rcell – d1, d3 

is thickness of nuclear envelope, Rb is the radius of the nucleus, Rc = Rb – d3. 

3.2.4 Simulations 

3.2.4.1 Frequency spectrum with different conductivity medium 

Physiological saline with a permittivity of 80ɛ0 and conductivity of 1.6 S/m is usually employed as 

the standard suspension medium for MIC measurement. The dielectric spectrum is derived 

through calculations of the Clausius-Mossotti factor 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  (equation 3.8) after obtaining 𝜀𝑐𝑒𝑙𝑙

∗  

from the multi-shell equation (equations 3.9 and 3.10). This suspending medium contrasts with 

conventional dielectric measurement protocols (e.g., electrorotation (ROT), dielectrophoresis 

(DEP)) that typically utilise low-conductivity media (< 0.1 S/m). That is motivated to avoid issues 

with electrode polarisation, which is much worse for a high conductivity media, to avoid Joule 

heating and to limit the operating frequency range so that the characteristic relaxation 

frequencies (fc ∝ σ/ε) of cell dielectric parameters decrease to accessible ranges. Nevertheless, 

for single-cell impedance characterisation, a lower suspension media conductivity leads to a 

lower current through the micro-channel and SNR (signal-noise-ratio). For example, from the 

experiments which will be introduced in details in section 5.2.2.2, the SNRs of beads and cells in 

0.32 S/m conductivity media are 8.5 dB and 11.4 dB, whilst these values in 1.6 S/m conductivity 

saline are 13.6 dB and 18.9 dB. There is a trade-off between optimising the suspending media 
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conductivity for SNR (higher conductivity) and eliminating issues caused by interfacial 

polarisation (lower conductivity). 

The figures below show the frequency spectrum of 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  calculated from single- and double-

shell models for different conductivity media. 

 

Figure 3.3 Real and imaginary parts of 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  for a single shell model when changing the media 

conductivity σmed from 0.32 S/m to 1.6 S/m. The cell dielectric parameters are: ɛmed = 80ɛ0, ɛ1 = 7ɛ0, 
σ1 =  3.14×10-5 S/m, ɛ2 = 60ɛ0, σ2 =  0.3 S/m, d1 = 5nm, rcell (cell radius) = 6μm. Subscript: "med" – 
media, "1" – cell membrane, "2" – cytoplasm. 

Figure 3.3 shows a real and imaginary parts of 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  as a function frequency modelled with the 

single shell for a conductivity from 1.6 to 0.32 S/m, revealing two distinct dielectric relaxations. 

The one at low frequency is the polarisation between the suspending media and cell membrane, 

and the higher frequency is between the membrane and the cytoplasm. For the imaginary part, 

the frequency of the first peak remains invariant with media conductivity. However, as the 

conductivity decreases, the second peak gradually shifts to the left, indicating that lower 

conductivity reduces the required maximum frequency for characterising membrane and 

cytoplasm properties. This reduction helps the measurement process, as generating a lower 

maximum frequency is easier for the system. 

 

Figure 3.4 Real and imaginary parts of 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  for a double shell model for different media 

conductivity σmed from 0.32 S/m to 1.6 S/m. The dielectric parameters are: ɛmed = 80ɛ0, ɛ1 = 7ɛ0, σ1 
=  3.14×10-5 S/m, ɛ2 = 60ɛ0, σ2 =  0.3 S/m, ɛ3 = 52ɛ0, σ3 =  1.8×10-3 S/m, ɛ4 = 120ɛ0, σ4 =  0.82 S/m, d1 
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= 5nm, d3 = 20nm, rcell (cell radius) = 6μm, Rb (nucleus radius) = 4μm. Subscript: "med" – media, 
"1" – cell membrane, "2" – cytoplasm, "3" – nuclear envelope, "4" – nucleoplasm. 

The double-shell model simulation for different media conductivity is presented in Figure 3.4. The 

curves are similar to that of the single-shell model simulation. However, the magnitudes of both 

the real and imaginary components are significantly higher, and the curve shapes at frequencies 

higher than 10MHz are very different. For example, the imaginary part of the single-shell model is 

much flattened than the double-shell model. This suggests that the single-shell model is 

inadequate for accurately modelling a nucleated cell and may lead to erroneous estimations of 

the dielectric properties of the cell membrane and cytoplasm.  

3.2.4.2 Frequency spectrum with different cell parameters 

This section presents simulations of single- and double-shell models for high (1.6 S/m) and low 

(0.32 S/m) conductivity media.  

In the first scenario, modifications are made to the properties of the non-nuclear regions of the 

cell. Variations in cell diameter (d), membrane capacitance (C1=ɛ1/d1) and cytoplasm 

conductivity (σ2) affect different frequency ranges in the plot of 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗ . 

 

Figure 3.5 Real and imaginary parts of 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  for a single shell model in physiological saline 

when modifying cell diameter (d, 8μm~24μm, orange region), membrane capacitance (C1, 
5.3mF/m2~19.53mF/m2, red region) and cytoplasm conductivity (σ2, 0.2 S/m~0.4 S/m, blue 
region). Other parameters are the same as the "typical" setting for the black curve. Cell dielectric 
parameters for the black curve: ɛ1 = 7ɛ0 (C1 = 12.4 mF/m2), σ1 =  3.14×10-5 S/m, ɛ2 = 60ɛ0, σ2 =  0.3 
S/m, d1 = 5nm, rcell (cell radius) = 6μm. Subscript: "1" – cell membrane, "2" – cytoplasm. 
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Figure 3.6 Real and imaginary parts of 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  for a single shell model in physiological saline 

when modifying cell diameter (d, 8μm~24μm, orange region), membrane capacitance (C1, 
5.3mF/m2~19.53mF/m2, red region) and cytoplasm conductivity (σ2, 0.2 S/m~0.4 S/m, blue 
region). Other parameters are the same as the "typical" setting for the black curve. Cell dielectric 
parameters for the black curve: ɛ1 = 7ɛ0 (C1 = 12.4 mF/m2), σ1 =  3.14×10-5 S/m, ɛ2 = 60ɛ0, σ2 =  0.3 
S/m, ɛ3 = 52ɛ0, σ3 =  1.8×10-3 S/m, ɛ4 = 120ɛ0, σ4 =  0.82 S/m, d1 = 5nm, d3 = 20nm, rcell (cell radius) 
= 6μm, Rb (nucleus radius) = 4μm. Subscript: "med" – media, "1" – cell membrane, "2" – cytoplasm, 
"3" – nuclear envelop, "4" – nucleoplasm. 

Figures 3.5 and 3.6 show the 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  spectrum in physiological saline for both single- and 

double-shell models. The shaded region in the plot illustrates variation in the frequency window 

resulting from changes in cell diameter (d), membrane capacitance (C1) and cytoplasm 

conductivity (σ2). At low frequencies (<1MHz), the impedance is primarily governed by cell 

dimensions and membrane dielectric properties. In the intermediate frequency range 

(1MHz~100MHz), multiple factors contribute, including cell dimensions, membrane 

characteristics, and cytoplasm properties. At higher frequencies (>100MHz), cytoplasm 

dielectric properties become the dominant factors. The slight difference in curve magnitude 

between the two models indicates that the presence of a nucleus provides additional information 

for accurate cell modelling.  

 

Figure 3.7 Real and imaginary parts of 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  for a single shell model in low-conductivity (0.32 

S/m) media when modifying cell diameter (d, 8μm~24μm, orange region), membrane 
capacitance (C1, 5.3mF/m2~19.53mF/m2, red region) and cytoplasm conductivity (σ2, 0.2 S/m~0.4 
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S/m, blue region). Other parameters are the same as the "typical" setting for the black curve. Cell 
dielectric parameters for the black curve: ɛ1 = 7ɛ0 (C1 = 12.4 mF/m2), σ1 =  3.14×10-5 S/m, ɛ2 = 60ɛ0, 
σ2 =  0.3 S/m, d1 = 5nm, rcell (cell radius) = 6μm. Subscript: "1" – cell membrane, "2" – cytoplasm. 

 

Figure 3.8 Real and imaginary parts of 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  for a single shell model in low-conductivity (0.32 

S/m) media when modifying cell diameter (d, 8μm~24μm, orange region), membrane 
capacitance (C1, 5.3mF/m2~19.53mF/m2, red region) and cytoplasm conductivity (σ2, 0.2 S/m~0.4 
S/m, blue region). Other parameters are the same as the "typical" setting for the black curve. Cell 
dielectric parameters for the black curve: ɛ1 = 7ɛ0 (C1 = 12.4 mF/m2), σ1 =  3.14×10-5 S/m, ɛ2 = 60ɛ0, 
σ2 =  0.3 S/m, ɛ3 = 52ɛ0, σ3 =  1.8×10-3 S/m, ɛ4 = 120ɛ0, σ4 =  0.82 S/m, d1 = 5nm, d3 = 20nm, rcell (cell 
radius) = 6μm, Rb (nucleus radius) = 4μm. Subscript: "med" – media, "1" – cell membrane, "2" – 
cytoplasm, "3" – nuclear envelope, "4" – nucleoplasm. 

Figures 3.7 and 3.8 show spectra of the single- and double-shell models in 0.32 S/m conductivity 

media. Consistent with the results in physiological saline, cell diameter, membrane capacitance, 

and cytoplasm conductivity remain the dominant factors within their respective frequency ranges. 

Notably, the variations within the shaded spectral regions are significantly amplified for both 

single- and double-shell models compared to physiological conditions. This phenomenon 

suggests that employing low-conductivity media enhances the detection sensitivity of cellular 

dielectric parameters during impedance spectroscopy measurements. 

A difference in magnitude is shown in Figure 3.9 when overlapping the curve of single- and 

double-shell models parameterised with the "typical" setting for cell dielectric parameters. The 

changes are most significance at >1MHz. 
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Figure 3.9 The error between single- and double-shell model simulations in (i) physiological saline 
and (ii) 0.32 S/m conductivity media. The cell dielectric parameters are: ɛ1 = 7ɛ0 (C1 = 12.4 mF/m2), 
σ1 =  3.14×10-5 S/m, ɛ2 = 60ɛ0, σ2 =  0.3 S/m, ɛ3 = 52ɛ0, σ3 =  1.8×10-3 S/m, ɛ4 = 120ɛ0, σ4 =  0.82 S/m, 
d1 = 5nm, d3 = 20nm, rcell (cell radius) = 6μm, Rb (nucleus radius) = 4μm. Subscript: "med" – media, 
"1" – cell membrane, "2" – cytoplasm, "3" – nuclear envelope, "4" – nucleoplasm. 

A secondary effect is due to nuclear dielectric properties. The 0.32 S/m condition demonstrates 

superior resolution for detecting nuclear envelope changes. Therefore, Figure 3.10 only focuses 

on 0.32 S/m conductivity media simulation.  

 

Figure 3.10 Real and imaginary parts of 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  for double-shell model in low-conductivity media 

when modifying the nuclear envelope permittivity (ɛ3, 36ɛ0~68ɛ0, grey region) and conductivity (σ3, 
0.6×10-3~3×10-3 S/m, light blue region), and nucleoplasm permittivity (ɛ4, 100ɛ0~140ɛ0, green 
region) and conductivity (σ4, 0.54~1.1 S/m, purple region). Other parameters are the same as the 
"typical" setting for the black curve. Cell dielectric parameters for the black curve: ɛ1 = 7ɛ0 (C1 = 
12.4 mF/m2), σ1 =  3.14×10-5 S/m, ɛ2 = 60ɛ0, σ2 =  0.3 S/m, ɛ3 = 52ɛ0, σ3 =  1.8×10-3 S/m, ɛ4 = 120ɛ0, 
σ4 =  0.82 S/m, d1 = 5nm, d3 = 20nm, rcell (cell radius) = 6μm, Rb (nucleus radius) = 4μm. Subscript: 
"med" – media, "1" – cell membrane, "2" – cytoplasm, "3" – nuclear envelope, "4" – nucleoplasm 

In Figure 3.10, the permittivity and conductivity of the nuclear envelope and nucleoplasm are 

varied. The nuclear envelope permittivity primarily affects the real part at intermediate 

frequencies, though its impact is less significant than that of membrane permittivity in the low-

frequency range (Figure 3.7). Nucleoplasm conductivity slightly influences the imaginary part at 

frequencies above 1 MHz but has no notable effect on the real part. The effects of nuclear 

envelope conductivity and nucleoplasm permittivity are minimal, as the nuclear envelope 

behaves like a capacitor and the nucleoplasm functions as a conductive solution, making these 

parameters negligible.  
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3.3 Single-cell Mechanics: Theory and Models 

3.3.1 Young’s modulus 

Young's modulus, also known as elastic modulus, is a mechanical property of a material that 

indicates its stiffness or resistance to deformation under tensile or compressive stress. It is the 

ratio of stress to strain within the linear elastic region of the material's stress-strain curve: 

 G = 𝜎𝑠𝑡𝑟𝑒𝑠𝑠

ɛ𝑠𝑡𝑟𝑎𝑖𝑛
 (3.14) 

A higher Young's modulus (G) means a stiff material with minor deformation under stress, while 

lower Young's modulus material can deform significantly under the same conditions. It is a 

material property and does not depend on the size and shape of the sample. 

3.3.2 Solid model of cells 

As mentioned in Chapter 2, traditional measurement methods, such as AFM, optical tweezers 

and micropipette aspiration, are used to quantify the mechanical properties of cells, including 

Young's modulus, compliance and viscosity, with the data fitted to mechanical models.  

In cellular rheology, mechanical modelling of living cells primarily follows two principal 

theoretical frameworks, emphasising either their liquid-like or solid-like properties. Cells 

demonstrate strain-rate-dependent viscoelastic behaviour under external load, exhibiting 

characteristics that interpolate between solids and fluids. This biphasic response leads to the 

development of two distinct models: liquid drop models and solid models. The former considers 

the cell to have distinct cortical layers with different viscoelastic properties, which increases the 

difficulty of mathematical analysis. Continuum-based solid models assume material 

homogeneity through effective medium approximations, achieving significant analytical 

simplification. Owing to its analytical tractability and empirical validation potential, the solid 

model is developed here.  

Viscoelastic materials are traditionally characterised by time-dependent mechanical responses 

with mechanical equivalent circuits of connected Hookean elastic springs and Newtonian 

viscous dashpots (Moeendarbary and Harris 2014). The first well-known model is the Linear 

Maxwell model, which mathematically proposed the meaning of viscoelasticity. An elastic spring 

with a constant modulus (Young's modulus), G, is in series with a viscous dashpot element with 

a viscosity η (Kollmannsberger and Fabry 2011) as shown in Figure 3.11 (a). It illustrates the 

reaction of steady-state flow and stress relaxation.  

Maxwell's model presents the stress relaxation but not the creep behaviour because the strain 

increases linearly with time rather than becoming constant over time.  
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Another model is the spring and dashpot parallel configuration called the Voigt model (also 

known as Kelvin or Kelvin-Voigt model) as shown in Figure 3.11 (b).  

 

Figure 3.11 Two different standard cases of solid viscoelastic model. (a) Linear Maxwell Model (b) 

Voigt Model. 

This configuration can model creep deformation and elastic recovery yet is inadequate to 

describe key viscoelastic phenomena including steady-state flow dynamics and stress relaxation 

behaviour. Thus, complicated configurations of Maxwell and Voigt models are used to simulate 

stress relaxation, creep and other viscoelastic material properties. These models are derived 

from transient loading conditions, but cells frequently experience dynamic forces in a 

physiological environment. The power-law model describes the viscoelastic behaviour of cells by 

a power law with a single exponent over orders of magnitude of time and frequency. This power-

law structural damping is proposed to exhibit behaviours similar to soft glassy materials close to 

a glass transition (Sollich 1998; Fabry et al. 2001). It has been validated across numerous cell 

types using various techniques and spanning broad ranges of timescales or frequencies 

(Hoffman et al. 2006; Fabry et al. 2001; Gerum et al. 2022). However, whole-cell mechanical 

models are still being developed to meet the requirements of stress and time scales provided by 

different applied techniques, which means that cell mechanical characterisation is still 

phenomenological.  

The deformability MIC system described in this thesis assumes that the deformation of cells is 

induced by shear force in a straight channel without contacting walls. The analytical model of this 

methodology is a solid elastic sphere, introduced in section 3.4.5. 

3.4 Microfluidics 

Compared to fluids at the macro scale, inertia is negligible and viscous forces dominate flow. This 

section first introduces basic microfluidics principles, such as the continuity equation and 

Navier-Stokes equation, Reynolds number and laminar flow. Apart from these fundamental 

principles, there are two essential functions of the fluid that should be taken into consideration: 
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particle focusing and deformation, which highly influence the impedance measurement in the 

microchannel of MIC.  From section 3.4.2 to section 3.4.6, typical methods of particle focusing 

and deformation are discussed and the fluid selections for this project are summarised in the 

section 3.4.7.  

3.4.1 Laminar flow 

The continuity equation is one of the most important equations in fluid mechanics. It describes 

the conservation of mass. It states that the rate at which mass enters a system is equal to the rate 

at which mass leaves the system plus the accumulation of mass within the system (Rapp 2022). 

The continuity equation is written as: 

 
𝜕𝜌

𝜕𝑡
+ ∇⃗⃗⃗ ∙ 𝜌𝑣⃗ = 0 (3.15) 

Where 𝑣⃗ is the velocity of the fluid and 𝜌 is the fluid density. If the fluid is incompressible, 𝜌 is a 

constant and therefore 𝜕𝜌

𝜕𝑡
= 0 and ∇⃗⃗⃗ ∙ 𝜌𝑣⃗ = ∇⃗⃗⃗ ∙ 𝑣⃗. The equation then becomes: 

 ∇⃗⃗⃗ ∙ 𝑣⃗ = 0 (3.16) 

In general, the Navier-Stokes equation describes the conservation of momentum: 

 𝜌 [
𝜕𝑣

𝜕𝑡
+ (𝑣⃗ ∙ ∇⃗⃗⃗)𝑣⃗] = −∇⃗⃗⃗𝑝 + 𝜂∇⃗⃗⃗2𝑣⃗ + 𝑓 (3.17) 

Where 𝑝 is the pressure, 𝜂 is the dynamic viscosity and 𝑓 is the applied force. The left-hand side 

is the inertial terms, and the force terms are on the right. Inertial terms consist of a change of 

velocity with time at a fixed point: 𝜕𝑣

𝜕𝑡
 and convective acceleration which describes change in the 

direction of motion: (𝑣⃗ ∙ ∇⃗⃗⃗)𝑣⃗ . Pressure gradient (−∇⃗⃗⃗𝑝) , the viscous effects (𝜂∇⃗⃗⃗2𝑣⃗ ) and other 

forces (𝑓) are force terms. 

Reynolds number is dimensionless and defined as the ratio of inertial to viscous forces. It is used 

to determine whether viscous forces or inertial forces dominate the flow: 

 𝑅𝑒 =
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
=

𝜌𝑣𝐿

𝜂
 (3.18) 

Here 𝜌 is the fluid density, 𝑣  the characteristic fluid velocity, 𝐿 the characteristic length of the 

system, and 𝜂 the viscosity. In the case of the microfluidic system in this thesis, the length scale 

𝐿  is~10−4𝑚 , the characteristic velocity 𝑣  ranges from ~10−2 − 10−3𝑚/𝑠 , and for commonly 

used aqueous solutions, density 𝜌 = 103𝑘𝑔/𝑚3 and 𝜂 = 10−3𝑘𝑔/(𝑚 ∙ 𝑠). Thus, 𝑅𝑒 is 0.1 - 0.01. 

If  𝑅𝑒 < 1, the viscous terms dominate the dynamics of the fluid, while the 𝑅𝑒 > 1 the inertial 

terms dominate. In common microfluidic systems, viscosity dominates. Moreover, a system has 
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laminar flow if 𝑅𝑒 is less than ~2000, and when 𝑅𝑒 > ~2000, the flow can be turbulent (Klein and 

Dietzel 2021). 

The Hagen-Poiseuille equation is a solution under laminar conditions of the Navier-Stokes 

equations. In this circumstance, the velocity profile is parabolic, and the fastest flow is located 

in the centre of the channel. 

3.4.2 Sheath flow focusing 

Sheath flow focusing, is widely used in microfluidic devices, and employs auxiliary sheath fluids 

to hydrodynamically confine a sample stream to the channel centreline. In this technique one or 

more sheath flows progressively constrict the sample along the axial direction. Based on the 

dimensionality of confinement, sheath flow focusing can be categorised into two distinct 

modalities: 2D focusing and 3D focusing.  

2D focusing uses one-dimensional confinement, normally horizontal along the direction of flow. 

A mathematical model established by Knight et al. (Knight et al. 1998) correlates focused stream 

width with flow resistance ratios of inlet, side, and outlet channels. They focused the sample flow 

stream down to approximately 50nm inside a 10μm channel by precisely modulating the pressure 

ratio of the sample inlet to that of sheath flow channels (Figure 3.12).   

 

Figure 3.12 (a) Schematic of 2D focusing. Arrows for “Inlet” and “Side” are the direction of fluid. 
The channel width is represented as wc and wf is the width of the focused inlet stream. (b) 
Confocal scanning microscopy fluorescence images of focusing with inlet pressure Pi = 5 psi and 
the ratio of the side pressure to the inlet pressure is (i) 0.5 (ii) 1.0 (iii) 1.1 and (iv) 1.2. Each 3D 
rendering consists of approximately 30 separate 2D images acquired at regular intervals in depth. 
Copied from (Knight et al. 1998). 

However, 2D focusing confines the sample flow solely to the central plane of the channel, while 

fluid distribution persists across the channel depth. To achieve full three-dimensional particle 

confinement, 3D focusing was developed to focus particles in both horizontal and vertical 

directions. Sundararajan et al. (Sundararajan et al. 2004) demonstrated this principle with a 
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PDMS-based 3D focusing device (Figure 3.13). They used five layers to achieve precise focusing, 

but the fabrication complexity and cost increased significantly compared to 2D systems.  

 

Figure 3.13 3D hydrodynamic focusing chips: one top and bottom sheath flow entering 
perpendicular to the sample flow direction. Copied from (Sundararajan et al. 2004). 

To address these limitations, Howell et al. (Howell et al. 2008) developed a 3D sheath flow 

focusing method using grooved microchannels (Figure 3.14). Chevrons pairs were etched into 

both the superior and inferior channel walls, creating fluidic pathways that redirected sheath 

flows from lateral positions toward the superior and inferior midplanes of the sample stream. The 

area of the focused stream was controlled by the number of chevron pairs and the flow rate ratio 

between sheath flow and sample flow.  

 

Figure 3.14 Isometric schematic of the chevron-based sheath flow design. Chevrons pairs are 
etched into both the superior and inferior channel walls, producing fluidic pathways that guide 
sheath flows from lateral positions toward the superior and inferior midplanes of the sample 
stream (Howell et al. 2008). 

Hairer et al. described a single layer sheath flow focusing system in 2008 (Hairer et al. 2008), with 

subsequent optimisation in 2009 (Hairer and Vellekoop 2009) through incorporation of a vertical 

sheath inlet. In the former design (Figure 3.15), the sample was injected through the sample inlet 

while the sheath liquid was introduced via rear inlets. The sheath-to-sample flow rate ratio 

controlled the vertical sample stream position within the channel, with lateral hydrodynamic 
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focusing achieved through side sheath inlets. However, this configuration constraints the sample 

stream to the channel's inferior region (the middle of the bottom of the channel), which is a 

primary drawback of this design. The 2009 version added another inlet to lift the flowing sample 

from bottom to centre (Figure 3.16), but it still had a high complexity of fabrication.  

 

Figure 3.15 Schematic of the non-coaxial sheath flow cell (Hairer et al. 2008). The sample was 
introduced through the inlet, while the sheath flow entered via the rear inlet and lateral 
hydrodynamic focusing was achieved. 

 

Figure 3.16 Schematic of the improved sheath flow cell. A lifting sheath inlet was added to 
navigate the sample liquid in the horizontal direction (Hairer and Vellekoop 2009). 

In conclusion, sheath flow focusing demonstrates limited applicability in microfluidic systems 

due to inherent requirement for sophisticated fabrication to realise consistent focusing 

performance. 

3.4.3 Inertial focusing 

In 1961 Segré and Silberberg (Martel and Toner 2014) first reported inertial focusing through 

experimental observation of particles migrating to a stable annular region in laminar pipe flow. 

Using cylindrical pipes of 1cm diameter, they demonstrated that 1mm particles concentrated at 

an annular position with a normalized radial distance of 0.6 pipe radii from the centreline. This 

migration behaviour was attributed to inertial forces governed by the Navier-Stokes equations, 

specifically arising from two dominant hydrodynamic interactions: a wall interaction force (Fwl) 

and a shear gradient lift force (FSG) (Figure 3.17). Fwl is generated when particle-wall interactions 

create localised pressure gradients. As particles travel slower than the surrounding fluid near 

channel walls, a pressure differential develops between the particle and the wall, generating a 
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repulsive force directed away from the channel boundaries. FSG originates from velocity profile 

curvature in Poiseuille flow. Particles experience asymmetric fluid velocities across their 

surfaces due to the parabolic velocity distribution. The fluid establishes a restorative velocity 

gradient, inducing a net lift force toward regions of elevated shear rates (typically channel walls 

in conventional geometries). 

 

Figure 3.17 Schematics describing the dominant forces in inertial focusing systems. (a) is the wall 
interaction force which is generated when particle-wall interactions create localised pressure 
gradients. (b) is the shear gradient lifting force originated from velocity profile curvature in 
Poiseuille flow. Copied from (Martel and Toner 2014). 

Di Carlo et al. (Di Carlo et al. 2007) first demonstrated inertial focusing in rectangular and square 

channels, mapping three-dimensional equilibrium positions of particles under laminar flow 

conditions. At a moderate Reynolds number, particles in square channels migrate to equilibrium 

positions exhibiting four-fold symmetry (Figure 3.18). Di Carlo et al. also showed inertial focusing 

equilibrium positions in a square channel are dependent on particle sizes. However, at different 

equilibrium positions within the flow, particle velocity in the flow direction remains constant and 

independent of particle size (Di Carlo et al. 2009). 
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Figure 3.18 In the square channel, random distributed particles are focused to four equilibrium 
regions at a moderate Reynolds number and the distribution of equilibrium exhibits four-fold 
symmetry. The simulated force field on a particle over a fourth of a channel cross-section is 
shown (Di Carlo 2009). 

As the aspect ratio of the channel becomes larger (very wide or very high channel), the number of 

equilibrium positions decreases to two, centred at the long face of the channel (Figure 3.19).  

 

Figure 3.19 In a rectangular channel with a large aspect ratio (very wide or very high channel), the 

number of equilibrium positions are decreased to two and centred at the long face of the channel 

(Martel and Toner 2014). 

Hansson et al. (Hansson et al. 2011) (Figure 3.20) demonstrated that the number of inertial 

focusing equilibrium positions in rectangular channels is dependent on particle size. Smaller 

particles migrated to four equilibrium positions symmetric about the channel centreline, but 

larger particles exhibited dual equilibrium positions aligned with the long-wall midpoints. When 

decreasing the ratio of height to width, particles were focused in two streams along the centre of 

the longer wall. Nevertheless, very small particles remain unfocused because of a weak force 

field.  
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Figure 3.20 Fluorescence image of inertial focusing of particles of three sizes (2um,10um and 
24um) (Hansson et al. 2011). Smaller particles migrate to four symmetric equilibrium positions 
around the channel central line, while larger particles settled into two equilibrium positions 
aligned with the long-wall midpoints. Very small particles remain unfocused. 

 

Figure 3.21 Schematic of a spiral microparticle separator proposed by Kuntaegowdanahali 
(Kuntaegowdanahalli et al. 2009). 

Inertial focusing was also used in curved microfluidic channels to achieve single-stream particle 

focusing. This approach exploits curvature-induced Dean vortices to establish size-dependent 

equilibrium positions, serving as the predominant method for size-based particle differentiation 

in inertial microfluidics. Kuntaegowdanahalli et al. (Kuntaegowdanahalli et al. 2009) (Figure 3.21) 

designed a spiral channel and exploited the fact that particle equilibrium positions scale inversely 

with diameter. Subsequent adaptations enabled high-precision separation resolution in clinical 

cytometry applications. Hou et al. (Hou et al. 2013) used a optimised spiral channel to isolate 

CTCs from blood, and the recovery rate was more than 85%.  
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Although inertial focusing is used in microfluidic cytometry, it is still not a perfect choice for 

impedance cytometry. Oakey et al. (Oakey et al. 2010) showed decreasing focusing performance 

for lower particle concentration, which means that a concentration that suits impedance 

cytometry (<500 particles/μl) leads to a poor focusing. Flow velocity has an inverse relationship 

with the channel length to attain inertial focusing equilibrium positions. Figure 3.22 shows the 

channel length that the system needs for various sizes of particles when the channel size is 

50μm×30μm and the flow rate is 90μl/min. It is clear that larger particles need shorter channel 

lengths. 

 

Figure 3.22 The channel length the system needs for different sizes of particles when the channel 
size is 50umx30um and the flow rate is 90ul/min. Larger particles need shorter channel length to 
achieve inertial focusing equilibrium positions (Di Carlo 2009). 

3.4.4 Viscoelastic focusing 

Viscoelastic focusing uses viscoelastic fluids to generate flow-induced elastic lift force, providing 

precise positional control of suspended particles (Yuan et al. 2018). Viscoelastic fluids are made 

by dissolving biological or synthetic polymeric substances in Newtonian solvents (Serhatlioglu et 

al. 2019). Compared to inertial focusing, viscoelastic fluids confine particles at lower flow rates. 

When the inertial effect is not negligible in the viscoelastic fluids, the fluid is referred to as inertia-

elastic focusing which supports high flow rate focusing. Yang et al. (Yang et al. 2011) 

demonstrated 3D sheath-less focusing in a straight channel using  "inertia-elastic focusing". They 

classified three different focusing regions based on the dominance of elasticity and inertia. In an 

inertia-dominant flow, there were four equilibrium positions in the square channel. In an 

elasticity-dominant flow, particles moved to the centre stream and the four corners under pure 

elastic effects. Finally, the number of equilibrium positions reduced to one for increasing flow 

rate which influences the dominance of inertial and elastic effects. Figure 3.23 shows these three 

cases. The Elasticity number, El = Wi/Re, was used to assess the relative magnitude of elastic and 

inertial forces. Weissenberg number (Wi) refers to elasticity while Reynolds number (Re) is the 

ratio between the inertial and viscous force. When the elasticity and inertia were combined (Re>0, 

Wi>0) by increasing flow rate, particles were confined to a certain equilibrium position.  
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Figure 3.23 Particle equilibrium positions in inertial dominant focusing, elasticity dominant 
focusing, and inertia-elastic focusing (Yuan et al. 2018). The equilibrium positions are different 
because of varing inertial and elastic effects. Wi is Weissenberg number which referres to 
elasticity while the Reynolds number Re characterises the ratio between the inertial and viscous 
force. 

Seo et al. (Seo, Kang, and Lee 2014) investigated the equilibrium position dynamics of particles 

in three distinct hydrodynamic regimes: inertia dominant, elasticity dominant, and coupled 

inertia-elastic conditions. They found the effects of the blockage ratio (β, ratio of particle diameter 

to channel height), flow rate (Q) and shear-thinning property of the viscoelastic fluids on particle 

focusing position. In 8% polyvinylpyrrolidone (PVP), an elasticity-dominant fluid, focusing was 

enhanced by increasing the flow rate and blockage ratio (Figure 3.24).  

 

Figure 3.24 Cross-sectional distribution of particles of blockage ratio (ratio of particle diameter 
to cahnnel height) β=0.1 and β=0.17 in a square channel flow of an elasticity dominant fluid at 
different flow rates . In 8% polyvinylpyrrolidone (PVP), an elasticity-dominant fluid, focusing was 
enhanced by increasing the flow rate and blockage ratio (Seo, Kang, and Lee 2014). 

The interplay between inertial and elastic forces yields distinct particle focusing dynamics in 

shear-thinning viscoelastic fluids. Polyethylene oxide (PEO), a shear-thinning viscoelastic fluid, 

exhibited significant inertial contributions at elevated flow rates. For larger particles, the 
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combined effect of the cross-lateral lift (𝐹𝐶𝐿) force and strong inward elastic force (𝐹𝐸) confined 

most of the particles toward the channel core and the required flow rate was far lower than that 

used in elasticity-dominant fluid. As the flow rate increased dramatically, the focused particles 

dispersed again (Figure 3.25). This is because the inertial force (𝐹𝐿 ) which is in the opposite 

direction to the elastic force becomes stronger as the flow rate increases due to the significantly 

decreased viscosity of the PEO solution (Figure 3.26). Thus, the strong shear-gradient lift pushes 

the particles toward the channel wall. 

 

Figure 3.25 Cross-sectional distributions of particles of β=0.1 and β=0.17 in a square channel flow 
of a shear-thinning fluid at low flow rate conditions (20ul/min and 100ul/min) and high flow rate 
conditions (500ul/min and 1000ul/min), where the elastic and inertial effects are comparable and 
the inertial effect is dominant respectively. (Seo, Kang, and Lee 2014) 

 

Figure 3.26 Shear-gradient lift and wall repulsion working in the direction opposite to that of the 
elastic force becomes stronger as the flow rate increases. As a result, focussed particles at the 
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channel centre disperse again at high flow rate in a shear-thinning fluid. 𝐹𝐸, 𝐹𝐿, and 𝐹𝑊 represent 
the elastic force, shear-gradient lift, and wall repulsion. Adapted from (Seo, Kang, and Lee 2014) 

Current advancements in viscoelastic and inertia-elastic focusing have demonstrated broad 

applicability across diverse particulate systems, including synthetic particles (polystyrene 

beads), biological cells (blood cells, MCF-7 cells, sperm cells), and even bacteria (Serhatlioglu et 

al. 2019). This technological versatility was exemplified by Holzner et al. (Holzner, Stavrakis, and 

DeMello 2017), who investigated an inertia-elastic fluidic system within straight rectangular 

microchannels to achieve high-precision focusing of mammalian cells and bacteria suspensions.   

Serhatlioglu et al. (Serhatlioglu et al. 2019) first integrated viscoelastic focusing into impedance 

cytometry, investigating two critical rheological parameters: ionic concentration dependence in 

polyethylene oxide (PEO) solutions and the dynamic viscosity of different molecular weight PEO. 

Their work demonstrated that optimised PEO formulations maintain a constant viscosity over a 

wide range of shear rates. This rheological stability enabled high-throughput cellular analysis, 

achieving 3,600 cells/min processing rates for red blood cell deformability characterisation.  

In summary, viscoelastic focusing meets the requirement for a single stream particle focusing for 

a microfluidic system with a low flow rate and simplified channel. For impedance cytometry, the 

system requires a single equilibrium position to reduce the influence of impedance position 

dependence caused by non-uniform electric field distributions. By constraining particles to a 

single focal plane, viscoelastic focusing eliminates positional dependence across the channel 

depth, thus preventing signal distortion. The experimental platforms developed in this work use 

viscoelastic focusing to achieve robust impedance measurements while maintaining chip design 

simplicity. 

3.4.5 Shear flow-induced deformation 

Shear flow in a straight channel is induced by a strong velocity gradient. Figure 3.27(a) shows that 

the highest shear stress occurs on the cell membrane closest to the channel wall and simulation 

in Figure 3.27(b) confirms this phenomenon (Xu et al. 2018).  
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Figure 3.27 (a) A red cell is distorted by the drag force in the channel. (b) Simulation showing that 
the highest stresses occur in the red blood cell membrane regions closest to the channel walls 
(Xu et al. 2018). 

Mietke et al. (Mietke et al. 2015b) first derived the hydrodynamic stresses on an object surface 

and quantified deformation based on linear-elasticity theory under high-viscosity conditions 

(Re<<1). They first calculated the flow field and stresses on the surface of a spherical object. 

These surface stresses were directly proportional to the peak flow velocity and were adjusted by 

changing the flow rate. For the particle model, they considered the case of a solid elastic sphere 

and a thin elastic shell with or without surface tension, and they also assumed the particles were 

composed of an isotropic elastic material. They then used two deformation measurements: 

deformation 𝑑 (d = 1 – c, c is the circularity, defined as c = 2√𝜋
√𝐴

𝑃
, where A is the area and P the 

perimeter of the central cross section of the deformed shapes) and curvature ξ (the fraction 

between minimal and maximal curvature of the shape boundary of a centred cross section) to 

differentiate the dependence of sphere shape deformations on sphere architecture (Figure 3.28).  

 

Figure 3.28 Deformation of an elastic sphere and a thin elastic shell with and without surface 
tension generated by the hydrodynamic loading in a cylindrical channel. Representative example 
shapes for relative cell sizes 𝜆 = 0.7 and 𝜆 = 0.9. 𝜆  is the ratio of the sphere’s radius and the 



Chapter 3  

94 

channel radius.  In each row, material parameters were chosen such that shapes have the same 
deformation 𝑑. The curvature ξ changes between different models (Mietke et al. 2015b). 

 

Figure 3.29  (a) Isoelasticity lines of a solid elastic sphere with data points representing agarose 
bead (blue circles) and HL60 cells (red squares). 𝐸0 ≈ 270 Pa.  (b) Isoelasticity lines of a thin 
elastic shell without surface tension with data points representing HL60 cells (red squares). 
(𝐸ℎ)0 ≈ 3.4 nN/um (Mietke et al. 2015a). 

Finally, they generated isoelastic lines look-up graphic that was used to determine the cell 

stiffness using RT-DC (Figure 3.29). They verified their theoretical model from deformation 

measurements of agar beads with known stiffness and also measured the deformation of HL60.  

Shear force-induced deformation of cells is commonly measured in a straight microchannel with 

viscoelastic fluid. As mentioned in Chapter 2, sDC uses this deformation generated by a 

viscoelastic fluid called methylcellulose (MC). This fluid provides constant and significant shear 

force at low flow rates. 

3.4.6 Extensional flow-induced deformation 

Two channel designs are used to exploit deformation induced by extensional flow. The first is a 

cross-slot device which squeezes cells at the stagnation point (Gossett et al. 2012; Bae et al. 

2016). The opposite flows from two inlets provide extensional force to particles and they reach 

the peak deformation at the centre. This method leads to pure extensional stress. Urbanska et al. 

(Urbanska et al. 2020) compared three different deformability cytometry (DC) and showed that 

cells in the cross-slot cytometry (xDC) have a high velocity (several meters per second) and the 

method applies orders-of-magnitude higher stress levels to the cells. Another channel design using 

extensional flow is a hyperbolically converging geometry. These channels allow observation of 

the progressive deformation of cells, and maintain a constant extensional rate along the flow axis 

(Piergiovanni et al. 2020). Thus, they provide spatially uniform stress fields in controlled 

microenvironments. Lee et al. (Lee et al. 2009) characterised the effect on red blood cell (RBC) 

deformability between shear and extensional forces (Figure 3.30). They found that in the low-

stress region before the deformation index was saturated, the extensional flow is much more 

efficient in deforming RBCs than the simple shear flow. 
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Figure 3.30 Hyperbolic converging microfluidic channel proposed by Lee et al. (a) Velocity field, 
flow rate 𝑄 = 1ul/min. (b) Velocity of the x-axis direction at the centerline of the channel. The 
slope of this graph implies the extensional rate, which is a constant. Copied from (Lee et al. 2009) 

Recently, Faustino et al. (Faustino et al. 2019) used a hyperbolic converging channel to generate 

a controlled homogeneous extensional flow field. They investigated the deformability of RBCs of 

end-stage kidney disease patients with or without diabetes. Observing the flow at the hyperbolic 

region, the RBCs did not show a tumbling and rolling motion, characteristics of shear-dominated 

RBC dynamics. Parallel investigations by Piergiovanni et al. (Piergiovanni et al. 2020) extended 

this methodology to nucleated cells, which are stiffer than RBCs. From FEM modelling and 

microfluidic experimentation (Figure 3.31), they established critical design-performance 

relationships. The straight and long hyperbolic channels are dominated by shear forces, leading 

to  bullet-shaped cell deformation. The extensional forces are prevalent in the short hyperbolic 

channel so that cells perform elliptical deformation patterns. They confirm that the hyperbolic 

channel can be extended to deformability studies of nucleated cells.  

 

Figure 3.31 Images of two modes of deformation shapes occurring in different geometries. The 
top one is a short hyperbolic channel, the middle one is a long hyperbolic channel, and the last 
one is a straight channel. The extensional forces are prevalent in the short hyperbolic channel, 
causing cells to adopt elliptical deformation. Long and straight hyperbolic channels are primarily 
influenced by shear forces, resulting in bullet-shaped cell deformation. (Piergiovanni et al. 2020) 
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3.4.7 Fluid selection 

Following analysis of hydrodynamic focusing principles and deformation-inducing fluidic 

characteristics, the appropriate suspension media requires consideration. For single-cell 

impedance spectroscopy introduced in Chapter 5,  the hardware configuration (optimised 

electrode geometry) coupled with advanced software algorithms (Spencer and Morgan 2020) 

effectively compensates for the positional variation of cells within the microchannel, 

thereby eliminating the necessity for hydrodynamic focusing. For dielectric characterisation of 

nucleated cells rather than mechanical deformability assessment, media formulations inducing 

cellular deformation are intentionally excluded.  

When using MIC for mechanical phenotyping, this system lacks an effective mechanism to 

eliminate the impact of particle position along the channel height, requiring hydrodynamic 

focusing to ensure reproducibility.  To address this, the system used a sheathless viscoelastic 

focusing mechanism, using polyethylene oxide (PEO) or methylcellulose (MC). Typical 

concentration are 0.1% w/v PEO-DPBS and 0.5% w/v MC-DPBS and, both formulations achieve 

focusing. MC has a higher density and viscosity, enabling a higher deformation of cells at lower 

flow rates (Piergiovanni et al. 2020; Otto et al. 2015; Herbig et al. 2018). It magnifies the 

deformability alteration and improves discrimination between subpopulations. Therefore, in the 

deformability experiments presented in Chapters 4 and 6, 0.5%w/v MC-DPBS solution was used.  

3.5 Cell Sorting 

The sorting system is based on integrated membrane pumps to deflect fluids.  This section 

describes the fundamental hydrodynamic principles governing sorting, with membrane 

deflection mechanics and laminar flow dynamics validated through COMSOL Multiphysics 

simulations.  

As mentioned in Chapter 2, the optimal choice of sorter uses integrated membrane pumps. A 

membrane pump deflected by an external force injects a small amount of liquid into the main 

channel to induce alterations in the path of particles flowing in the channel.  Membrane deflection 

theory quantitatively explains the displacement mechanism induced by the membrane pump.  

Controlled deformation of the elastomeric membrane generates transient pressure gradients 

that move particles along the channel width as they traverse the microfluidic channel, thereby 

enabling sorting. Simulations demonstrate how these fluidic perturbations achieve precise 

spatial control within the laminar flow regime of the main channel. 
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3.5.1 Membrane pump for local-flow control 

Figure 3.32 shows the components of the on-chip membrane pumps. This concept of on-chip 

membrane pumps was proposed by Sakuma et al. (Sakuma et al. 2017) in 2017. In one MIC sorting 

chip, there are two membrane pump structures which are positioned on either side of the main 

channel. The membrane pump consists of a chamber containing the local flow and a thin 

membrane deflected by an applied force (Figure 3.32(a)). The sorting channel connects to the 

main channel containing the main flow, and under stable hydrodynamic conditions within the 

microfluidic chip, the local flow is stagnant due to balanced pressure gradients (Figure 3.32(b)).    

 

Figure 3.32 Schematic diagram of membrane pump when the sorter is inactivated. (a) Side view 
along the cross-section line shown in (b). In a stable inactivated state, the liquid flows inside the 
main channel and spreads to two outlets at the end. The two chambers covered by a thin 
membrane are filled with the local flow, which can be pumped into the main channel when the 
sorter is activated, but it is stagnant in the inactivated state. (b) Top view. The part connecting the 
main channel and the chamber is the sorting channel. 

The sorting mechanism induces localised fluidic actuation within dedicated chambers to redirect 

flow trajectories in the main microchannel, thereby guiding target particles toward different 

outlets. Figure 3.32 is a conceptual diagram of the sorter in the "Inactivated" state. The sorter is 

positioned downstream of the impedance detection region. Under stable hydrodynamic 

conditions, the main channel flow is laminar flow, distributing fluid symmetrically between two 

outlets without external pressure regulation. The two chambers are filled with liquid, and a thin 

membrane seals the chambers at the top.  
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Figure 3.33 Schematic diagram of the pump showing how the sorting works (chambers and 
membranes are not shown in this diagram). (a) "Ready to activate" state. The pressure of the inlet 
(P1) and two outlets (P2 and P3) are controlled by the pressure pump. In this state, the particles in 
the main flow target the upper outlet. (b) "Activated" state. The red outlined region is sorting ROI.  
When the membrane covering the upper pump is triggered by a pulse, the local flow stored in the 
upper chamber is pumped into the main channel. The particles flow in the main flow, and when 
they enter the sorting ROI, their traces are changed to another outlet. 

Although one MIC sorting chip has two membrane pumps as shown in Figure 3.32, a single pump 

is sufficient for binary sorting. The sorting sequence initiates through a two-stage activation 

protocol: 

1. Ready to activate phase (Figure 3.33(a)): In this status, inlet pressure P1 and outlet 

pressure P2 and P3 are configured to establish flow conditions that particles are 

hydrodynamic biased toward the upper outlet. Sorting chambers maintain static fluid 

equilibrium. 

2. Activated phase (Figure 3.33(b)): The membrane pump is triggered by an external force 

controlled by a pulse in this state. No matter what external device is used, if the force it 

provides can deflect the membrane and generate a volumetric change in the local flow, 

the squeezed liquid finally enters the main channel, and the sorting works in sorting ROI. 

Particles are targeted to the opposite (lower) outlet.  

3.5.2 Deflection of a circular membrane 

For sorting membrane deflection is actuated via an externally applied force. This section 

discusses the deflection characteristics of a circular membrane. 

Considering a circular isotropic membrane, the deflection is given (Wan 1999), 

 𝐷 =
𝐸ℎ3

12(1 − 𝑢2)
 (3.19) 

where E is the elastic modulus, 𝑢  is Poisson's ratio, and h is the thickness of the membrane. 

Figure 3.34 shows a schematic diagram of the deflection of a circular isotropic membrane. A 

central point load, F, is applied to create a blister deflection, w(r), where r is the distance from a 
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point on the membrane to the central point. The central deflection is w0 = w(r=0).  A polynomial 

expansion can approximate the membrane stress, but the stress is equal-biaxial, and an average 

stress N is adopted. The radial and tangential stresses equal the average stress N, so Nr = Nt = N. 

The radius of the membrane is a.  

 

Figure 3.34 Schematic of a circular membrane deflection model. The radius of the circular 
membrane is “a”, and the applied central point load is “F”. “r” is the distance from a point on the 
membrane to the central point, and w0 is the deflection displacement when r=0. Copied from Wan 
(Wan 1999). 

At equilibrium, linear elasticity obeys the von Karman equations (Timoshenko and Woinowsky-

Krieger 1959): 

 𝑑

𝑑𝑟
(𝑁𝑟 + 𝑁𝑡) +

𝐸ℎ

2𝑟
(
𝑑𝑤

𝑑𝑟
)2 = 0 (3.20) 

 

 𝑄𝑟 + 𝑁𝑟

𝑑𝑤

𝑑𝑟
+

𝐹

2𝜋𝑟
= 0 (3.21) 

where the shear force is given by  

 𝑄𝑟 = −𝐷 (
𝑑3𝑤

𝑑𝑟3
+

1

𝑟

𝑑2𝑤

𝑑𝑟2
−

1

𝑟2

𝑑𝑤

𝑑𝑟
) (3.22) 

Combining these three equations gives: 

 𝑑3𝑤

𝑑𝑟3
+

1

𝑟

𝑑2𝑤

𝑑𝑟2
−

1

𝑟2

𝑑𝑤

𝑑𝑟
−

𝑁

𝐷

𝑑𝑤

𝑑𝑟
=

𝐹

2𝜋𝑟
 (3.23) 

The boundary conditions are (i) 𝑤(𝑟 = 𝑎) = 0, (ii) 𝑑𝑤

𝑑𝑟
  is continuous and equal to 0 when 𝑟 = 0 and 

𝑟 = 𝑎. Wan (Wan 1999) converted equation 3.23 to a modified Bessel equation  and for a special 

case where N is negligible (no radial and tangential stress), for a plate under pure bending, the 

deflection can be derived as (Wan 1999)  
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 𝑤 = 𝑤0 (1 − (
𝑟

𝑎
)

2

+ (
𝑟

𝑎
)

2

ln (
𝑟

𝑎
)2) (3.24) 

where, 

 𝑤0 =
3𝐹𝑎2(1 − 𝑢2)

4𝜋𝐸ℎ3
 (3.25) 

Thus, the maximum displacement of the centre point of the movable membrane is given by 

 𝑤(𝑟 = 0) =
𝐹𝑎2

16𝜋𝐷
 (3.26) 

Under this condition, the volume change of local-flow Cv is calculated as (Sakuma et al. 2017): 

 𝐶𝑣 = ∫ ∫ 𝑟𝑤(𝑟)𝑑𝑟𝑑𝜃 =  
𝐹𝑎4

64𝐷

𝑎

0

2𝜋

0

=  
𝜋𝑎2

4
𝑤(𝑟 = 0) (3.27) 

3.5.3 Simulation of circular membrane 

Before building the sorting system, the deflection of the circular membrane was simulated to 

calculate its displacement.  

 

Figure 3.35 The 3D geometry model was created in COMSOL. The diameter of the circular 
membrane was 2mm, and the thickness was 170μm, the same as the normal cover slip made 
from borasilicate with Young’s modulus G = 64Gpa; Poisson’s ratio u = 0.2. The point load (F=20 
N) was applied at the central point of the memrbane to simplify the simulation. The blue region 
represents the polygon that is clamped and set to be “Fixed Constraint”. 

Figure 3.35 shows the geometry of the membrane model. The covers slips had a thickness of 

170μm made from borosilicate (Young's modulus G: 64GPa; Poisson's ratio u: 0.2). The radius of 

the circular membrane (grey region) was a = 1mm. The modules "Solid Mechanics", and "Linear 

Elastic Material" were used in COMSOL. The membrane was clamped so that the polygon area 

around the membrane (blue region) was set to be "Fixed Constraint". The point load (F=20N) was 

applied to the centre point of the membrane to simplify the simulation.  
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Figure 3.36 (a) The surface displacement and (b) the slice view of the displacement magnitude. 
The displacement at the central point of the membrane (r=0) is higher than other points on the 
same surface and the surface in direct contact with the point load exhibits maximum 
displacement magnitude which is around 23μm. 

Figure 3.36(a) shows the surface displacement distribution of the membrane under applied load, 

while Figure 3.36(b) shows a corresponding cross-sectional displacement profile through the 

symmetry plane.  The membrane surface in direct contact with the point load exhibits maximum 

displacement magnitude (~23μm), contrasting with a 30% reduction in displacement amplitude 

(~16μm) observed on the opposing surface. The volume change Cv with a 16μm displacement 

(calculated from equation 3.27) is around 12.6 nL, while the volume in the sorting chamber is 

0.15 nL (the channel height is 30μm, width of sorting channel and main channel = 50 μm and 100 

μm, see Chapter 6). Thus, the displacement is enough to deflect the main flow. This simulation 

of the relationship between the point load and displacement can be used to guide the choice of 

the piezoelectric actuator. The blocking force (the maximum output force) of the piezo actuator 

should be larger than the actual load force. Otherwise, it may result in failure. For the final choice 

of actuator, the blocking force was 360 N and the maximum displacement is 25.5 μm, thereby 

ensuring it meets both the volume of flow requirement and blocking force. 

3.5.4 Simulation for fluid in the sorter 

Complementary hydrodynamic simulations were conducted to quantify flow changes within the 

microchannel. This section details a study examining the effect of channel dimension on flow 

field characteristics, with particular emphasis on velocity profile distributions and streamline 

patterns. 

The model implemented the "Laminar Flow" interface to solve the incompressible Navier-Stokes 

equations. The Reynolds number Re = 1, density ρ = 1000 kg/m3 with no-slip boundary conditions 

at channel walls.  
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Figure 3.37 3D geometry model used for the fluidic simulation. (a) Whole microfluidic domain. To 
simplify the simulation, the contralateral chamber is neglected. (b) The dimension of the radial 
section AB. The overall height is 700μm, and the height of the main channel is 30μm. (c) The 
dimension of the sorting ROI. wL is the width of the sorting channel; wD is the distance between 
the outlet junction and the centre of the sorting channel; wm is the width of the main channel. 

The dimension of the model are shown in Figure 3.37, where a cylindrical chamber of a radius 

apump = 1mm acts as a single membrane pump. The main channel extends along the y-axis (Figure 

3.37(a)) and is split into two equal outlets with a width of wm = 100 μm. The sorting channel width 

is wL = 50 μm, connecting the chamber to the main channel. The distance between the outlet 

junction and the centre of the sorting channel is wD = 50 μm (Figure 3.37(c)). The height of the 

chamber is 700 μm, and the height of the main channel is 30 μm (Figure 3.37(b)). To simplify the 

simulation, the contralateral chamber is neglected. 

The initial and boundary conditions are specified in Figure 3.38. The membrane velocity profile 

follows a rectangular pulse waveform with 2 ms pulse width (Figure 3.38(b)), mathematically 

defined as vmem = 0.001 × rect1(t) [m/s]. The top surface of the chamber is set as the inlet boundary 

with a “Normal inflow velocity” condition. Pressure boundary conditions are configured to 

establish upper outlet flow bias: Pinlet = 39.6 kPa; Po1 = 11kPa; Po2 = Pinlet - Po1 = 28.6kPa; The 

boundary condition on the device wall is "No-slip". Because the pulse function is symmetrical 

with t = 2 ms (Figure 3.38(b)), the flow field states of the system are identical at time points with 

the same pulse magnitude within t < 2 ms and t > 2 ms. Thus, flow field solutions were analysed 

at three characteristic timepoints: t = 0, 1, 2 ms. The mid-plane cross-section (cut plan 1 in Figure 

3.38(a)) along the main channel longitudinal axis serves as the primary analysis plane for 

streamline visualisation in subsequent discussions. 
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Figure 3.38 (a) The initial and applied conditions for the model. (b) The rectangular pulse 
generated an external velocity vmem= 0.001× rect1(t)[m/s], which is set as a “Normal inflow velocity” 
condition in the inlet boundary (top surface of the chamber). Because the signal was symmetric 
about t=2ms, the fluidic changes at t = 0ms, t = 1ms, and t = 2ms were focused. 

The finite element mesh configuration used physical-controlled meshing with “Normal” element 

size parameters. Numerical analysis used a stationary solver coupled with a parametric sweep 

across t = 0–4 ms, giving 0.5 ms temporal increments. Simulations were executed on the Iridis 5 

HPC cluster of the University of Southampton, requiring 4 hours of computational time for 

complete numerical solutions. 

Figure 3.39 illustrates the velocity magnitude distribution and streamline patterns in cut plane 1. 

Under quiescent membrane conditions (t = 0ms), streamlines showed preferential flow routing 

through the upper outlet (left-hand side outlet in Figure 3.39, maintaining nomenclature 

consistency with Figures 3.32 and 3.33. The same applies to the other outlet, referred to as the 

lower outlet.). Because the outlet was narrow, the velocity magnitude was higher than upstream 

pre-bifurcation values.   

 

Figure 3.39 Numerical characterisation of the fluidic velocity field and path of the streamlines 
originating at the main channel when an external force pulse is applied at different time points: 
(a) t = 0ms; (b) t = 1ms; (c) t = 2ms. 

The hydrodynamic sorting mechanism works in distinct actuation phases. At t = 1ms, vmem is at 

half the maximum value, the local flow diverts a portion of the main flow into the lower outlet, 
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while some fluid continues to flow toward the upper outlet. At peak actuation (t = 2ms) when vmem 

attains maximum amplitude, membrane deflection culminates in maximal fluid displacement, 

driving high-velocity local flow injection into the main channel. The streamlines in the main 

channel show that all the flowing fluid is compressed and redirected by the local flow toward the 

designated lower outlet, thereby enabling binary particle sorting.  

A subsequent simulation investigated channel geometry modifications while maintaining 

operational parameters. All initial conditions remained unchanged (vmem = 0.001 × rect1(t) [m/s]; 

Pinlet = 39.6 kPa; Po1 = 11kPa; Po2 = Pinlet - Po1 = 28.6kPa) except for the distance between the outlet 

junction and the centre of sorting channel wD. wD was increased from 50μm to 100μm and 150μm.  

 

Figure 3.40 Simulations when wD was set to (a) 50μm (b) 100μm (c) 150μm at t = 2ms. The red 
arrows indicated the tangential direction of the centre streamline at the middle of the channel, 
demonstrating the magnitude of the fluid deflection angle within the main channel. For a changing 
wD, there is no significant difference on the positional interference concluded by the angular 
perturbations. 

As shown in Figure 3.40, the velocity magnitude distribution and streamline patterns in Cut plane 

1 at t = 2 ms (corresponding to maximal membrane deflection and vmem actuation) demonstrate 

disturbance of the injected liquid to the main flow within the main channel.  Tangential vectors 

(red arrows) to the streamlines at this junction reveal flow angular deviation relative to the main 

channel axis, where the deflection angle magnitude exhibits negligible dependence 

on wD variations up to 150 μm. This limited angular perturbation, lower than 10%, confirms 

minimal positional interference on sorting performance within the tested range. 

The main channel width was to wm = 40 μm while maintaining other parameters. Figure 3.41 

confirms maintained flow orientation toward the upper outlet at the "Ready to activate" state. 

However, intermediate actuation (t = 1ms, when the half value of vmem is applied), induced vortex 

formation within the main channel, resulting in abrupt velocity gradients between the input local 

flow and primary stream. This hydrodynamic instability causes unintended flow reversal (Figure 

3.41(b) and (c), red arrows). 
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Figure 3.41 Simulation after changing wm  from 100μm to 40μm at (a) t = 0ms; (b) t = 1ms; (c) t = 
2ms. The vmem was too high to achieve successful sorting. The main flow changes its direction, as 
shown by red arrows. 

 

Figure 3.42 Numerical characterisation of the fluidic velocity field and path of the streamlines 
originating at the main channel when an external force pulse is applied at different time points 
after decreasing the magnitude of vmem from 0.001 to 0.0002 m/s at (a) t = 0ms; (b) t = 1ms; (c) t = 
2ms. 

Membrane actuation velocity vmem was reduced as follows: 0.0008, 0.0006, 0.0004 and 0.0002 

m/s. Successful particle sorting required a fivefold reduction in actuation magnitude, from 0.001 

to 0.0002 m/s, as evidenced in Figure 3.42. It implies that the narrow main channel does not 

require the same amount of membrane deflection as used for sorting in the wide main channel. 

3.6 Discussion 

This chapter describes the theoretical foundations and computational methodologies used in the 

thesis. Dielectric theory and numerical models for single-cell spectroscopy were investigated. A 

comprehensive analysis of microfluidic operational principles and viscoelastic fluid dynamics 

pertinent to cellular deformability quantification was conducted. 

The mechanical deflection theory governing circular membrane actuators in the sorting system 

was developed, complemented by COMSOL simulations that showed transient hydrodynamic 

during active sorting operations. Empirical validation of these theoretical frameworks across 

three distinct experimental subprojects is detailed in subsequent chapters: Chapter 4 - Electro-
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Optical deformability MIC system; Chapter 5 - Single-cell spectroscopy of nucleated cells; and 

Chapter 6 - Single-cell sorting based on MIC. 
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Chapter 4 Electro-Optical Deformability MIC system 

4.1 Introduction 

In section 2.2.1, the mechanical properties of cells were introduced, and the common 

microfluidic methods for measuring cell deformability were discussed in section 2.2.2. Generally, 

cell deformability helps to study cellular processes and cell-related diseases as well as to identify 

new therapeutic targets. The most extensive research currently focuses on the relationship 

between cell deformability changes and cancerous states. It is reported that the stiffness of 

cancer cells implies metastatic potential because those cells can experience an epithelial-

mesenchymal transition, characterised by various biochemical and cytoskeletal changes that 

allow it to sustain mobility and an invasive state (Byun et al. 2013). Alibert et al. (Alibert, Goud, 

and Manneville 2017) summarised the stiffness difference between cancer cells and normal cells 

by reviewing the experimental studies that compared the mechanics of these two types of cells. 

It concluded that cancer cells are generally softer compared to normal cells (Figure 4.1). 

Although solid tumours tend to be stiffer overall (which can be detected through palpation), at the 

single-cell level, cancer cells typically exhibit lower stiffness and greater deformability. However, 

in some rare cases, certain cancer cells may exhibit higher stiffness than normal cells (Zhang et 

al. 2002). Overall, the stiffness of cells, reflected by the deformability in practical experiments, is 

of interest to investigate cancer diagnosis and treatment. 

 

Figure 4.1 Cancerous cells have differences in rheological behaviours. Actin stress fibres 
contribute to cell deformability. Cancerous cells have less dense and less organised fibres 
compared with normal cells.  Adapt from (Alibert, Goud, and Manneville 2017). 

This chapter introduces the Electro-Optical deformability MIC system. This deformability 

cytometer can simultaneously measure the optical and electrical shape change of single cells in 

a viscoelastic shear flow. The system used HL60 cells, a suspending leukaemia cell line, as a 

cellular model to evaluate their deformability with/without different treatments. It demonstrated 
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an excellent correlation between the two methods and presented a feasible triggering 

mechanism that will be used in cell sorting. The content is presented as follows: system overview, 

experiment setup, correlation between optical and electrical measurements, comparison 

between optical and electrical deformability distributions and last, the optical-electrical 

deformability results for cells with different treatments. 

4.2 System Overview 

4.2.1 Electrodes configuration and electrical deformability 

The electrode configurations were designed by Dr. Junyu Chen (Chen et al. 2024). In general, a 

microfluidic chip contains an array of micro-electrodes that measure the shape of the cell along 

two different axes. 

 

 

Figure 4.2 Electrode configurations and the calculation of the electrical deformability. (a) Two 
configurations of electrodes and deformed cells pass through the channel from position ① to ④. 
The differential current generated from the first set is 𝛥|I1|, and the second set is 𝛥|I2|. (b) The 
waveform of the output differential current. The final output current is the sum of 𝛥|I1| and 𝛥|I2|. 
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Nine pairs of facing electrodes are integrated into the microchannel (40μm×30μm), and these 

electrodes can be divided into two configurations (Figure 4.2(a)). When a cell passes along it 

generates a differential current waveform consisting of two consecutive anti-symmetric double 

Gaussians (Figure 4.2(b)). The main part of the first configuration is two pairs of vertical voltage-

sensing electrodes, which generate an electric field from top to bottom (Figure 4.3(a)). When a 

cell flows through the channel from position ① to ②, the maximum amplitude of the waveform is 

IB and IA (Figure 4.2(b)), and the differential current for this first configuration is 𝛥|I1| = |IB – IA|. The 

second configuration consists of two coplanar sets at the top and bottom walls of the channel, 

creating an electric field along the flow direction (Figure 4.3(b), along the x-axis). When a cell 

passes through position ③ to ④, the differential current is 𝛥|I2| = |(IE + IF) – (IC + ID)| (Figure 4.2(b)). 

Finally, the generated waveform is as shown in Figure 4.2(b), which is the sum of 𝛥|I1| and 𝛥|I2|. 

 

Figure 4.3 2D simulation of the electrode configurations. Applied voltage Vin  is 1V at frequency 
500kHz, and the channel dimension is 30μm high and 430μm long. The permittivity of the 
suspension media is 80ε0 and the conductivity is 1.6 S/m. The particle has a permittivity 2.5ε0 and 
conductivity 10-11S/m with a diameter of 10μm. Electrical potential and current density 
streamlines when the particle is in configuration (a) 1 and (b) 2. 

Data processing of the impedance signal is based on a convolution filter algorithm. The 

normalised convolution templates, designed according to the signal waveform, are multiplied by 

the raw data stream. The magnitude (peak) of the impedance is extracted. The results include the 

timeline of the data recording period, the impedance real and imaginary parts with the transit time 

of each event, and the triggering signal. 

The impedance on different frequency windows can probe different features of cells. At low 

frequencies (<1MHz), cells are electrically insulating, this feature is usually used to determine 

cell size.  AC voltage at 500kHz is applied so that the impedance (𝛥|I1| and 𝛥|I2|) is a function of 

particle cross-section when observed from projections 1 and 2 (Figure 4.2(a)). In other words, 

these signals measure the shape of the object along the x-y and y-z plane (refer to the cartesian 

coordinate axis in Figure 4.4). Thus, the electrical deformability (ED) is the ratio of the impedance 
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(current) from the first and second electrode configurations: Δ|𝐼1| 

Δ|𝐼2|
. The design of the microchannel 

gradually contracts from a wide channel (width is 300mm) to a narrow one (width is 40mm) with 

increasing shear stress on cells generated by the viscoelastic fluid explained in section 3.4.7. 

Thus, the wide part of the channel is called the “pre-detection region”, and the impedance and 

image detection part is called the “detection region” (Figure 4.4). Table 4.1 summarises the 

possible values of ED for undeformed and deformed cells.  

 

Figure 4.4 Illustration of how a cell is deformed when it flows from pre-detection to detection 
regions of the microchannel. To simplify the diagram, GND electrodes are not shown here. The 
dark blue region in the centre of the channel, corresponding to the central region that will be 
mentioned in section 4.4.2. The focusing plan induced by the viscoelastic flow in this case is 
parallel to the x-y plan and located at the centre of the channel height (z-axis). 
 

Table 4.1 Definition of electrical deformability (ED) and the range of ED values for cells in 
undeformed and deformed states. 

 

When cells flow in the channel, from the pre-detection to the detection region, the shear stress 

increases gradually, and cells are elongated along the flow direction (x-axis). Thus, cells in the 

pre-detection region are spherical particles whose sizes in projections 1 and 2 are the same, so 

the ED is around 1; cells in the detection region have a bigger size in projection 1 than in projection 

2 so the ED is greater than 1. Polystyrene beads were used to calibrate the deformability. They are 

solid particles with fixed diameter and dielectric properties, meaning their projections in the two 

directions and the low-frequency impedance are the same. Their ED should be 1.  

4.2.2 Image acquisition and processing and optical deformability 

The second part of the system measures the optical deformability (OD) of cells. There are two 

crucial stages in optical measurement: image acquisition, which is controlled by the triggering 

mechanism, and the image processing algorithm.  A homemade bright-field microscope system 

was built up at the top of the MIC board. As shown in Figure 4.5, when deformed cells are in the 
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“detection region” and their corresponding impedance is generated, synchronised optical 

images of them are captured by triggering a high-speed LED, which projects an image onto a low-

cost CMOS camera (MQ003CG-CM, XIMEA). This system uses a variable time delay in the trigger. 

The triggering mechanism is a real-time data processing implemented by the microcontroller 

(MCU, Teensy 4.0, PJRC). The circuit connection is shown in Figure 4.5(a). The impedance signal 

is first demodulated with a lock-in amplifier (HF2LI, Zurich Instruments) before the digitised signal 

is sent to the MCU. The MCU determines the velocity of the cell and calculates the time point at 

which it arrives at the image capture window. At this point, the output current signal of the MCU 

is amplified by the LED driver and then used to trigger an LED (CBT-90-B-L11, Luminus), 

illuminating the image capture zone and projecting the cell outline onto the camera which is set 

to video recording mode (100fps). Thus, each frame contains an image of a cell, synchronising to 

the electrical impedance signal. 

 

Figure 4.5 System overview. Cells suspended in a viscoelastic fluid are pumped through the 
“detection region” of the channel (40μm×30μm) where they deform and become elongated.  The 
electrodes are connected to amplifiers and a lock-in to extract the impedance signals. The lock-
in also provides a trigger signal. (b) The detection region is divided into two parts: the electrical 
impedance sensing zone and the optical image capture zone. The two electrode configurations 
measure the vertical (Δ|I1|) and horizontal (Δ|I2|) impedance of the cell. An image is focused onto 
a simple CMOS camera with a X20 objective. 
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4.2.2.1 Triggering principle 

 

Figure 4.6 Diagram showing the principle of the triggering mechanism. The impedance 
(differential current) of the first configuration is used to calculate the velocity of the particle, 
obtained from the ratio of the distance between the impedance peak and valley (D1) and the 
transit time (𝛥t1) obtained from the impedance signal. The predicted time to trigger 𝛥t2 is then 
calculated with known distance D2 and the trigger pulse generated to drive the LED. The red 
rectangle defines the ROI (34μm wide, 80μm long) of the optical image capture zone. Only two 
pairs of electrodes in the first configuration are shown in the diagram because the other set is not 
used for triggering. 

The triggering principle does not use a simple threshold trigger but uses the time at which a cell 

arrives at the imaging zone by calculating its velocity. The MCU samples the impedance signal of 

the first configuration via an ADC at a sample rate of 87ksps. To ensure that the collected 

impedance data is sufficiently smooth for peak detection, an IIR filter was applied after the ADC. 

Particles flowing in the “detection region” have a steady velocity because the fluid in the channel 

can be considered laminar flow, and the velocity of laminar flow follows a stable parabolic 

distribution. The data stream is processed by a peak-valley detection algorithm to determine the 

transit time Δt1. As Figure 4.6 shows, the peak and valley of the impedance signal correspond to 

the centre of the two pairs of electrodes (D1 = 80mm), allowing the velocity to be calculated from: 

 𝑣 =
𝐷1 

𝛥𝑡1
 (4.1) 

The distance to the centre of the optical window D2 is known so that the transit time Δt2 that LED 

will be triggered is given by: 

 

 
𝛥𝑡2 =

𝐷2 

𝑣
 (4.2) 
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The peak-valley detection is a second-order differential identification algorithm. The sampled 

data stream is expressed as: 

 Fd = [d1, d2, d3, …,dn] (4.3) 

 

The first differential operation is: 

 Diffi = di+1 - di (1 ≤ i < n) (4.4) 

 

As the amplitude does not matter, the possible values of Diffi are set to 1 or -1 according to the 

sign: 

 sign(Diffi) = {
1,   𝑖𝑓 𝐷𝑖𝑓𝑓𝑖 > 0
0,   𝑖𝑓 𝐷𝑖𝑓𝑓𝑖 = 0 
−1, 𝑖𝑓 𝐷𝑖𝑓𝑓𝑖 < 0

 (4.5) 

for position i, whose sign(Diffi) = 0, meaning di+1 = di. A possible circumstance is if “i” is the peak 

or valley position, the differential of sign(Diffi) will be the same as the non-peak or non-valley 

position. To solve this, sign(Diffi) = 0 can be classified into 1 and -1 with an additional condition: 

 

 {
−1,   𝑖𝑓 𝐷𝑖𝑓𝑓𝑖 = 0 𝑎𝑛𝑑 𝐷𝑖𝑓𝑓𝑖−1 < 0
1,   𝑖𝑓 𝐷𝑖𝑓𝑓𝑖 = 0 𝑎𝑛𝑑 𝐷𝑖𝑓𝑓𝑖−1 > 0

 (4.6) 

 

Then, the differential of sign(Diffi) is processed. There are only two possible values, -2 and 2. The 

position of -2 is the peak, and 2 is the valley. Figure 4.7 summarises a flow chart of the algorithm.  

 

Figure 4.7 The flow chart of the peak-valley detection algorithm. The data is processed by 
differencing operation twice, and the results of each differencing are binarised. Finally, the values 
of 2 or -2 in the results are used to determine the peaks and valleys of the original signal. 
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Ideally, the MCU should illuminate the particle in the centre of the ROI, but a small random offset 

in position occurs due to latency in the MCU.  

 

Figure 4.8 Histogram of experimental cell position illuminated by the LED at (a) 5 and (b) 10 μL/min 
flow rates. Data for 500 cells for each plot. The x-axis labelled “Position” corresponds to the x 
coordinate within the optical window shown in Figure 4.6.  

To assess the algorithm, the position information of cells was extracted. The cells have their 

position coordinates determined by the transit time analysed from the impedance signal. The 

dimension of the ROI (Figure 4.6) is 80μm long and 34μm wide. The cell position along the flow 

direction (x-axis) is of interest so their position ranges from 0~80μm if they are inside the ROI. 

Figure 4.8 shows experimental data of one sample. It demonstrates that the camera can capture 

the vast majority of the cells (within 0-80μm). At 5μL/min and 10μL/min, the position distribution 

was fitted to a normal distribution: N~(μ = 41.7, σ = 23.6) and N~(μ = 39.1, σ = 23.3), respectively. 

The peaks (μ) are close to the centre of the ROI (+40mm), which means that most of the triggers 

are accurate, and similar standard derivation (σ) indicates the triggering mechanism is stable.  

The strategy for triggering signals differs from other reported systems. Impedance-based 

triggering has been previously demonstrated (Liang et al. 2021), where an electrical signal from a 

cell crossing an electrode array was used to trigger a camera that recorded 15 frames at 2,000 

frames per second with a 50μs exposure time. Another imaging system based on LED illumination 

relied on a threshold value to trigger (Bansal et al. 2022). These methods collected a series of 

images for one cell at a high frame rate, meaning a massive amount of data was processed. As 

mentioned above, this triggering system uses the individual velocity of each cell to determine the 

LED trigger timing. Accurate position prediction eliminates the need for continuous imaging, 

reducing the frame rate and enhancing the efficiency of image post-processing.  

Although the camera has a low frame rate (100fps), motion blur is eliminated by using a short 

illumination pulse generated by a MOSFET driver that provides the required high current to the 

LED (Wilson et al. 2014; Bansal et al. 2022). To freeze the motion of cells which are in the flow, 

the total camera exposure time was decreased to the order of microseconds. Herein, we set the 

LED pulse time to 2 μs rather than adjusting the camera exposure time. For 5μL/min flow rate, the 
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maximum velocity of cells in the flow is 0.144 m/s and the flowing distance within 2 μs is 0.288 

μm. For 10 μL/min flow rate, this mapping length is 0.576 μm and 0.864 μm for 15 μL/min. The 

typical average diameter of cells is 12μm, which means the blur edge is up to about 7.2% of the 

diameter. This is acceptable for the processing algorithm to recognise particles from the images.  

4.2.2.2 Image processing 

Post image processing was performed using custom scripts in MATLAB. Figure 4.9 shows a flow 

chart of the image processing.  

 

Figure 4.9 The flow chart of image processing. (a) – (e) corresponds to the label number of the 
processed result image at each stage. 

There are four stages to process a raw image. Due to the limited number and size of pixels (648 × 

488, 7.4μm×7.4μm), the image quality is not high. Moreover, cells are transparent, which makes 

it hard to recognise the object from the background. Thus, the algorithm is designed to improve 

the contrast between cells and the background and extract information on the target particle. The 

following Figures 4.10-4.14 show an example of the procedure. 

Stage 1:  Gaussian filter and adjust contrast 

It is apparent in the raw image (a) that the background noise is high. The first step is to use a 

Gaussian filter to smooth the ROI to reduce interference from textures and fine details in edge 

detection and feature extraction in the next stage, making recognition more robust. Increasing 

the contrast makes the edges clearer. If this stage fails, the edge detection will not find the 

enclosed outline of the particle, and the object will be missed. 

 

Figure 4.10 Raw image (a) and the resulting image (b) after processing by a Gaussian filter and 
increasing contrast. The image is blurrier than the raw image because the filter removed noise 
and smoothed the edges. 

The key part of the code in MATLAB is: 
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    h_gau = fspecial('gaussian',[3,3],1);   % Generate a gaussian template 

    imgD = imfilter(X_2,h_gau,'replicate'); % Image convolution 

    imgD = imadjust(imgD);      % Adjust contract 

Stage 2: Edge detection 

The edge detection algorithm finds the region where pixel intensity (brightness or colour) changes 

significantly. These changes often correspond to the edges of objects in the image. A threshold 

value is first determined to extract significant edges. There are many different methods, and 

simple ones are gradient-based methods, i.e. Sobel Operator, Prewitt Operator and Roberts 

Cross Operator. However, the choice should be based on the characteristics of the image. In this 

case, the particle edge in image (b) has a smooth grayscale transition, so it needs a more 

comprehensive method, the Canny method. Unlike other methods, it applies two different 

thresholds to distinguish strong and weak edges, including weak edges in the output only if they 

are connected to strong edges. The resulting (c) is a binary image whose pixel values are 0 or 1. 

The code is : 

thre = graythresh(imgD);    % Get the threshold 

BW_filter1 = edge(imgD ,'canny',thre*0.8) % Edge detection function 

Note that the threshold used in the function requires multiple manual attempts to determine a 

proper value. If the threshold is not suitable, the output edge of the particle will not be enclosed, 

which is eliminated by the following stage and no particle is recognised. 

 

Figure 4.11 Image (b) in the last stage and the resulting image (c) after being processed by the 
edge detection function. 

Stage 3: Remove spur pixels 

The image has been converted to a binary one in which the value of white is 1, and the value of 

black is 0. In (c), there are many objects with enclosed edges. This stage removes as many 

irrelevant pixels as possible. A morphological operation on binary is applied first, to eliminate 

spurred pixels around the edge. If the enclosed edge has spurred pixels, they  can influence the 

assessment of the major or minor axis in the last stage, leading to inaccurate optical 

deformability. For example, here is how the code processes spurred pixels: 
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Figure 4.12 Example of eliminating spur pixels using the morphological operation. 

 

Figure 4.13 Image (c) from Figure 4.11 and the resulting image (d) after applying the 
morphological operation to eliminate spurred pixels. 

The code is: 

BW_filter2 = bwmorph(BW_filter1,'spur',inf);     

Stage 4: Extract target particle 

In this stage, the first step is to remove the connected components with more than a specific 

number of pixels (replaced by 0) to ensure that only the target object is left. As shown in (d), the 

rectangle around the particle is the edge of the ROI, which has a specific length so that it can be 

removed. Then, fill the object which has an enclosed edge using the “imfll” function. Finally the 

geometric properties of a filled object (Image (e)) can be extracted using the function called 

“regionprops” in MATLAB. 

The key code is given by: 

BW_filter3 = filterLarge(BW_filter2,400); 

BW_filled = imfill(BW_filter3,'holes'); 

BW_filled = bwareaopen(BW_filled,400); 

stats = regionprops('table',BW_filled ,'Area','BoundingBox','Centroid',...,'MajorAxisLength','MinorAxis
Length','Perimeter'); 

 

 

Figure 4.14 Image (d) in Figure 4.13 and its resulting image (e) after extracting the target particle. 
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The “regionprops” function evaluates properties such as area, centroid, major and minor axis for 

each object in an image. It identifies distinct objects in binary images using 8-connected 

neighbourhoods for 2D images. The properties that are used are defined as follows: 

Area is calculated from the actual number of pixels in the region and returned as a scalar. 

Centroid is the centre of mass of the region, returned as a 1-by-2 vector. The first element of 

Centroid is the horizontal coordinator and the second is the vertical coordinator. 

Major (minor) axis length is the length in pixels of the major (minor) axis of the ellipse that has the 

same normalised second central moments as the region, returned as a scalar. 

As Figure 4.15 shows, the edge of the contour, major axis and minor axis are recognised by the 

algorithm. 

 
Figure 4.15 The cell contour, major axis and minor axis extracted by the MATLAB image processing 
script. The contour is determined by the edge detection algorithm; major and minor axis are 
determined with the “regionprops” function. 

The optical deformability (OD) is defined as the ratio of major axis length to minor axis length: OD 

= 𝑚𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠 

𝑚𝑖𝑛𝑜𝑟 𝑎𝑥𝑖𝑠
. The possible values of OD are summarised in Table 4.2. 

Table 4.2 Definition of electrical deformability (OD) and cases for cells in different states. 

 

It is worth noting that other methods for recognising the target particles were also tested. For 

example, image opening and closing operations were tried. Opening operation is a process in 

which erosion is applied first, and then a dilation operation is performed; closing is a process in 

which the dilation process is performed first, followed by an erosion operation. Opening is used 

to remove small objects from the foreground, whereas closing is used to remove small holes in 

the foreground. After obtaining a binary image, these operations can be applied. Compared to the 

final chosen process, this method can address the shortcoming of losing the target object due to 

failed edge detection. However, opening and closing operations need structuring elements with 
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fixed shapes, such as diamond, disk, and octagonal shapes. Thus, it would change the outline of 

the particles, making the major and minor axis lengths inaccurate, which is unacceptable.   

The overall accuracy of the image processing pipeline is about 53%. Different days with slightly 

different illumination conditions may influence the accuracy. 

4.2.3 Electro-Optical data matching and system calibration 

To correlate two datasets captured from different systems without complicated synchronised 

settings, matching the corresponding OD and ED is crucial. The camera is set to video recording 

mode (100fps), and the LED is illuminated when triggered. Thus, only bright frames contain 

particles. The number of dark frames between two consecutive bright frames can be used to 

calculate the time interval between two adjacent bright frames. The timeline of impedance data 

is known, and the trigger signal matches its corresponding impedance. Thus, as long as the start 

time of the impedance timeline is aligned with the first bright frame in the video, data 

synchronisation can be achieved. 

Coincidence in this system has three aspects: the impedance signal, trigger signal and image 

detection. The coincidence of impedance data is very low. For example, the impedance detection 

region dimension is 350×30×40(μm), and at a typical cell concentration of 5×105 /mL, the Poisson 

distribution P(k) = λke-λ/k! shows that the probability of two coincident particles is 2%. Therefore, 

the cell concentration was set to 1×105 /mL where the probability of coincidence is nearly zero. 

The next possible occurrence of coincidence is the trigger signal generated by the microcontroller. 

With the sample rate of the ADC, the triggering algorithm can detect as many cells as the number 

of impedance signals. Even though a rare coincidence happens, the trigger system can still 

generate separate trigger signals. For example, Figure 4.16 shows two impedance signals 

overlapping with the time interval between them only 1.53 ms, but two consecutive trigger signals 

were generated separately.  

Practically, the coincidence rate is dominated by the frame rate of the camera. The frame rate 

was set to 100fps; if the interval between two adjacent cells is less than 10 ms, the exposure time 

will be too long to generate separate images, and image coincidence occurs. A set of images was 

analysed at a flow rate of 5μL/min to determine the coincidence rate. This gave a coincidence rate 

of around 2% (1.9% for 53 frames with two cells from a total of 2844). Increasing the flow rate 

would lead to a higher coincidence rate, so values between 5, 10 and 15 μL/min were used.  
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Figure 4.16 Example of impedance (blue line) coincidence with the corresponding trigger signal 
(brown). The time interval between these two particular events is 1.53 ms. 

As mentioned above, the polystyrene beads were used as calibration particles because they have 

fixed size, deformability and dielectric properties. For ED, the cell impedance signal of the first 

and second configuration should be normalised against that of beads because it can eliminate 

any drift in the impedance system. Practically, the mean value of the bead population is used to 

normalise. The normalisation of ED is expressed as: 

 Normalised ED =  
𝛥|𝐼1(𝑐𝑒𝑙𝑙)|/𝑚𝑒𝑎𝑛(𝛥|𝐼1(𝑏𝑒𝑎𝑑)|)

𝛥|𝐼2(𝑐𝑒𝑙𝑙)|/𝑚𝑒𝑎𝑛(𝛥|𝐼2(𝑏𝑒𝑎𝑑)|)
 (4.7) 

   

 

Figure 4.17 (a) The scatter plot of √𝛥|𝐼1|3  versus ED for untreated cells at 5 mL/min before 
calibration. (b) The scatter plot of Electrical Diameter for those cells after calibration. 

Figure 4.17 (a) and (b) shows a scatter plot of ED for untreated cells at 5 μL/min before and after 

calibration. The x-axis is the electrical radius of the particle. In this system, 10μm diameter beads 

are used and the typical diameter of cells is 12μm, so beads and cells can be gated along the x-

axis. After gating, the mean value of 𝛥|I1(bead)| and 𝛥|I2(bead)| for beads is calculated, with 
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𝛥|I1(cell)| and 𝛥|I1(cell)| normalised using equation 4.7. After calibration, the mean ED of beads 

should be 1, and deformed cells > 1. 

In addition to calibration for ED, OD also needs to be normalised. The optical diameter is defined 

as the average of major axis and minor axis: 𝑚𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠 + 𝑚𝑖𝑛𝑜𝑟 𝑎𝑥𝑖𝑠

2
 in pixels. As for ED, before 

calibration, the OD for beads is not 1, so it needs to be normalised. The OD of cells also needs to 

be calibrated using the mean value of the beads. Figure 4.18 shows a scatter plot of beads and 

cells after gating and calibration.  

 

Figure 4.18 Scatter plot of optical diameter versus OD for untreated cells at 5 μL/min before and 
after calibration. The mean OD of the gated bead before calibration was 1.03 and after calibration 
was 1.0; the mean OD of the gated cell before calibration was 1.19 and after calibration was 1.15. 
 

Finally, the electrical and optical diameter of cells needs to be calibrated because they have 

absolute dimensions. For electrical diameter, normalised  √𝛥|𝐼1|3  is scaled by the mean of 

√𝛥|𝐼1(𝑏𝑒𝑎𝑑)|3  and set to “10 (μm)”. For optical diameter, the major and minor axis of the beads are 

calculated in pixels, to determine their absolute value. The physical dimensions of the chip are 

then used to scale the real size of the beads.  

4.3 Experiment Setup 

4.3.1 Experiment procedure 

Cells were suspended in a viscoelastic fluid and loaded in a 1mL syringe (Disposable syringe with 

Luer-Lok Tips, 309628, BD), flowing along the “detection region” (see Figure 4.4), where shear 

stress deformed them. The flow rate was set to 5, 10 and 15 μL/min, controlled by a high-accuracy 

pump (Pump 11 Pico Plus, Harvard Apparatus). The outlet was placed directly on a clean petri 

dish to collect waste without affecting the fluid pressure in the microchannel or causing flow rate 

instability.  
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A 0.5%(w/v) methylcellulose-DPBS buffer was used to suspend cells. 200 mL of 0.5%(w/v) MC-

DPBS solution was made as follows: 

After heating 70 mL of DPBS in a clean beaker to 80°C, 1 g of MC powder was added and stirred 

gently to disperse. 130 mL DPBS at room temperature was added to the mixture with constant 

stirring to avoid clumping or aggregation. The MC mixture was hydrated as the temperature 

decreased and became a jelly. After the solution had cooled to room temperature, the mixture 

was stored at a 4°C fridge to hydrate the MC and avoid bacterial growth. 

Before measurement, all buffers were filtered through a 0.22 μm filter to avoid chip blockage. The 

chips were cleaned with 1M sodium hydroxide solution at a low flow rate (typically 5 μL/min) for 

about 10 minutes before the experiment. After washing, the channel was flushed with deionised 

water (DI water). After treatment, cells were resuspended by the centrifuge (Centrifuge 5418, 

Eppendorf) at 100 rcf for 5min. Then, remove the supernatant and add MC-DPBS buffer. Finally, 

the calibration polystyrene beads (10μm, Sigma Aldrich) were added to the sample. For each 

experiment group, measurements were recorded after the flow had stabilised for around 2 

minutes. 

As mentioned in section 4.2.3, the key point in this combined system to synchronise two different 

datasets was to align the start time of the impedance timeline with the first bright frame in the 

video. The order of recording data from the two systems was essential to achieve this. The 

impedance system first recorded the data, including the real and imaginary parts of impedance 

and the triggering signal produced by the MCU that connected to the Auxiliary port in the Lock-in. 

When the MCU circuit was not powered, the auxiliary channel had no trigger signal. Then, the 

power of the optical trigger circuit was turned on so that the first trigger signal in the recorded 

MATLAB file corresponded to the first illuminated frame.  

4.3.2 HL60 cell culture 

HL60 is a human cell line originating from the peripheral blood lymphocytes of a 36-year-old 

woman diagnosed with acute promyelocytic leukaemia. It was among the first human myeloid 

leukaemia cell lines successfully established as a continuous suspension culture, overcoming 

previous challenges in maintaining such cells in long-term culture. HL60 is a suspension cell line 

with a round shape and some clustering. It is widely used to study cellular mechanical properties 

because it is easy to culture and has a constant 10-14mm diameter. Apart from this, many studies 

(Urbanska et al. 2020; Otto et al. 2015; Xavier et al. 2016) have proven that it is simple to change 

the physical properties of HL60 cells with chemical treatments that alter their deformability. HL60 

can double every 24 hours and must be within the concentration of 1×105~1×106 cells/mL. Thus, 

they must be split every 48 hours and resuspended to a concentration of 2×105 cells/mL. 
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HL60 cells were grown in RPMI 1640 + Glutamax (Gibco) media with 10% (or 20%) Fetal Bovine 

Serum (FBS, Gibco), 1% Penicillin-Streptomycin (Sigma-Aldrich) in a humidified incubator at 37°C 

and 5% CO2. Choosing 10% FBS or 20% FBS depends on the stage of the cells. If it is just thawed 

from the liquid nitrogen, a medium with 20% FBS should be used because cells in this state need 

more nourishment to recover. For the routine culture, 10% FBS is enough to maintain cells normal 

state. 

Cells were frozen in liquid nitrogen to prevent cell death and maintain long-term viability. The 

cryopreservation solution was made of 10% DMSO with 90% (v/v) FBS. When thawing them, the 

solution must be quickly removed from the culture by centrifugation after bathing in a 37°C water 

bath. Then, resuspend cells in the culture media with 20% FBS for around 2 weeks until they had 

resumed viability. 

4.3.3 Cell treatment 

This section includes the cell treatments regarding altering the deformability of HL60 cells. To test 

the feasibility of the system, the deformability cellular model should have a wide range of 

variations. Herein, Cytochalasin D (CytoD) and Latrunculin B (LatB) were used to perturb the 

cytoskeleton, reducing the stiffness of the cells and leading to higher deformability. 

Glutaraldehyde was used to crosslink proteins, especially in the cell membrane, which fixed cells 

and led to cells in an undeformed state.  

4.3.3.1 Cytochalasin  D and Latrunculin B 

As section 4.1 mentioned, actin stress fibre is one of the key components that directly impact 

cell stiffness (Alibert, Goud, and Manneville 2017). It conveys intracellular traction and 

contraction forces to the extracellular matrix to maintain cell structure and tone. Thus, measuring 

stiffness provides a direct indication of the physical state of the actin cytoskeleton. The 

mechanical properties of the filament system in a cell are determined by the intrinsic 

characteristics of individual actin filaments and their organisation into networks and bundles 

(Wakatsuki et al. 2001). In short, changes in actin filament dynamics reflect the degree of cell 

deformability. The actin cytoskeleton is a highly dynamic structure, with its fundamental unit, 

monomeric actin or G-actin, undergoing constant polymerises and depolymerises. The produced 

polymer is known as filamentous or F-actin (Ketelaar et al. 2012). Cytochalasin D is a class of 

fungal metabolites known as a kind of inhibitor of actin dynamics via multiple mechanisms (Shoji 

et al. 2012). A well-known way is the barbed-end capping mechanism. This inhibition occurs by 

binding to the growing ends of F-actin, blocking the addition of monomeric actin (G-actin) at these 

sites (Casella, Flanagan, and Lin 1981) (Figure 4.19). This process would lead to a destabilisation 
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of the cell actin cortex (Otto et al. 2015). Long actin filaments would be disrupted and replaced 

by large focal aggregates of F-actin (Figure 4.20).  

 

Figure 4.19 The diagram of the barbed end capping mechanism of Cytochalasin D (CytoD) that 
inhibits the polymerisation of F-actin. 

 

Figure 4.20 The microscope images of changes in the organisation of the actin cytoskeleton at 
various concentrations of CytoD. The cells were incubated with 0.1% DMSO (A, control), 200pM 
(B), 900 pM (C), 4 nM (D), 20 nM (E), 90 nM (F), 400 nM (G) and 2μM (H) for 30 minutes. At a CytoD 
concentration of 2 μM, almost all the long actin filaments were disrupted and replaced by large 
focal aggregates of F-actin. Scale bar: 50μm. The image is adapted from (Wakatsuki et al. 2001). 

Latrunculin B (LatB) are architecturally marine compounds isolated from the RED Sea sponge 

Latrunculia magnifica (Spector et al. 1989). It is also an inhibitor of actin dynamics that disrupt 

the cytoskeleton. Unlike CytoD, LatB has a different mechanism of action. It affects the 

polymerisation of pure actin in a manner consistent with the formation of a 1:1 molar complex 

with G-actin (Spector et al. 1989; Coué et al. 1987). Because filamentous formation requires 

monomers to bind to the barbed end continuously, this process is interrupted by LatB binding 
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with G-actin (Figure 4.21). In conclusion, CytoD inhibits F-actin to prevent it from elongation, 

while LatB binds with G-actin to avoid it from polymerisation. 

 

Figure 4.21 The diagram of the capping mechanism of Latrunculin B (LatB) that inhibits G-actin. 

 

Figure 4.22 The microscope images of changes in the organisation of the actin cytoskeleton at 
various concentrations of LatB. The cells were incubated with 10 nM (A), 40 nM (B), 160 nM (C), 
630 nM (D), 2 μM (E), 10 μM (F) for 30 minutes. At a LatB concentration of 2 μM, almost all the long 
actin filaments were disrupted and replaced by large focal aggregates of F-actin. Scale bar: 50μm. 
The image is adapted from (Wakatsuki et al. 2001). 

HL60 cells are treated with CytoD (Sigma Aldrich) and LatB (Sigma Aldrich). HL60 cells in 1ml 

volume at a concentration of 1×105 cells/ml were resuspended in 0.5%(w/v) MC-DPBS solution. 

CytoD and LatB were added to the cell suspension to a concentration of 1μM and 25nM, 
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respectively. Stock solutions of CytoD and LatB were made in DMSO. The stock solutions were 

prepared using a stepwise dilution method to achieve more accurate volume measurements. 

This stock was diluted to ensure the same concentration of DMSO in each group of cells, which 

is 0.5% (v/v). CytoD and its untreated control group (DMSO exposed) were kept at 37°C in an 

incubator for 10 minutes; LatB and its untreated control group were kept for 30 minutes. After 

incubation, the samples were directly loaded into the syringe for measurement because those 

drugs are reversible (Stevenson and Begg 1994). 

4.3.3.2 Glutaraldehyde 

Glutaraldehyde (GA) is commonly used to fix cells for electron microscopy and other structural 

studies because it crosslinks proteins, preserving cellular structures. Cells fixed by GA have been 

a crucial cellular model to study cell mechanical properties (Abay et al. 2019; Reinhart and Singh 

1990). According to Zeng et al. (Zeng et al. 2013), GA at the lowest concentrations (0.001-0.005, 

0.01-0.05, and 0.01-0.1% v/v) can fully fix surface granules, stress fibres, the cell cortex, and 

internal cell structures within 20 minutes. It was found that this crosslinking reaction is 

concentration-sensitive (Guzniczak et al. 2020). The higher the concentration, the stronger the 

fixation effect and the less deformability until the deformability decreases to a stable value close 

to a rigid spherical particle. Moreover, GA fixation can also be used to vary the dielectric 

parameters of cells (Salahi, Honrado, et al. 2022), and this effect is explored in Chapter 5. 

To fix HL60 cells with GA, cells were harvested at 5×105 cells/mL and suspended in DPBS. Five 

different groups of cells were processed in pure DPBS with varying concentrations of GA-DPBS 

solutions (0, 0.0001%, 0.001%, 0.01% and 0.1% v/v) and kept at room temperature for 30 minutes. 

After incubation, cells were centrifuged and resuspended in 0.5% w/v MC-DPBS solution before 

deformability measurements. 

4.4 Results 

4.4.1 Correlation between electrical and optical techniques 

Figures 4.23 (a) and (b) show scatter plots of ED and OD vs electrical and optical diameter for 

beads (blue dots) and cells (red dots) at a flow rate of 5μl/min. As mentioned in section 4.2.3, the 

electrical diameter was calculated from the cube root of the Δ|I1| measured from the first 

electrode configuration, calibrated with the 10 μm beads. This electrode configuration accurately 

measured particle volume and was less influenced by shape change, as proved by Dr Junyu Chen 

(Chen et al. 2024). The optical diameter was calculated as described above (𝒎𝒂𝒋𝒐𝒓 𝒂𝒙𝒊𝒔+𝒎𝒊𝒏𝒐𝒓 𝒂𝒙𝒊𝒔

𝟐
), 

again referenced to the calibration beads. The two plots show that as anticipated, the cells 
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deformed due to the shear flow but that the beads did not and had a mean deformability of 1.0, 

just like rigid and spherical particles.  

The Normal distribution of Figure 4.23 (a) and (b) are NED ~ (1.167 ± 0.06) and NOD ~ (1.156 ± 0.08). 

From the fitting curves of the histogram, the OD distribution is more dispersed with a higher 

variance.  

 

Figure 4.23 Correlation between electrical and optical properties of untreated HL60 cells and 
beads at a flow rate of 5 μL/min. (a) and (b) are scatter plots of Electrical and Optical Diameter 
versus ED and OD, together with histograms of deformability. 10μm polystyrene beads were used 
as calibration particles for both size and deformability. (c) Scatter plot of electrical diameter 
versus optical diameter, with a fitted straight line y=0.98x, R2 >0.90. 

Figure 4.23 (c) shows a plot of the correlation between the electrical diameter and optical 

diameter after system calibration using known-sized solid particles as described in section 4.2.3. 

Beads (blue dots) are gathered at the point (10μm, 10μm), which satisfies the actual dimension 

of the beads. Most of the cells (red dots) are located along the fitted straight line y = 0.98x with 

varying diameters (R2 > 0.9). Some points deviate from the straight line due to incorrect matching 

of electrical and optical data. That may be because of the coincidence of events in the same 

photo. Since the probability of this coincidence occurring in practice was extremely low, no 

additional code was used to handle this circumstance. Therefore, each photo was assumed to 

contain only one particle to simplify image processing. Only the object with the smallest x-axis 

position was selected for images containing multiple particles. Thus, this may result in the 

particle matching an incorrect impedance signal. 
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Figure 4.24 Correlation of electrical and optical diameter for untreated HL60 cells at (a) 10 μL/min 
and (b) 15μL/min. Data was obtained for the same day as the correlation plot in Figure 5.6 (c) but 
at different flow rates. 

Figure 4.24 shows the correlation scatter plots of electrical and optical diameter for untreated 

HL60 cells at 10 and 15 μL/min flow rates, consistent with the 5 μL/min flow rate result. Similar to 

Figure 4.23 (c), cells are distributed along the fitted straight line with high R2. The subpopulation 

of beads is highly condensed at (10 μm, 10 μm).  

 

Figure 4.25 Correlation between the mean ± SD value of ED vs OD for beads and untreated HL60 
cells at different flow rates (5, 10, and 15 μL/min) for three repeats. 

Figure 4.25 shows the correlation (R2 > 0.9) between the mean ± SD value of ED and OD for beads 

and untreated HL60 cells at three different flow rates (5, 10, and 15 μL/min) from three repeated 

experiments. As flow increases, cells are exposed to a higher shear stress, leading to a higher 

deformability. The trend is linear (y = 1.08x – 0.0845) again, with excellent correlation between the 

two techniques. The values of each point are summarised in Table 4.3. 

Table 4.3 The mean ± SD value of ED and OD plotted in Figure 4.25. 

 bead 5 μL/min 10 μL/min 15 μL/min 

ED 1.00±0.0023 1.15±0.0182 1.19±0.0084 1.25±0.0229 
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OD 1.00±0.0014 1.14±0.0150 1.21±0.0088 1.26±0.0140 

 

Moreover, Figure 4.26 presents the example images demonstrating the deformation of the cell in 

the flow at 10 μL/min flow rate and that this deformation depends on the chemical treatment: 

10μm bead, Untreated cell, GA fixed cell (0.1% v/v), and CytoD treated cell. From visual 

observation, the GA-treated cell was as round as the bead because its membrane proteins had 

been fixed, and its undeformed state was maintained. The deformability is close to the value of 

the rigid spherical polystyrene bead, which is around 1. The untreated cell in the detection region 

was deformed by the shear stress, and the cell exposed to CytoD was much softer than that, with 

the highest deformability among these example cells.  

 

Figure 4.26 Example images of a single HL60 cell deforming in the channel at a 10 μL/min flow 
rate. 

The correlation between the two methods for different treatments was also evaluated by plotting 

OD vs ED. Figure 4.27 shows this plot of untreated, GA fixed, and CytoD treated cells. Each data 

point is the mean ± SD of several hundred cells (Table 4.5) with three biological repeats. Similar 

to Figure 4.25, ED and OD have an excellent correlation (R2 = 0.99). Because GA treatment is 

concentration-sensitive, data from two concentrations were presented with distinct values. A 

higher concentration (0.1% v/v) led to lower deformability, close to 1, and a lower concentration 

(0.001% v/v) resulted in higher deformability but was still less than that of untreated cells. Details 

are provided in the section 4.4.4. 

The values of mean ± SD in Figure 4.27 are summarised in Table 4.4. Together with Table 4.3, 

when the deformability is around or below 1.2, the numerical difference between OD and ED is 

tiny. As the deformability grows, especially when it is larger than 1.2, the numerical value of OD 

is significantly greater than that of ED.  
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Figure 4.27 Correlation between the ED and OD for HL60 cells (Untreated, GA fixed and CytoD 
treated) with 10 μm rigid spherical beads at a 10 μL/min flow rate. Data is the mean ± SD of three 
biological repeats (n = 3). The correlation between the two methods is given by the solid line (R2 = 
0.98). 

 

Table 4.4 The mean ± SD value of ED and OD plotted in Figure 4.27. 

 

Table 4.5 The number of cells used in Figure 4.27 and Table 4.4. 

 

 

 

 

 

 

 

 bead GA 0.1% GA 0.001% Untreated CytoD 

ED 1.00±0.0198 1.00±0.0268 1.09±0.0179 1.16±0.0114 1.22±0.0206 

OD 1.00±0.0121 1.02±0.0221 1.11±0.0150 1.17±0.0079 1.28±0.0267 

Cell Number Repeat 1  Repeat 2 Repeat 3 

Fixed 0.1% 421 486 504 

Fixed 0.001% 422 487 511 

Untreated 1045 835 675 

CytoD 530 513 726 
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4.4.2 Deformability distribution between optical and electrical measurements 

As mentioned in the last section, the value of OD tends to be larger than ED when the 

deformability exceeds 1.2. Besides, a comparison of the histograms in Figures 4.28 (a) and (b) 

shows that the distribution of OD has a higher variance than ED. HL60 cells were treated with 

CytoD and LatB to explore the reason for this. This trend was related to the y-position in which 

cells are located when illuminated in the ROI. 

 

Figure 4.28 Schematic diagram showing channel cross section and dimensions. The shaded box 
(-6.3μm to +6.3μm) defines the ROI within which cells were measured. Those near the walls were 
discarded. 

The channel can be divided into three parts along the y-axis, as Figure 4.28 shows. Taking the 

midpoint of the channel in the y-direction as the zero point. A boundary corresponding to ±10 

pixels on either side of the channel centre line (approximately ±6.3μm) was defined as the central 

region (purple). 

Figure 4.29 shows the comparison between OD and ED for HL60 cells treated with CytoD and 

LatB, demonstrating how cell deformation depends on lateral position in the channel. The top row 

shows OD scatter data for untreated and treated cells, while the bottom row shows the scatter 

plot of ED. The data was plotted as a function of Y-position across the channel width. The data 

show that treated cells have a higher deformability than untreated cells, consistent with previous 

reports (Urbanska et al. 2020; Guzniczak et al. 2020). It is known that the viscoelastic fluid 

focuses particles into the central region (along the y-axis) (Del Giudice 2019; Serhatlioglu et al. 

2019; Chen et al. 2024), significantly reducing variation in the impedance signals along the z-axis 

because of the removal of position dependence (Spencer and Morgan 2011). However, the data 

in Figure 4.29 also shows that the deformability is influenced by the position of the cell across 

the channel width. Unlike the ED, the scatter plot of OD has a parabolic shape and different 

treatments result in varying degrees of curve bending, with LatB showing the most significant 

curvature. 
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Figure 4.29 Comparison between (a) OD and (b) ED for HL60 cells treated with CytoD and LatB 
demonstrating how cell deformation depends on lateral position in the channel at a 10 μL/min 
flow rate. 

 

Figure 4.30 Images of cells located at different Y-position in the ROI (-17μm to +17μm) and 
different treatments. Cells are treated with 1μM CytoD and 25nM LatB. 

Figure 4.30 shows representative images of the three different populations of cells at three 

different regions in the optical ROI (refer to Figure 4.28): two regions near the channel wall and 

the central region. In Figure 4.30, the top and bottom row images show that the cells near the 

channel wall are deformed into teardrop shapes with a small tail, presumably due to unbalanced 

shear forces near the wall. 2D image processing of these cells which includes the shape of the 

tail, and tends to skew the long axis measurement of the cell and, therefore the mean OD. Thus, 

these cells have a higher OD than those flowing close to the centreline. This distortion in the cell 
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shape is reflected in the scatter plots of Figure 4.29, which has a parabolic shape because cells 

closest to the wall deform the most and are found at the extremes of the parabola.  

The optical data can be contrasted with the ED, which appears independent of the Y-position. The 

asymmetric teardrop shape has a minor influence on the electrical impedance as it blocks 

minimal current, so the measured ED is far less dependent on the Y-position of the cells in the 

channel (Figure 4.29 (b)).  

4.4.3 Optical-electrical deformability measurements for HL60 cells with disrupting 

cytoskeleton 

This section compares the two methods investigated by post-processing the data to eliminate the 

slower-moving cells near the channel walls, demonstrating an excellent correlation between the 

ED and OD. 

 

Figure 4.31 Scatter plots of ED v.s. OD for (a) untreated HL60 cells and treated with (b) CytoD and 
(c) LatB at a 10 μL/min flow rate. The results are filtered according to the Y-position in the channel 
to exclude cells close to the channel walls, i.e. outside the shaded region in Figure 4.29. 

Figure 4.31 presents the scatter plots of ED versus OD for untreated HL60 cells and those treated 

with CytoD and LatB. These plots are from the data sets that have been further filtered from the 

data in the previous Figure 4.29. The filtering is based on the Y-position of cells within the channel, 

and those in the central region are plotted. As expected, untreated cells have the lowest 

deformability, whilst the LatB-treated cells have the largest deformability. The correlation 

between the two techniques is excellent. For CytoD and LatB groups, it can be observed that the 

deformability of the central point in the population is over 1.2, and the x-coordinate values are 

approximately equal to the y-coordinate values, which is an optimisation of Figure 4.27. The 

numbers of cells in the plots are 672 out of 1430 (47%) untreated cells, 726 out of 1511 (48%) 

CytoD-treated cells and 465 out of 1095 (42%) out of LatB-treated cells.  
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Figure 4.32 Box charts of (a) ED and (b) OD (n = 3). Data are mean ± SD. The statistic analysis is 
the student t-test, ** p≤0.01, *** p≤0.001, compared with the untreated group. The flow rate is 10 
μL/min. 

Figure 4.32 (a) and (b) show OD and ED (mean±SD) data for HL60 cells treated with CytoD and 

LatB after being filtered by the Y-position. These biological repeated data were statistically 

analysed by the student’s t-test, and it proves that CytoD and LatB alter cell deformability 

significantly. Besides, compared with untreated cells, the data of treated cells shows that 

deformability determined by impedance is equivalent to the optical method. For example, at a 

flow rate of 10 μL/min, the ED of untreated cells = 1.16 ± 0.011, compared with OD = 1.18 ± 0.008. 

Other data for this figure is summarised in Tables 4.6 and 4.7.  

Table 4.6 The mean ± SD value of OD for untreated and treated HL60 cells for three repeats at 

10μL/min in Figure 4.32(a). 

 

Table 4.7 The mean ± SD value of ED for untreated and treated HL60 cells for three repeats at 

10μL/min in Figure 4.32(b). 

 

OD Repeat 1  Repeat 2 Repeat 3 mean±SD 

Untreated 1.18 1.18 1.16 1.17±0.0079 

CytoD 1.23 1.28 1.25 1.26±0.0252 

LatB 1.30 1.28 1.33 1.31±0.0259 

ED Repeat 1  Repeat 2 Repeat 3 mean±SD 

Untreated 1.15 1.16 1.17 1.16±0.0114 

CytoD 1.21 1.23 1.25 1.23±0.0186 

LatB 1.31 1.33 1.30 1.31±0.0149 
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From the results in this section, it can be concluded that the electrical method is less influenced 

by the Y-position of cells, and it can be as accurate as the conventional optical methods. If the 

electrical system is less sensitive than the optical one, the mean of electrical deformability would 

not as the same as the mean of optical deformability of cells flowing along the central region in 

the channel. In summary, the data shows that the population ED is as accurate as it should be, 

which means the sensitivity of the electrical system is enough to differentiate cell phenotypes 

according to deformability.  

4.4.4 Optical-electrical deformability measurements for fixed HL60 cells 

As a final set of experiments, the performance of this electro-optical deformability cytometer was 

evaluated using HL60 cells treated with different concentrations of glutaraldehyde (GA), which 

crosslinks the cell proteins, making them stiffer. Fully crosslinked cells have a deformability 

similar to solid beads, close to 1.  

 

Figure 4.33 (a) The contour plots of ED vs OD for HL60 cells treated with different concentrations 
of GA at a flow rate of 5 μL/min. (b) Dose-response curves of ED and OD for three repeated 
experiments at a flow rate of 5μL/min (n = 3). P- values are relative to the unfixed group, where *** 
p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05 and ns is not significant. 

Figure 4.33 (a) shows ED versus OD as a function of GA concentration plotted as 50% contour 

plots at a flow rate of 5 μL/min, including cell count histograms. ED and OD have a consistent 

growing trend when the concentration is decreasing. The lowest concentration, 0.0001% v/v, 

would not affect cells because the contour at this concentration overlaps that of unfixed cells. 

The higher concentrations (0.01% and 0.1% v/v) can fix cells to the greatest extent, causing their 

deformation to reach the level of rigid spherical beads close to 1. The middle concentration (0.001% 

v/v) deformability is between the values of lowest and higher, slightly overlapping with the higher 

groups. 
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The dose-response curves of ED and OD are presented in Figure 4.33 (b). They are fitted to the 

Hill equation, which is given by (Gadagkar and Call 2015): 

 𝑦 = 𝛽1 +
𝛽2 − 𝛽1 

1 +
𝒙

(𝛽3)𝛽4

 (4.8) 

where y is the response (deformability), vector x is the concentrations, β =[β1, β2, β3, β4] is the 

fitting parameters: β1 is the response when the concentration (dose) is zero (minimum asymptote), 

β2 is the stable response for infinite concentration (maximum asymptote), β3 is the effective 

concentration (EC50) at the half-maximum response, and β4 is the maximum curvature value of 

the curve (Hill slope). The mean ± SD values (n = 3) of deformability at different concentrations 

were input into a custom MATLAB script, which was used to fit the equation and derive the half-

maximum concentration (EC50) of GA. The electrical and optical EC50 are 0.0012% and 0.001%, 

respectively, and the P-values shown in the plots are relative to the unfixed group (*** p ≤ 0.001, 

** p ≤ 0.01, * p ≤ 0.05, and ns is not significant). The values of Figure 4.33 (b) are summarised in 

Tables 4.8 and 4.9. 

Table 4.8 The mean ± SD value of ED for unfixed and fixed HL60 cells for three repeats at 5μL/min 
in Figure 4.33(b). 

 

Table 4.9 The mean ± SD value of OD for unfixed and fixed HL60 cells for three repeats at 5μl/min 
in Figure 4.33(b). 

ED (5 μL/min) Repeat 1  Repeat 2 Repeat 3 mean±SD 

Unfixed 1.15 1.17 1.13 1.15±0.0182 

GA 0.0001% 1.11 1.17 1.14 1.14±0.0329 

GA 0.001% 1.10 1.10 1.08 1.09±0.0098 

GA 0.01% 1.01 1.02 1.00 1.01±0.0115 

GA 0.1% 1.01 1.04 1.00 1.01±0.0228 

OD (5 μL/min) Repeat 1  Repeat 2 Repeat 3 mean±SD 

Untreated 1.15 1.14 1.12 1.14±0.0150 

GA 0.0001% 1.08 1.15 1.12 1.12±0.0333 

GA 0.001% 1.09 1.08 1.06 1.08±0.0120 

GA 0.01% 1.02 1.03 1.00 1.02±0.0130 

GA 0.1% 1.02 1.04 1.01 1.02±0.0162 
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The demonstrations were also conducted at higher flow rates: 10 and 15 μL/min. For the contour 

plots (Figure 4.34), the unfixed and lowest concentration (0.0001% v/v) subpopulations are 

moving up along both the x and y axes as expected because a higher flow rate leads to a higher 

deformability. The deformability of the middle concentration (0.001% v/v) population also grows 

but is still located between the higher and lowest concentrations. Contours of cells fixed with 

higher concentrations of GA (0.01% and 0.1% v/v) remain at point (1, 1), although the flow rate 

increases. This unchanged deformability means cells were fully crosslinked and would not be 

deformed even though the shear stress increased.  

 

Figure 4.34 The contour plots of ED vs OD for HL60 cells treated with different concentrations of 
GA at flow rates of (a)10 μL/min and (b) 15 μL/min. 

Figure 4.35 (a) and (b) are the dose-response curves of ED and OD at flow rates of 10 and 15 

μL/min for three biological repeats, respectively. Consistent with the 5 μL/min curve, ED and OD 

have no significant change in the GA concentration of 0.0001% v/v, and the fitting curves remain 

stable. Then, they drop as the concentration increases to around 0.0005%, finally reaching a 

minimum asymptote at 0.01% and 0.1% v/v concentrations. The p-values of these concentrations 

are significant, with *** p ≤ 0.001 and ** p ≤ 0.01. The output EC50 of two different techniques at 

10 and 15 μl/min are similar to those at 5 μL/min (ED: 0.001% v/v at 10 μL/min and 0.0013% v/v at 

15 μL/min; OD: 0.00097% v/v at 10 μL/min and 0.0011% v/v at 15 μL/min). The EC50 values are 

similar to those reported elsewhere (Guzniczak et al. 2020).  
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Figure 4.35 Dose-response curves of ED and OD for three repeated experiments (n = 3) at flow 
rates (a) 10 and (b) 15 μL/min. P- values are relative to the unfixed group, where *** p ≤ 0.001, ** 
p ≤ 0.01, * p ≤ 0.05 and ns stands for not significant. 

4.5 Discussion 

This chapter described the experimental results of a developed electro-optical deformability 

cytometer. The system determined the correlation between electrical and optical deformability 

and provided a feasible triggering mechanism for subsequent sorter development. It used simple 

shear flow to deform cells in the microchannel, and the electrical deformability of particles was 

determined by the impedance generated from two different configurations of electrodes. To 

obtain optical deformability, the device uses a simple and inexpensive CMOS camera to capture 

images of particles at a throughput of a few tens of cells per second. As a cell moves down a 

channel from the undeformed to the deformed region, the electrical impedance signal is used to 

trigger a high-intensity LED, which projects an image of a particle onto the camera. Compared to 

other reported triggering methods (Liang et al. 2021; Bansal et al. 2022), this system did not adopt 

a threshold value to trigger. It calculated the velocity of each event and allocated a custom 

expected time to determine the trigger signal. The electrical deformability is defined as the ratio 

of the electrical impedance measured along two different orthogonal axes, and the optical 

deformability is defined as the ratio of the major and minor axes from the image post-processed 

by MATLAB.  

The correlation between these two methods was assessed using HL60 cells treated with/without 

chemicals as cellular models. The drugs that disrupt the cytoskeleton, cytochalasin D (CytoD) 

and latrunculin B (LatB), were used to soften cells to extend the value range of deformability. 

Glutaraldehyde, a type of cell fixative, can crosslink proteins of cells and make them stiff, 

decreasing the deformability to approximately 1.  
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The scatter plots of electrical and optical diameters presented an excellent correlation at three 

different flow rates. Cells were located on a line passing through the origin with an approximate 

slope of 1, while beads were gathered at the point (10 μm, 10 μm). The electrical and optical 

deformability error bar charts also showed a good correlation. However, when the deformability 

is greater than 1.2, the optical deformability has a higher variance than the electrical 

deformability. This was caused by the cells different Y-position of the channel. The system does 

not use a hydrodynamic sheath flow but relies on the viscoelastic fluid to partially focus cells into 

a plane in the centre of the channel. Although this simplifies the system, some particles close to 

the channel wall are asymmetrically distorted, leading to errors in the optical images. This leads 

to a positional dependence in the scatter data, which can be corrected by post-processing by 

excluding all cells that flow close to the channel walls. Interestingly, the electrical deformability 

appears to be much less affected by the position of the cells in the channel. 

Finally, GA fixed cells at different concentrations were demonstrated using this system to validate 

the correlation between these two techniques. The effective concentration derived from the 

dose-response curve is similar to the report elsewhere (Guzniczak et al. 2020). In conclusion, this 

system is simple, and the correlation between electrical and optical deformability is 

exceptionally high. 
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Chapter 5 Single-cell Spectroscopy of Nucleated Cell 

5.1 Introduction 

The electrical or dielectric properties of cells are important label-free measurement indicators in 

addition to their mechanical properties. Sections 2.2.3 and 2.2.4 introduced the dielectric 

parameters of cells that are of research interest and presented how the measurement methods 

were developed. In summary, MIC was usually used to measure cells at two or at most three 

discrete frequencies and discriminated subpopulations by the value of the impedance signal, for 

example, amplitude, phase, and/or electrical opacity (the ratio of high to low-frequency 

impedance). However, this limited range of measurements is insufficient to determine the 

intrinsic parameters of each single cell because it requires fitting frequency-dependent 

impedance set to a set of Debye relaxations (Morgan and Green 2003) with the help of multi-shell 

models. Studies focused on measuring the membrane and cytoplasm parameters. They usually 

used enucleated cells, such as red blood cells and ghost cells as cellular models because they 

were easy to obtain and model, so the single-shell model was adopted. Even when measuring 

nucleated cells, the fitted shell models also used the single-shell one rather than the double-shell 

model to simplify the process of fitting, which overlooks the contribution of the nucleus to the 

model. Moreover, the limited detection frequency range also needs to be extended because, for 

nucleated mammalian cells suspended in physiological saline, the frequency should be up 

to >500MHz to fully characterise the electrical properties. The MATLAB calculations of the single-

shell model and double-shell model in electrolytes with different conductivities were compared 

in section 3.2.4, implying that low-conductivity solutions can help distinguish cells with different 

membrane and cytoplasm parameters.  

This chapter describes an improved single-cell spectroscopy system capable of high-speed 

multi-frequency characterisation of nucleated cells. In order to extract the dielectric properties 

of each individual cell, single-cell spectra were fitted to the double-shell model by post-

processing the data. Throughput is around 250 cells/s, and the system performance was 

demonstrated by measuring the intrinsic dielectric properties of different nucleated cells. The 

content is organised in the following order: system overview, experiment setup and finally, the 

experimental results. 
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5.2 System Overview 

5.2.1 Electrode configuration 

Building on Dr. Daniel Spencer’s previous work (Spencer and Morgan 2020), this system was 

improved to measure nucleated cells by extending the detection frequency range to 550MHz 

(instead of the original 50MHz) and an algorithm was developed to fit the frequency-dependent 

spectra to the double-shell model rather than the single-shell.  Dielectric theory and simulations 

are described in Chapter 3, and the method of relating the measured current to the frequency-

dependent impedance spectra is described in section 5.2.2. The system performance was 

demonstrated by measuring the intrinsic properties (diameter: d, membrane capacitance: Cmem, 

cytoplasm conductivity: σcyt) of different cells in two different saline conductivities (1.6 S/m 

conductivity and 0.32 S/m conductivity).  

The electrode arrangement in this part differs from the deformability MIC system mentioned in 

Chapter 4 and Chapter 6. Cells used in this system are suspended in NaCl of different molarities. 

However, cells suspended in saline move through the channel with a random distribution along 

the vertical direction of the channel, which can lead to errors in the measured impedance of off-

centre particles (Spencer and Morgan 2011). To solve this problem, the system uses encoded 

electrodes as shown in Figure 5.1. The array consists of eight pairs of voltage-sensing electrodes 

and three pairs of ground electrodes to minimise the leakage current and eliminate off-centre 

errors (Spencer and Morgan 2020). The voltage electrodes are divided into two groups with a 180-

degree phase difference. The sensing pairs are also divided into two sets (dark blue and purple in 

Figure 5.1(a)), and they are connected to a differential amplifier to provide an output differential 

current. Ideally, the waveform of the output signal should be like Figure 5.1(b), a central 

symmetric form with peaks and valleys. The position of peaks and valleys corresponds to position 

① to ⑧, which are at the center of electrodes. 

The output signal from each frequency channel is processed to filter out the background noise 

and extract the impedance signals and transit time of each event with convolution filters. First, 

fifty normalised convolution templates with different transit times are generated according to the 

electrode encoding, channel dimension and the flow rate used in the experiments (Figure 5.1(c)). 

Then, they are multiplied by the raw data stream within a fixed size of window. Taking one 

waveform of an event as an example, the largest value among these fifty convolution results is 

the matched impedance value of this event, and the transit time is also determined. That data is 

saved for further analysis.  
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Figure 5.1 (a) The electrode configuration of this single-cell spectroscopy. Cells suspended in the 
saline with different conductivities pass through the channel from position ① to ⑧ (centre position 
of electrodes) at a flow rate of 30μL/min. AC voltage V+ and V- have inverted phases and were 
applied to some electrodes. Their parallel electrodes were sensing ones and output the 
differential current. (b) The ideal output waveform for a single event. It is a central symmetric form 
with peaks and valleys that matches the position ① to ⑧ at (a). (c) Convolution template generated 
according to the electrode encoding, channel dimension and the flow rate used in the 
experiments. Fifty normalised templates are multiplied to the raw data stream within a fixed size 
of window and the maximum result is the matched impedance of this event. 
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5.2.2 Measurement principles and data processing 

After learning about the electrode configuration, this section describes the measurement 

process, principles and data processing. As Figure 5.2 shows, a cell suspension was pumped 

into the microchannel (40μm×30μm) at a flow rate of 30mL/min. AC voltages with inverted phases 

at discrete frequencies were generated by a Lock-in Amplifier (UHFLI, Zurich Instruments) and 

amplified by a custom electronic circuit (designed by Dr Daniel Spencer). The voltages were 

applied to a top set of electrodes. The custom electronic circuit differentiated the current 

measured from the bottom electrodes, and then the signal was demodulated with a lock-in 

followed by post-processing. 

A cell transited through the channel produces a bipolar Gaussian differential signal (Figure 

5.1(b)), with amplitude corresponding to the cell impedance at the specified frequency. In order 

to measure the complete frequency spectrum of cells, data at discrete frequencies were 

obtained using two different methods. In the first, the impedance of a population mean was 

measured using an eighteen-frequency sweep. A 1mL sample loaded into a syringe was pumped 

through the chip and measured at 18 different frequencies ranging from low (250kHz) to high 

(550MHz) (250kHz, 398kHz, 631kHz, 1MHz, 1.58MMz, 2.51MHz, 3.98MHz, 6.31MHz, 10MHz, 

15.8MHz, 25.1MHz, 39.8MHz, 63.1MHz, 100MHz, 158MHz, 251MHz, 398MHz, 550MHz), with the 

data recorded for 30 seconds at each frequency. The data at these 18 frequencies corresponds 

to the mean impedance of the cell population at each frequency point. This method is referred to 

as the “population-mean” method. The second method involved collecting eight frequencies 

simultaneously for many single cells (251kHz, 761kHz, 2.31MHz, 6.99MHz, 21.2Mhz, 64.1MHz, 

194.3MHz, 575MHz). The data was recorded for around 2 minutes. This method is referred to as 

the “single-cell” method. The differential current from both methods was gated and calibrated 
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using polystyrene beads. The frequency spectrum consisting of discrete frequency data is fitted 

to the double-shell model, to obtain single cell dielectric parameters.  

 

Figure 5.2 System conceptional overview and measurement principle. (a) Cells suspended in 
saline flow along the microchannel (40μm×30μm) where electrodes measure the impedance at 
discrete frequencies ranging from 250kHz to 550MHz. After Gating and calibration, the frequency 
spectrum was fitted to the double-shell model to give cell diameter d, membrane capacitance 
(Cmem) and cytoplasm conductivity (σcyt). (b) To simplify the diagram, not all electrodes are shown 
here. The detailed wiring scheme is shown in Figure 5.1 (a). 

5.2.2.1 Complex permittivity and differential current measurement 

Ideally, the current in the empty channel should remain constant regardless of frequency. 

However, the actual device consists of many circuit elements, resulting in a non-linear 

impedance of the empty cell. Polystyrene beads of known size and dielectric properties are used 

as internal calibration particles to overcome these non-linearities (Spencer and Morgan 2020; 

Haandbæ k et al. 2016).  

The impedance of a mixture consisting of a spherical cell dispersed in a suspending media is 

given by (Spencer and Morgan 2020): 

 

 𝑍𝑚𝑖𝑥
∗ =

1 

𝑗𝜔𝜀𝑚𝑖𝑥
∗ 𝜅

 (5.1) 

      

where κ is a constant depending on the electrode and gap dimensions. The differential complex 

current of the mixture is (Spencer and Morgan 2020): 

 

 𝛥𝑖𝑐𝑒𝑙𝑙
∗ =

𝑉𝑆∗(𝜔)

𝑍𝑚𝑒𝑑
∗ −

𝑉𝑆∗(𝜔)

𝑍𝑚𝑖𝑥
∗ = 𝑗𝜔𝜅𝑉𝑆∗(𝜔)(𝜀𝑚𝑒𝑑

∗ − 𝜀𝑚𝑖𝑥(𝑐𝑒𝑙𝑙)
∗ ) (5.2) 
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where V is the applied voltage, and S*(ω) is a complex system transfer function assumed to be 1 

because the system has no nonuniformity. Thus, the ratio of a cell and a bead differential current 

is given by: 

 
𝛥𝑖𝑐𝑒𝑙𝑙

∗

𝛥𝑖𝑏𝑒𝑎𝑑
∗  = 

𝜀𝑚𝑒𝑑
∗ −𝜀𝑚𝑖𝑥(𝑐𝑒𝑙𝑙)

∗

𝜀𝑚𝑒𝑑
∗ −𝜀𝑚𝑖𝑥(𝑏𝑒𝑎𝑑)

∗   (5.3) 

 

After combining equation 3.7 in section 3.2.2 and equation 5.3, the ratio becomes: 

 𝛥𝑖𝑐𝑒𝑙𝑙
∗

𝛥𝑖𝑏𝑒𝑎𝑑
∗  = 

𝜑𝑐𝑒𝑙𝑙𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗ (𝜑𝑏𝑒𝑎𝑑𝑓𝐶𝑀(𝑏𝑒𝑎𝑑)

∗ −1)

𝜑𝑏𝑒𝑎𝑑𝑓𝐶𝑀(𝑏𝑒𝑎𝑑)
∗ (𝜑𝑐𝑒𝑙𝑙𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)

∗ −1)
 (5.4) 

 

When volume fractions are small (φ<0.01), the equation 5.4 can be simplified to: 

 
𝛥𝑖𝑐𝑒𝑙𝑙

∗

𝛥𝑖𝑏𝑒𝑎𝑑
∗ =  

𝜑𝑐𝑒𝑙𝑙𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗

𝜑𝑏𝑒𝑎𝑑𝑓𝐶𝑀(𝑏𝑒𝑎𝑑)
∗     (5.5) 

Because φ𝑏𝑒𝑎𝑑/φ𝑐𝑒𝑙𝑙  = 𝑟𝑏𝑒𝑎𝑑
3 /𝑟𝑐𝑒𝑙𝑙

3  , the Clausius-Mossotti factor can be expressed as: 

 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗ =

𝑟𝑏𝑒𝑎𝑑
3

𝑟𝑐𝑒𝑙𝑙
3 𝑓𝐶𝑀(𝑏𝑒𝑎𝑑)

∗ ×
𝛥𝑖𝑐𝑒𝑙𝑙

∗

𝛥𝑖𝑏𝑒𝑎𝑑
∗  (5.6) 

 

Equations 5.6 and 3.8 in section 3.2.2 are two different expressions of the same parameter, 

𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗ . The equations show that the dielectric spectrum of the cell can be determined from the 

experimentally measured differential currents ( 𝛥𝑖𝑐𝑒𝑙𝑙
∗  and 𝛥𝑖𝑏𝑒𝑎𝑑

∗ ) provided the frequency-

dependent dielectric properties of the beads (𝑟𝑏𝑒𝑎𝑑  and 𝑓𝐶𝑀(𝑏𝑒𝑎𝑑)
∗ ) are known according to: 

 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗ 𝑟𝑏𝑒𝑎𝑑

3

𝑟𝑐𝑒𝑙𝑙
3 = 𝑓𝐶𝑀(𝑏𝑒𝑎𝑑)

∗ ×
𝛥𝑖𝑐𝑒𝑙𝑙

∗

𝛥𝑖𝑏𝑒𝑎𝑑
∗  (5.7) 

 

The impedance signals give the differential current for the bead and cell (right-hand side of 

equation 5.7), if the radius and dielectric properties of the bead are known. Thus, from equation 

5.7, the unknown dielectric parameters of the cell 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  can be determined. The left-hand side 

of equation 5.7 is the spectrum used to analyse. Herein, rcell and 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  are unknown and 

expressed by the shell model with adjustable intrinsic parameters (ɛ1~ɛ4, σ1~σ4) and cell radius 

(see section 3.2.3). Equation 5.7 is called normalised 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗ . Note that the wanted cell 
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membrane capacitance Cmem, cytoplasm conductivity σcyt, and cell diameter d evaluated in the 

experimental section correspond to C1 (C1 = ε1/d1), σ2, and 2rcell in the shell model shown in Figure 

3.2 in section 3.2.3. 

 

5.2.2.2 Gating and calibration 

Cells behave as insulators at low frequencies, so cell dimension dominates the measurement. 

At higher frequencies, dielectric properties influence the spectrum, especially the membrane 

capacitance and cytoplasm conductivity. In order to measure the complete dielectric properties 

of nucleated cells, a system that can extend the frequency bandwidth up to hundreds of MHz is 

demanded. Detailed illustrations were presented in section 3.2.  

Two frequencies were collected simultaneously for each data point for the population-mean 

method. One was fixed to 18MHz as a reference to gate beads and cells, and another frequency 

was swept from 250kHz to 550MHz. For the method that measured single-cell, eight 

simultaneous frequencies were applied. The frequencies were spaced logarithmically apart in 

the window 250kHz to 575MHz.  

Gating and calibration with beads were done from the phase scatter plots (Figure 5.3). For the 

population-mean method, 18MHz is used as a reference frequency because beads and cells are 

highly distinct in phase (the ratio of imaginary and real part). For the single-cell method, the phase 

at 7MHz was used. 

 

Figure 5.3 (a) An example impedance phase scatter plot of beads and cells used in the “gating 
and calibration” step. For the population mean method, this is the plot at reference frequency 
18MHz; for the single-cell method, this is the plot at around 7MHz. This plot is used to gate beads 
and cells. (b)Histogram of gain* √|Z18MHz|3  at 18MHz. The noise, beads and cells are gated as blue, 
red and yellow subpopulations. The population mean square ratio of noise impedance to the 
particle impedance is SNR. 

The SNR (signal-noise-ratio) in the system is defined as the mean square ratio of the baseline 

impedance noise to the particle impedance. Consider data of untreated HL60 cells collected 

simultaneously at two frequencies (18MHz and 15.9MHz, where 18MHz is the fixed reference 
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frequency for gating beads and cells) in a low conductivity media (0.32 S/m). After gating the noise, 

beads and cells subpopulations (Figure 5.3(b)), the SNRs of beads and cells were calculated as 

follows: 

 

 
SNRbead =10×log10(

𝑚𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒(𝑏𝑒𝑎𝑑𝑠)

𝑚𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒(𝑛𝑜𝑖𝑠𝑒)
) = 10×log10(

23.4

3.3
)= 8.5 dB (5.8) 

   

 SNRcell = 10×log10(
𝑚𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒(𝑐𝑒𝑙𝑙𝑠)

𝑚𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒(𝑛𝑜𝑖𝑠𝑒)
) = 10×log10(

45.9

3.3
) = 11.4 dB (5.9) 

 

The typical values of SNR for high (1.6 S/m) and low (0.32 S/m) media conductivity mentioned in 

the section 3.2.4.1 are calculated in this way. 

 

 
Figure 5.4 Example normalised 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)

∗  spectrum of untreated HL60 cells from two different 
methods: (a) population mean method and (b) single-cell method, in 0.32 S/m conductivity saline. 
Blue circles and lines represent the real part, and red represents the imaginary part. For further 
analysis, see the results in section 5.4. 

As shown in Figure 5.4, this is the spectrum of normalised 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  (right-hand side of equation 

5.7) obtained from two different methods. The population-mean method can provide more 

frequency points to generate the spectrum of the mean value of the cell populations. However, 

compared to single-cell spectra, it cannot be used to analyse the properties of individual cells so 

that has lower measurement resolution.  

Finally, both methods need their normalised 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  (spectra like Figure 5.4) to be fitted to the 

shell model by using custom MATLAB scripts. 

5.2.2.3 Model fitting 

The double-shell model fitting was implemented in MATLAB with a function called 

“patternsearch”. The fit determines cell size, the volume ratio of nucleus to cell, and dielectric 
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parameters, such as permittivity and conductivity of cell membrane, cytoplasm, nuclear 

envelope, and nucleoplasm.  

The “patternsearch” function is usually used to solve optimisation problems, and it is designed 

for those where the objective function is not smooth, continuous or differentiable. It establishes 

the fitting curve based on the allocated starting values of dielectric parameters and adjusts the 

fitting within the boundaries of the parameter sets. The outcoming cell diameter d, membrane 

capacitance Cmem and cytoplasm conductivity σcyt are mainly discussed in section 5.4. 

Table 5.1 is the parameter setting for running the “pattern search” function. The initial values of 

parameters are given by vector x0, and the lower boundary vector is bl, the upper boundary vector 

is bu. Herein, we fixed the cell membrane conductivity σ1 to 10-10 S/m because it can be ignored. 

The membrane and nuclear envelope thickness were set to 5 and 20nm, respectively. The 

suspending media permittivity was fixed to 80ɛ0, bead permittivity was 2.5ɛ0, and conductivity 

was 0.57 mS/m. 

Table 5.1 An example of initial values and set range for cell parameters when running the “pattern 
search” function in MATLAB. 

Cell parameter Initial value [x0] Set range [bl bu] 

Volume ratio of cell and bead 
13.8 (5μm diameter bead), 

5.6 (7μm diameter bead) 

5~25 (5μm diameter bead), 

2.6~8.6 (7μm diameter 

bead), 

Volume ratio of nucleus and cell 0.6 0.3~0.8 

Cell membrane permittivity (Ɛ1) 7ɛ0 2~15ɛ0 

Cytoplasm conductivity (σ2) 0.015 S/m 0.001~0.4 S/m 

Cytoplasm permittivity (Ɛ2) 90ɛ0 40~160ɛ0 

Nuclear envelope conductivity (σ3) 0.003 S/m 10-4~10-2 S/m 

Nuclear envelope permittivity (Ɛ3) 30ɛ0 1~200ɛ0 

Nucleoplasm conductivity (σ4) 1.8 S/m 0.1~2 S/m 

Nucleoplasm permittivity (Ɛ4) 70ɛ0 20~150ɛ0 

 

To test the performance of the fitting code, a set of data points (left-hand side of equation 5.7) 

with known cells and beads parameters was generated. Then, this dataset is fed to the program 
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to see if the output is close to what it is supposed to be. As shown in Figure 5.5, this is the plot of 

a generated dataset of normalised 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  (solid dots) and the fitting curve after running the 

“patternsearch” program in MATLAB. The real (blue) and imaginary (red) parts of the fitting 

outcome are in good agreement with the input data points from 100kHz to 1GHz. 

 

Figure 5.5 A generated data set of normalised 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  (solid dots) and its fitting curve in 0.32 S/m 

conductivity media with the double-shell model at the frequency range of 100kHz to 1GHz. Blue 
is for the real part, and red is for the imaginary. 

 

Table 5.2 The setting dielectric parameters of the generated dataset in Figure 5.5 and the output 
results from the “pattern search” fitting program. 

 Diameter d (μm) Cmem (mF/m2) σ1 (S/m) ɛ2 σcyt (S/m) 

Dataset 12.00 12.39 3.14 × 10-5 60.0ɛ0 0.30 

Fitting 11.97 12.18 3.14 × 10-5 44.1ɛ0 0.28 

 

Table 5.2 summarises the numerical result of the input parameters and fitting results. As the 

double-shell model simulation in Chapter 3 shows, compared to dielectric parameters of the 

nucleus, the variation of the cell membrane and cytoplasm parameters highly influences the 

𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  spectrum in low conductivity saline. Thus, the analysis focuses on cell diameter d, 

membrane capacitance Cmem and cytoplasm conductivity σcyt in 0.32 S/m saline. Membrane 

conductivity σ1 is fixed to a very low value of 3.14 × 10-5 S/m, and cytoplasm permittivity ɛ2 is free, 

although it can be ignored. In the best-fit case, output d, Cmem and σcyt have a 0.25%, 1.7% and 

6.7% error rate, respectively, which is acceptable. 
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A critical metric for assessing the accuracy of fitted parameters is the confidence interval (CI). 

The method used to evaluate the CI of the fitting implemented by the “patternsearch” function in 

MATLAB is bootstrap. This is an approach used in nonlinear fitting to compute the CI. The concept 

involves resampling the elements in the residual set {𝑟𝑖
∗}, difference between measured and fitted, 

given by 

 𝑟𝑖
∗ = (𝑓𝐶𝑀

∗ )𝑖(𝑚𝑒𝑎𝑠𝑢𝑟𝑒) − (𝑓𝐶𝑀
∗ )𝑖(𝑓𝑖𝑡𝑡𝑒𝑑) (5.10) 

   

“i” stands for the ith frequency of the measurement. The new set of residuals {𝑟𝑖(𝑟𝑒𝑠𝑎𝑚𝑝𝑙𝑒)
∗ }  is 

generated by resampling the 𝑟𝑖
∗ with a replacement, which means randomly generating a new set 

of n (i ϵ 0~n) residuals, where each of n frequencies is one of the original residuals chosen with 

equal probability. Typically, some of the original residuals 𝑟𝑖
∗  can be chosen more than once, 

while some cannot be chosen at all. 

The resample residual 𝑟𝑖(𝑟𝑒𝑠𝑎𝑚𝑝𝑙𝑒)
∗  is then added to its corresponding fitted response (𝑓𝐶𝑀

∗ )𝑖(𝑓𝑖𝑡𝑡𝑒𝑑), 

producing a new bootstrap dataset {(𝑓𝐶𝑀
∗ )𝑖(𝑏𝑜𝑜𝑡𝑠𝑡𝑟𝑎𝑝)}, given by 

 (𝑓𝐶𝑀
∗ )𝑖(𝑏𝑜𝑜𝑡𝑠𝑡𝑟𝑎𝑝) = (𝑓𝐶𝑀

∗ )𝑖(𝑓𝑖𝑡𝑡𝑒𝑑) + 𝑟𝑖(𝑟𝑒𝑠𝑎𝑚𝑝𝑙𝑒)
∗  (5.11) 

   

The {(𝑓𝐶𝑀
∗ )𝑖(𝑏𝑜𝑜𝑡𝑠𝑡𝑟𝑎𝑝)} dataset is treated as an independent replicate experiment and fit it to the 

model to calculate new estimates of model parameters and obtain new values of d, Cmem and σcyt.  

For each cell group, 1,000 new bootstrap datasets of the 18 or 8 frequencies spectrum for 

“population-mean” method and “single-cell” method were generated and fitted to the 

“patternsearch” function 1,000 times. The initial values of the fitting parameters were set to the 

best-fit output. The 95% CI of d, Cmem and σcyt are in the tables in section 5.4. 

5.3 Cell Treatment and Media Preparation 

Two different cell lines were used in this part of the experiment: HL60 and THP-1 cells. They are 

all cells from leukaemia but have different differentiation abilities. The culture method and 

properties of HL60 cells were introduced in detail in Chapter 4, so they are not elaborated on in 

this section. This section focuses on introducing THP-1 cells and their differentiated 

macrophages M0 cells. 
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5.3.1 THP-1 cells and macrophages 

THP-1 cells are seen as a reliable model of monocytes that can differentiate into macrophages 

(Gatto et al. 2017), and classifying differentiated macrophages from monocytes is essential for 

studying immune processes and diseases. Monocytes migrate to the site of inflammation where 

their differentiated macrophages recognise, engulf and digest pathogens. Macrophages play a 

role in regulating immune and inflammatory responses by producing and releasing various 

soluble mediators, including radicals like superoxide anions (O2
-), cytokines such as tumour 

necrosis factor-α (TNF-α), and eicosanoids such as prostaglandin E2 (PGE2) (Schwende et al. 1996; 

Lewis and McGee 1992). These biological active agents are also known to modulate cell 

differentiation and proliferation. Phorbol 12-myristate 13- acetate (PMA) is a stimuli commonly 

used to induce macrophages differentiation in monocytic cell lines because it can activate 

protein kinase C (PKC) (Daigneault et al. 2010), triggering downstream signal pathways which 

regulate the expression of genes involved in macrophage-specific markers, such as CD11b, CD14 

and CD36, promoting macrophage-like characteristics, e.g. increased cytoplasmic volume and 

adhesion. The regular assessment method of differentiated macrophages is to use flow 

cytometry after fluorescent staining of cell surface markers. However, capturing the complete 

spectrum of macrophage activation using molecular markers from a single signalling pathway is 

often not feasible because macrophage phenotypes are dynamic and depend on specific stimuli. 

Additionally, endpoint fluorescent staining assays are unsuitable for downstream studies in the 

same set of cells within a sample (Gordonov et al. 2016). Thus, single-cell label-free analysis is of 

interest because it does not rely on definitive markers of a particular signalling mechanism 

(Pavillon et al. 2018).  

Protocols for differentiating THP-1 cells vary widely depending on cell status and operations. PMA 

concentration ranges from 100ng-400ng/ml with treatment durations varying from 1 to 5 days 

which may be followed by 1 day rest or not (Starr et al. 2018; Daigneault et al. 2010; Aldo et al. 

2013; Baxter et al. 2020; Mohd Yasin et al. 2022). In this work, THP-1 was differentiated into a 

macrophage (M0) by exposure to PMA (200ng/ml) for 48h followed by washing and resuspending. 

The protocol of THP-1 cell culture is the same as that of HL60 cells mentioned in Chapter 4. The 

cells were grown in RPMI 1640 + Glutamax (Gibco) media, 10% Fetal Bovine Serum (FBS, Gibco), 

and 1% Penicillin-Streptomycin (Sigma Aldrich) in a humidified incubator at 37°C and 5% CO2.  

5.3.2 Media preparation 

As mentioned above, two different conductivity saline solutions were used. The first is normal 

physiological saline at 1.6 S/m (0.9% w/v) with an osmolarity of 280 to 300mOsm, and the second 

type is low-conductivity saline. The physiological saline was first diluted with deionised water at 
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a ratio of 1:5 so that the media conductivity decreased to 0.32 S/m. Then, D-mannitol was added 

to adjust the osmolarity to the range of 280 to 300 mOsm. Before using, all the solutions were 

filtered through a 0.22 μm filter. 

5.3.3 HL60 cells fixation and treatment with cytochalasin D 

Similar to cell treatment in Chapter 4, GA-DPBS solution at a concentration of 1% v/v was added 

to a 1ml suspension of cells in DPBS. The sample was kept at room temperature for 30 minutes 

and then resuspended in saline (0.32 S/m or 1.6 S/m conductivity). Cytochalasin D (CytoD) was 

used to disrupt cells cytoskeletons. Stock solutions of CytoD were dissolved in DMSO and added 

to 1ml cell sample with 0.32 S/m or 1.6 S/m saline media to adjust the concentration to 10μM. 

After incubating the cells at 37°C incubator for 10 minutes, the sample was kept in room 

temperature for around 1 minute so that the conductivity of media returned the correct value. The 

untreated group was added to the same amount of DMSO and also kept at 37°C for 10 minutes, 

following the same process as the treated group. 

5.3.4 THP-1 cells differentiation into macrophages 

THP-1 differentiation was achieved by adding PMA (Sigma Aldrich, P1585) into the cells 

suspended in culture media, followed by incubation at 37°C and 5% CO2 for 48h (Figure 6.1). 

THP-1 cells were harvested at a concentration of 5×105/ml and resuspended in fresh culture 

media. Stock PMA dissolved in DMSO was added to adjust the concentration to 200ng/ml. The 

untreated THP-1 group was added to the same amount of DMSO as a control. Then, two different 

cell suspensions were both moved to 6-well flasks and placed into an incubator at 37°C and 5% 

CO2. After 48h, the differentiated macrophages (M0) bathed in a thin layer of TrypLE Express 

(Gibco) were placed in the incubator for 10 minutes and then resuspended in culture media 

without PMA at 5×105/ml, awaiting further measurement. The control group was also 

resuspended in culture media at the same concentration. Another control group was set to prove 

that the cell dissociation reagents TrypLE did not affect cell measurement. After harvesting THP-

1 cells, they were resuspended in TrypLE and treated for 10 minutes in the incubator. When the 

measurements were started, samples were resuspended in 0.32 S/m conductivity saline with 

polystyrene beads. In conclusion, as Figure 5.6 shows, there are three groups of cells: 

① - THP-1: THP-1 cells in culture media with DMSO 

② - M0: M0 cells differentiated from THP-1 cells treated with PMA 

③ - THP-1 + TrypLE: Harvested THP-1 cells from group ① treated with TrypLE 

Figure 5.7 shows images of THP-1 and M0 cells in culture media. THP-1 cells float and have 

regular round shapes, while M0 cells attach to the flask bottom and have a spreading morphology.  
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Figure 5.6 The procedure of THP-1 differentiation treatment. Three different groups awaiting to 
suspend in the measurement media: ① - THP-1 cells in culture media with DMSO; ② - M0 cells 
differentiated from THP-1 cells treated with PMA in culture media; ③ - Harvested THP-1 cells 
treated with TrypLE than moved in culture media. 

 

Figure 5.7 Images of THP-1 and M0 cells at 48h in the culture media before harvesting. THP-1 cells 
have regular round shapes and float in the flask, while M0 cells attach to the flask bottom and 
have a spreading morphology.  

5.4 Results 

5.4.1 Mean dielectric properties and influence of suspending media conductivity 

This section illustrates results that were measured from the population mean method mentioned 

in section 5.2.2. Data was collected using two frequencies: a fixed reference frequency of 18MHz 

and a second frequency that was swept between 250kHz and 550MHz at 18 discrete frequencies 

spaced logarithmically apart. Figure 6.3 shows examples of frequency spectra for a population of 

HL60 cells (control (solid dots) and fixed with GA (unfilled circles)). They are the values of the 

normalised 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  at each frequency and represents the average for cell populations. The data 

was determined using equation 5.7 scaled by the ratio of the volume of cells to beads, along with 

a double-shell model best-fit curve for the real (blue) and imaginary (red) parts of the spectrum. 

The cell diameter d, membrane capacitance Cmem, and cytoplasm conductivity σcyt were extracted 

from the fit described in section 5.2.2.3.  
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Figure 5.8 Plots of the normalised Clausius Mossotti factor (real and imaginary parts) for HL60 
cells in control (solid lines with dots) and fixed group (dashed lines with unfilled circles) 
suspending in (a) high conductivity saline: 1.6 S/m with 5mm diameter beads and (b) low 
conductivity saline: 0.32 S/m with 7 mm diameter beads. 

 

Figure 5.8 shows that the spectra curves of control and fixed groups in physiological saline are 

close and difficult to identify, while the difference is more evident in 0.32 S/m saline. Table 5.3 

summarises the fit results for unfixed and fixed cells suspended in saline at 0.32 S/m (R2 > 0.98) 

and 1.6 S/m (R2 > 0.90). For physiological saline, cell diameters for fixed and unfixed were similar, 

around 12mm. The two key dielectric parameters (Cmem and σcyt) were also close (Cmem: 11.07 

mF/m2 vs 11.52 mF/m2, σcyt: 0.31 S/m vs 0.33 S/m). In the lower conductivity media, there were 

slight differences between unfixed and fixed cell diameter while Cmem and σcyt decreased after 

glutaraldehyde exposure (Cmem:  9.14 mF/m2 reducing to 6.32 mF/m2; σcyt: 0.33 S/m reducing to 

0.07 S/m). This conclusion was consistent with previous literature showing that Cmem and σcyt of 

RBCs (no nucleus) decreased after fixing (Cheung, Gawad, and Renaud 2005; Salahi, Honrado, 

et al. 2022; Gagnon et al. 2008; Lavi, Crivellari, and Gagnon 2022).  

As mentioned, GA can react with proteins and cross-link the cell membrane to make the cell 

stiffer and decrease membrane capacitance. Apart from that, proteins and other biomolecules 

in the cytoplasm are also influenced by GA. They would form a stable cross-linked network (e.g. 

gel) that restricts the free diffusion of ions within the cytoplasm, reducing conductivity.  

 
Table 5.3 Fitting results for unfixed and fixed HL60 cells in different conductivity saline shown in 
Figure 5.8 with confidence interval (CI). 

 

Diameter (d, mm) 
Membrane capacitance 

(Cmem, mF/m2) 

Cytoplasm 

conductivity  

(σcyt, S/m) 

1.6 S/m Untreated 11.6,  11.07, 0.31, 
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CI = [11.54, 11.64] CI = [10.00,12.01] CI = [0.28, 0.34] 

 
Fixed 

11.7, 

CI = [11.61,11.77] 

11.52, 

CI = [9.68, 13.10] 

0.33, 

CI = [0.28, 0.37] 

0.32 S/m 

Untreated 
12.0, 

CI = [11.74, 12.27] 

9.14, 

CI = [8.48, 10.28] 

0.33, 

CI = [0.25, 0.37] 

Fixed 
12.6, 

CI = [12.51, 12.75] 

6.32, 

CI = [5.63, 6.96] 

0.074, 

CI = [0.073, 0.081] 

 

HL60 cells were also treated with CytoD, a chemical that disrupts the cytoskeleton, changing the 

mechanical properties of cells, and this was discussed in Chapter 4. However, it remains unclear 

how the dielectric parameters alter. The most common way is to measure the electrical opacity 

of cells. Opacity is used to qualitatively assess cell electrical property at some specific 

frequencies without deriving the parameter values. It results from the ratio of impedance 

magnitude at a mid-range frequency over low frequency, probing membrane electrical properties. 

Our previous work used high-conductivity media (MC-DPBS, 1.6 S/m) to measure CytoD-exposed 

HL60 cells, which shows a non-significant change in electrical opacity (Figure 5.9) (Chen et al. 

2024). In this work, the experiment was optimised by using 0.32 S/m saline.  

 

Figure 5.9 The dose-response plot of CytoD-treated HL60 cells for opacity. Adapted from (Chen 
et al. 2024). 
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Figure 5.10 Scatter plot of electrical diameter (𝑔𝑎𝑖𝑛 ∗ √|𝑍150𝑘𝐻𝑧|3 ) versus opacity (|Z3MHz|/|Z150kHz|) 
for untreated and CytoD-exposed HL60 cells measured in 0.32 S/m saline. Data were repeated 
three times. The means of the populations show that the opacity had a slight change.  

As Figure 5.10 shows, in low-conductivity media, CytoD-treated cells have a higher opacity 

constantly for three repeated examinations. Figure 5.11 is the error bar chart of opacity for three 

repeat experiments, which presents a significant change (*, p≤0.05). It indicates that cell 

membrane capacitance is supposed to decrease (Chen et al. 2024). The population mean 

spectra were also obtained with the same opacity assessment sample.  
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Figure 5.11 Error bar chart of opacity for untreated and CytoD-treated cells (n=3). Data was 
statistically analysed by students’ t-test (*, p≤0.05).  

 

Figure 5.12 (a) Normalised Clausius Mossotti factor spectra (real and imaginary parts) for 
untreated (solid lines with dots) and CytoD-treated group of HL60 cells (dashed lines with unfilled 
circles) suspending in 0.32 S/m conductivity saline. (b) Mean and S.D. of Cmem for untreated and 
CytoD-treated cells demonstrated a significant change (***, p≤0.005).  

An example of the data set and its fitted normalised Clausius Mossotti factor spectra are shown 

in Figure 5.12 (a). The best fits using the double-shell model (solid and dotted lines) are 

summarised in Table 5.4. Cmem is reduced after treatment, but σcyt remains unchanged. This 

alteration is expected because CytoD would only disassemble the actin filaments in the 

cytoskeleton, which alters membrane properties. However, the cells will remain viable, so the 

cytoplasm keeps the same conductivity. The results summarised in Figure 6.7 (b) demonstrate a 

statistically significant difference. The membrane capacitance Cmem = 9.27±0.30 mF/m2 for the 

untreated group and 7.01±0.19 mF/m2 for the CytoD group.  
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Table 5.4 Fit results of untreated and CytoD-treated HL60 cells shown in Figure 5.12(a) with 
confidence interval (CI). 

 

Diameter (d, mm) 
Membrane capacitance 

(Cmem, mF/m2) 

Cytoplasm 

conductivity  

(σcyt, S/m) 

0.32 S/m 

Untreated 
12.0, 

CI = [11.74, 12.27] 

9.14, 

CI = [8.48, 10.28] 

0.33, 

CI = [0.25, 0.37] 

CytoD 
11.7, 

CI = [11.56, 11.90] 

7.11, 

CI = [6.54, 7.78] 

0.33, 

CI = [0.32, 0.40] 

 

Several studies have examined membrane capacitance using different methods. Jaffe and 

Voldman (Jaffe and Voldman 2018) used a Dielectrophoresis spring system to measure a hundred 

cells treated by CytoD and demonstrated a small but significant difference in cell polarizability. 

Liu et al. (Liu et al. 2020) used a constriction channel to measure cell electrical properties and 

concluded that treated cells had a higher membrane capacitance. However, the method applies 

significant stress on a cell, changing its shape and potentially influencing the membrane 

capacitance (Meacham et al. 2018).  

This section shows that suspending cells in a lower conductivity electrolyte increases the 

sensitivity of the system, allowing small changes in cell electrical properties to be determined by 

the population-mean method.  

5.4.2 Single-cell spectroscopy for fixed HL60 cells 

The single-cell spectra method is easier to operate than the population-mean method because 

the impedance was measured by applying eight simultaneous frequencies spaced 

logarithmically apart on the window 250kHz to 575MHz. This method saves time in data collection 

and reduces the amount of samples used. Most importantly, the dielectric properties of 

individual cells can be determined to improve the resolution of phenotypical analysis.  

The experiments started with a suspension sample of HL60 cells consisting of a 50/50 mixture of 

normal and GA fixed, along with reference beads, measured in 0.32 S/m or 1.6 S/m saline.  

Notably, when gating beads and cells, the distinction of phase subpopulation for the mixture 

sample at different frequencies in 0.32 and 1.6 S/m conductivity saline is not similar. In Figure 

5.13, the top row consists of scatter plots of phase in low-conductivity saline. Two 

subpopulations start to present at 760kHz and remain at 575MHz. However, in physiological 

saline, the mixture has one population at 760kHz and is separated into two at 575MHz.  
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Figure 5.13 Scatter plot of electrical diameter versus phase at different frequencies (left column: 
760kHz; right column: 575MHz) for mixture samples (50%/50% normal and fixed cells) 
suspended in different conductivity media (top row: 0.32 S/m; bottom row: 1.6 S/m). The 
subpopulations of the mixture can be discriminated in low-conductivity saline at very low 
frequency (750kHz) but are difficult to distinct in high-conductivity saline even at high frequencies 
(575MHz). 

Each single-cell spectrum was then normalised against the mean bead impedance and fitted to 

the double-shell model described in section 5.2.2.3.  

 

Figure 5.14 Examples of normalised 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  (blue: real part, red: imaginary part) for untreated 

(solid lines with dots) and fixed cells (dashed lines with unfilled circles) measured in saline of 
conductivity (a) 0.32 S/m and (b) 1.6 S/m, respectively.  
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Table 5.5 Fitting results for untreated and fixed single-cells in 0.32 S/m and 1.6 S/m saline (Figure 
5.14), with confidence interval (CI). 

 

Diameter (d, mm) 
Membrane capacitance 

(Cmem, mF/m2) 

Cytoplasm 

conductivity  

(σcyt, S/m) 

0.32 

S/m 

Untreated 
12.5, 

CI = [12.32, 12.66] 

10.31, 

CI = [9.74, 10.99] 

0.24, 

CI = [0.20, 0.26] 

Fixed 
11.3, 

CI = [10.89, 11.62] 

6.26, 

CI = [4.55, 10.65] 

0.077, 

CI = [0.055, 0.078] 

1.6 S/m 

Untreated 
11.4, 

CI = [11.37, 11.48] 

10.23, 

CI = [9.52,11.39] 

0.36, 

CI = [0.30, 0.42] 

Fixed 
11.6, 

CI = [11.55, 11.64] 

9.26, 

CI = [8.83, 9.92] 

0.43, 

CI = [0.38, 0.48] 

 

Figure 5.14 shows examples of single-cell spectra for cells in the two different conductivities. 

Similar to the population mean data (Figure 5.8), the change in the normalised 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  for the 

untreated and fixed cells in 0.32 S/m saline is very clear. However, this difference is barely visible 

for cells suspended in physiological saline. The fitting results from Figure 5.14 are summarised 

in Table 5.5. In low-conductivity media, Cmem and σcyt decrease significantly after fixation. 

Then, the spectrum for 1,000 individual cells of each type was fitted to the double-shell model, 

and the results are shown in the scatter plots and histogram in Figures 5.15 and 5.16. 
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Figure 5.15 Single-cell fitting results in physiological saline. (a) Scatter plot (d vs Cmem) for 1000 
individual untreated (blue) and fixed (red) HL60 cells. (b) Histogram of σcyt. Mean ± SD are 
summarised in Table 5.6. 

 

Figure 5.16 Single-cell fitting results in 0.32 S/m conductivity saline. (a) Scatter plot (d vs Cmem) for 
1000 individual untreated (blue) and fixed (red) HL60 cells. (b) Histogram of σcyt. Mean ± SD are 
summarised in Table 5.6.  

In physiological saline, the subpopulations in Figure 6.10 overlap in d, Cmem and σcyt, making it 

impossible to discriminate untreated and fixed cells. However, for the lower of the two 

suspending conductivities (Figure 6.11), the cell distribution has a low coefficient of variance, 

with clear separation in size and dielectric properties. The fixed cells have lower Cmem and σcyt 

compared with the population mean. 
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Table 5.6 Single-cell fitting results (mean ± SD) for untreated and fixed cells in two different 
conductivity saline (Figures 5.15 and 5.16). CV stands for coefficient of variation. 

 
Diameter (d, mm) 

Membrane capacitance 

(Cmem, mF/m2) 

Cytoplasm conductivity  

(σcyt, S/m) 

0.32 S/m 
Untreated 11.8±0.7, CV = 0.06 10.47±1.26, CV = 0.12 0.22±0.10, CV = 0.45 

Fixed 12.6±0.8, CV = 0.06 6.02±0.84, CV = 0.14 0.07±0.03, CV = 0.43 

1.6 S/m 
Untreated 11.9±0.6, CV = 0.05 10.64±3.68, CV = 0.35 0.37±0.08, CV = 0.22 

Fixed 12.0±0.5, CV = 0.04 9.15±3.20, CV = 0.35 0.38±0.09, CV = 0.24 

 

However, in Table 5.6, the values of  Cmem and σcyt are slightly different compared to the results in 

Table 5.3. That may be because the limited set of frequency data reduces the accuracy of the fits, 

although it does not influence the ability to classify different cellular subpopulations.  

5.4.3 Single-cell spectroscopy for differentiation into macrophages 

After examining the single-cell spectroscopy with untreated and fixed HL60 cells, the system 

proved that the low-conductivity suspending media can enhance the performance of classifying 

cell phenotypes. This section will focus on experiments characterising THP-1 and its 

differentiated macrophages (M0) using single-cell spectroscopy. As mentioned in section 5.3.1, 

the protocol of THP-1 differentiation varies significantly in the treatment time. To determine if 24h 

or 48h is the best treatment duration, a measurement after 24h was conducted first. 

 

Figure 5.17 An image of M0 cells in the culture media at 24h before harvesting. Cells adhere to the 
bottom without many protrusions around the membrane. 

From the image shown in Figure 5.17, cells started to adhere to the bottom of the culture flask, 

but there were not as many protrusions around the cell membrane compared with the 48h-

treated M0 observed in Figure 5.7. The data points in Figure 5.18 are the mean value of single-
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cell data for 24h treatment before fitting to the double-shell model. The spectra of different 

groups are nearly overlapped and difficult to discriminate. However, the 48h treatment results 

are entirely different (Figure 5.19).  

 

Figure 5.18 The mean value of single-cell normalised 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  for three different groups in (a) real 

part and (b) imaginary part after 24h treatment. The three groups are nearly overlapped. 

 

Figure 5.19 The mean value of single-cell normalised 𝑓𝐶𝑀(𝑐𝑒𝑙𝑙)
∗  for three different groups in (a) real 

part and (b) imaginary part after 48h treatment. THP-1 and THP-1 + TrypLE groups overlap but data 
of M0 cells are significantly different from them. 
 

The curves for THP-1 and THP-1+TrypLE groups overlap, meaning that the dissociation enzyme 

TrypLE cannot influence the membrane properties of cells. The spectra of M0 cells are 

significantly different between the other two control groups over the range of 250kHz to 575MHz, 

indicating the alteration of cell properties. Thus, the following fitting results will focus on 48h 

treatment for THP-1 and M0 cell groups. 
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Figure 5.20 (a) and (b) are images of cells dyed with Trypan blue after harvesting from the plates 
and ready to be measured. The average diameter (mean±SD) of 30 THP-1 cells is 14.3±1.4mm and 
18.0±2.9mm for 30 M0 cells. 

Before measuring, cells were dyed with Trypan blue and then observed under an inverted 

microscope. Cell size was measured manually according to the images of THP-1 and M0 cells 

(Figure 5.20). The average diameter of 30 THP-1 cells was 14.3±1.4mm, and of M0 cells was 

18.0±2.9mm. As expected, M0 cells were enlarged after differentiation.  

 

Figure 5.21 Single-cell fitting results of THP-1 cells differentiated into macrophages (M0) following 
48h exposure to PMA in low conductivity saline (0.32 S/m). (a) Scatter plots (d vs Cmem) of 1,000 
individual THP-1 cells (blue) and M0 cells (red). (b) Histogram of σcyt for two different cell 
subpopulations. 

Figure 5.21 (a) shows a scatter plot of diameter (d) vs Cmem for the THP-1 and M0 populations. M0 

cells have a larger and broader size range and are more dispersed along the x and y-axis. Figure 

5.21 (b) shows a histogram of σcyt, showing that the two groups have a similar range but differ in 

their mean value.  
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Figure 5.22 Statistical analysis of d, Cmem and σcyt for three repeat experiments with student’s t-
test (*, p≤0.05; **, p≤0.01; ns, not significant). 

Figure 5.22 shows data for three repeats with statistical analysis using the student’s t-test. There 

is a significant difference in cell diameter (**, p ≤ 0.01), accompanied by a change in cytoplasm 

conductivity (*, p  ≤ 0.05), but no significant change in membrane capacitance. The plots show 

that the THP-1 cells have two populations with different membrane capacitance and cytoplasm 

conductivity. The differentiated M0 cells have a tighter size and cytoplasm conductivity 

distribution, with a broad spread in membrane capacitance. These results differ from the work of 

Soe et al. (Soe, Spiller, and Noh 2022), who used Dielectrophoresis (DEP) to characterise 

macrophage phenotypes and reported that the membrane capacitance of THP-1 monocytes and 

M0 cells were different (11.1 and 12.8 mF/m2), but these values were determined from a single 

DEP cross-over frequency measurement in very low conductivity media. 

5.5 Discussion 

This chapter mainly demonstrates the dielectric parameters of cells with the impedance 

spectroscope. There are two different ways to measure: one is using the population-mean 

spectra, which is from an eighteen frequencies sweep, to fit the double-shell model and then 

obtain the fitted cell diameter and dielectric properties; another method is using single-cell eight 

simultaneous frequencies spectra to fit the model and outcome the parameters. To get a more 

complete frequency-dependent spectrum of single nucleated cells at high throughput, the 

bandwidth was extended up to 550MHz. Also, the single-shell fitting model was replaced by the 

double-shell model, which is more reasonable to describe the construction of nucleated cells. 

The measurement was also optimised by the choice of electrolyte. This work shows that lower 

conductivity media (0.32 S/m) significantly improves the resolution and sensitivity of the system, 

making it possible to discriminate untreated from treated cells. This finding was determined by 

the population-mean measurement with HL60 cells treated with GA and CytoD. Fitting to the 



Chapter 5  

166 

double-shell model at 0.32 S/m showed that the membrane capacitance of untreated cells is 

around 10 mF/m2, which is smaller than the values that other studies reported. For example, 

Wang et al. (Wang et al. 2017) summarised that the membrane capacitance of cancer cell lines 

is around 20 mF/m2; Wang et al. demonstrated that the result of untreated HL60 cells is around 

17.5 mF/m2 (Wang, Becker, and Gascoyne 2002). That may be because previous studies used the 

single-shell model to fit the nucleated cells, which results in an inaccurate description of the cell 

dielectric properties. 

Moreover, the population-mean method can discriminate treated cells from untreated cells and 

provide a correct alteration trend of dielectric parameters in low-conductivity media. The 

membrane capacitance of cross-linked cells was 30% less than untreated cells in saline. The 

reduction in cytoplasm conductivity was greater, demonstrating a decrease in ion concentration 

in the non-viable cells. Cells treated with CytoD had a significantly reduced membrane 

capacitance but unchanged cytoplasm conductivity because cells were kept alive, and the ion 

transport function of proteins on the cell membrane was unaffected. These differences could not 

be observed in cells suspended in physiological saline. 

Finally, single-cell measurements of nucleated cells were made by applying eight simultaneous 

frequencies. Compared with the population mean method, this method can collect data with less 

time and less sample volume in high throughput. In 0.32S/m saline, untreated and fixed cells 

could be easily discriminated through changes in membrane capacitance and cytoplasm 

conductivity, consistent with the data for the mean population method. However, the values are 

slightly different because the number of data points is less than the population-mean method, 

reducing the accuracy of the fits. For example, in 0.32 S/m media, the membrane capacitance of 

untreated cell derived from population mean method is 9.14 mF/m2, whereas the value derived 

from the single cell method is 10.31 mF/m2. For a more detailed comparison, please refer to Table 

5.3 and Table 5.5). To further prove the feasibility of the system, THP-1 monocytes and their 

differentiated M0 cells were tested. The fitting results demonstrate moderate changes in size and 

cytoplasm conductivity, with a higher variance in the membrane capacitance. Kawai et al. (Kawai 

et al. 2020) reported that the membrane capacitance of THP-1 cells is 11 mF/m2, which is still 

slightly higher than the experimental results from this work. Most assessments of macrophages 

using impedance cytometry remain analysing the implicit parameters, such as phase and opacity 

(Salahi, Rane, et al. 2022; Torres ‐ Castro et al. 2023), without presenting the dielectric 

parameters directly. The single-cell spectroscopy in this thesis fills this gap and gives a 

perspective of characterising monocytes and differentiated macrophages and even different 

types of activated macrophages in immune system studies. 
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Chapter 6 Single-cell Sorting System Based on 

deformability MIC 

6.1 Introduction 

Chapter 2 described different microfluidic cell sorting systems but and showed that most sorting 

systems were based on analysis of optical images of cells or fluorescence assessment (Nitta et 

al. 2018; Nawaz et al. 2020; Li et al. 2019).  This chapter describes a novel sorting system with 

membrane displacement pumps placed downstream of the detection area, demonstrating proof 

of principle real-time deformability identification and enrichment of fixed and unfixed HL60 cells. 

6.2 Sorting System 

6.2.1 Electrode configuration 

As mentioned in Chapter 4, the electrode arrangement for deformability MIC consists of two 

configurations as shown in Figure 6.1 (a). The electrical deformability is defined as the ratio of 

impedance from configuration 1 to configuration 2 (𝛥|I1|/ 𝛥|I2|).  From the differential current plots 

calculated in the COMSOL simulation (Figure 6.1 (b)), there appears a system bias in the output 

waveform, where the baseline current is not at zero on the y-axis (y = 0.0165).    
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Figure 6.1 2D simulation of the electrode configuration introduced in Chapter 4. Applied voltage 
Vin  is 1V at frequency 500kHz, and the channel dimension is 30μm high and 430μm long. The 
permittivity of the suspension media is 80ε0 and the conductivity is 1.6 S/m. The particle has a 
permittivity 2.5ε0 and conductivity 10-11 S/m with a diameter of 10μm. (a) Electrical potential and 
current density streamlines when the particle is in configuration 1 and 2. (b) Output differential 
current plotted as a function of the particle position when it moves from x=11 to x=421.  Only the 
real part of the current is presented because at low frequency the imaginary part is extremely 
small. 𝛥I1 and 𝛥I2 are the current of configuration 1 and configuration 2. 

Under ideal conditions, the signal baseline should be zero. This is because in an empty channel 

containing conductive solution, the current generated by the two pairs of “voltage-sensing” 

electrodes should be equal to each other, and the differential current should be zero. However, 

in this simulation case, there are two different differential electrode configurations, and they are 

not physically isolated, so the different electric fields may interfere with each other, which leads 

to a non-zero baseline current. To mitigate this, two optimisations for the electrode arrangement 

were used as shown in Figure 6.2. The first is to insert one more pair of ground electrodes 

between configuration 1 and 2. This isolates the current interference between configurations 1 

and 2. The second is to change the connection of Vin (1 V @ 500kHz) in configuration 1 so that one 

Vin is applied to the top electrode and the second Vin to the bottom. Figure 6.2 (a) shows the 

electrical potential of the optimised electrode configuration, calculated from the 2D simulation 

using the “Electric Current” interface. For the simulation boundary conditions, material 

constitutive relations and meshing parameters, remain unchanged from the simulation in Figure 

6.1. Figure 6.2 (b) shows that the inclusion of the central ground electrode reduces the offset 

current to almost zero, with y = 0.0005. This three-orders-of-magnitude reduction in baseline drift 

validates the new electrode configuration.  
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Figure 6.2 2D COMSOL simulation of the optimised electrode configuration used in this chapter. 
(a) Electrical potential and current density streamlines when the particle is placed in the 
configuration 1 and 2. (b) The output differential current plotted as a function of the particle 
position when it flows from x=11 to x=461. Only the real part of the current is plotted because at 
low frequency the imaginary part is extremely small. 𝛥I1 and 𝛥I2 are the current of configuration 1 
and configuration 2.  The figure shows that the offset is close to zero. 

6.2.2 System setup 

The working principle of the membrane-pump sorter was described in section 3.5. This section 

describes the implementation of the sorting system. Figure 6.3 is a schematic illustration of the 

sorting system. In Figure 6.3(a), the pressure pump (Elevflow, OB1) regulates the pressure of the 

inlet ③ and two outlets ① ② in the microchannel, with the pressures controlled to direct the 

particle passing through the impedance detection region (40μm×30 μm) towards the upper outlet 

① during the “Ready to activate” state. A typical set of pressure values is : P3 = 400 mbar, P2 = 168 

mbar, P1 = 12 mbar.  A custom inverted fluorescence microscopy system was constructed for 

real-time observation and video recording of the sorting. The excitation source is a green LED 

(M530L2, Throlab), and the emitted fluorescence captured with a 20× objective, with spectral 

separation via a dichroic mirror and optical filters. A CMOS camera (MQ003CG-CM, XIMEA) was 
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used to capture images. An white light mounted atop the device stage was used for bright-field 

observation. The differential impedance signals are collected by a lock-in amplifier (HF2LI, Zurich 

Instruments), with subsequent digitisation performed by a microcontroller (MCU, Teensy 4.0, 

PJRC). The MCU implements a real-time peak detection algorithm to extract 𝛥|I1|, 𝛥|I2| and particle 

velocity, to calculate the predicted transit time for the trigger signal.  This signal is routed to a 

pulse-generation circuit that produces rectangular voltage waveforms. This pulse is amplified by 

a power amplifier (9200, Tabor Electronics) with a gain = 15 before driving a piezoelectric actuator 

(PK3JUP1, Throlab) integrated on top of the membrane pump (Figure 6.3(b)). The actuator 

assembly is positioned downstream of the impedance detection region, ensuring precise 

temporal synchronisation between particle detection and sorting actuation. 

 

Figure 6.3 Schematic illustration of the sorting system. (a) Pressure pump regulates the pressure 
of the inlet ③ and two outlets, ② and ①, directing particles toward outlet ①  during the “Ready to 
activate” state. The impedance signals from the detection region are collected by the lock-in 
amplifier and sent to the MCU to be processed in real-time. MCU generated trigger signals drive 
a pulsed voltage circuit, which is subsequently amplified by a voltage amplifier (gain factor = 15) 
to meet the operational requirements of the piezo actuator. The customised optical pathway of 
fluorescence detection consists of an LED that generates excitation light, a dichroic mirror for 
spectral separation, an objective, and a camera to capture the emission images at 250 fps. (b) 
Illustration of the sorting chip. The membrane-pump sorter is downstream of the impedance 
detection region (40μm×30μm) on the chip. Grounded electrodes are omitted. The piezo actuator 
is controlled by the impedance measurement, and it provides an external force to deflect the 
membrane. 

The triggering mechanism and peak detection algorithm were described in Chapter 4. The 

following subsections elaborate on other three critical system components: an optimised 

triggering algorithm to solve event conflicts, a pulse generation circuit, and the design of piezo 

actuator assembly. 
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6.2.2.1 Real-time triggering algorithm to solve conflicts 

The operational principle of the triggering mechanism was described in Chapter 4. In summary, 

the MCU predicts the particle transit time between the impedance detection region and image 

capture region by calculating the velocity of each individual particle.  Initial experiments used 

beads of different sizes so that in addition to calculating transit time, a threshold impedance was 

also applied to differentiate 6μm and 10μm beads.  Because the membrane pump required a 

large amount of space, the main channel length was extended. Thus, the time interval between 

the impedance signal and the trigger pulse increased.  The single-threaded algorithm described 

in Chapter 4 was first used. When a particle entered the detection region, it generated an 

impedance signal. The signal was sent to the ADC on MCU, and a transit time delay was 

calculated to output the pulse. During this time delay, if there was a new particle entering the 

detection region, its impedance would not be sampled by ADC because the execution was stuck 

by the single thread. This results in signal conflicts, reducing the sorting efficiency. This was 

optimised by modifying the MCU control algorithm. A sorting triggering mechanism was 

optimised using a multi-thread algorithm, and the time sequence limitation of detection and 

triggering signal caused by the single-thread algorithm was solved. 

Figure 6.4(a) shows an example impedance signal (blue) and threshold (orange) used to 

differentiate 6μm and 10 μm beads. To implement sorting the impedance signal was first 

amplified and added to an offset to adjust the peak-to-peak amplitude within the range of 3.3 V 

(input voltage limitation of MCU) through the lock-in, with MCU signals taken from the lock-in 

auxiliary output port. Impedance amplitudes exceeding the established threshold were attributed 

to the 10 μm microbeads, whereas sub-threshold measurements corresponded to 6 μm particles. 

 

Figure 6.4 Impedance signals from 6μm and 10 μm beads. (a) Impedance signals (blue) 
transmitted from the lock-in auxiliary output port to the MCU and the threshold (orange) for 
triggering. (b) Synchronised impedance-pulse (blue-green) correlation depicting two operational 
scenarios: 
① Normal sequencing - trigger pulses immediately follow respective impedance signatures while 

preceding subsequent detection events.  
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② Temporal conflict - delayed pulse generation overlaps with successive impedance 

occurrences. Red arrows denote correspondence of matched impedance-pulse 

signals. 

Figure 6.4(b) shows the impedance signal (blue line) and the corresponding trigger pulse (green 

line, red arrow). There are two different operational scenarios: ① Normal sequencing – a trigger 

pulse is created immediately follow an impedance signal. In this case, the MCU executes a four-

stage signal conditioning via: analogue-to-digital-conversion (ADC), peak detection, transit time 

calculation and generation of the digital signals that are then sent to the pulse generating circuit. 

Scenario ② corresponds to a temporal conflict. Under such temporal constraints, adjacent 

impedance events have insufficient temporal separation, and the existing algorithm is unable to 

generate synchronous trigger pulses within the required actuation window. This was optimised 

by using parallel threads in the MCU. Figure 6.5 (a) and (b) show scenarios ① and ②  from Figure 

6.4(b) respectively. τd is the time delay between a matched impedance-pulse signal. Note that τd 

includes the calculated particle transit time and an offset to compensate for the program 

execution delay. Before algorithm optimisation, the trigger pulse in the red dashed rectangle in 

Figure 6.5(b) would fail because the input from the second impedance signal would block the 

pulse generation.  

 

Figure 6.5 Detailed plots of impedance-pulse signals in two different scenarios mentioned in 
Figure 6.4(b). (a) Scenarios ① and (b) Scenarios ②. The time interval between the impedance and 
trigger pulse is denoted “τd” which includes the calculated particle transit time and an offset to 
compensate for the program execution delay. 
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Figure 6.6 (a) Program execution timeline before optimisation. The program has one thread, and 
the order of execution is ADC, peak detection, τd generation and finally digital pulse output. These 
processes are in serial. (b) Optimised program execution timeline. There are three parallel 
threads: Processing thread, Trigger thread ① and Trigger thread ②. The processing thread 
achieves ADC, peak detection and generating τd. An event counter is used in this thread to index 
the impedance signal. Trigger thread ① and ② monitor the parity of parameter “count” and output 
of τd. Once the generated τd is detected by the trigger thread, and the parameter count is an odd 
number, trigger thread ① produces a digital pulse. Conversely, trigger thread ② produces the 
pulse when parameter count is an even number. 

Figure 6.6 compare the previous MCU program and the optimised program. Figure 6.6(a) shows 

the sequential processes including ADC, peak detection, τd generation and finally digital pulse 

output. Following τd acquisition, the main thread initiates a latency period precisely equivalent to 

τd, awaiting trigger pulse generation. From the ADC stage to pulse generation stage, the main 

process serves is for one impedance event, which a waste of computational resource. The MCU 

supports multithreading by adding a library “TeensyThreads.h” to the program in Arduino IDE, 

enabling concurrent execution to solve the temporal conflicts. Figure 6.6(b) shows the execution 

timeline of the optimised program. There are three parallel threads in the program: a processing 

thread and two trigger threads. The processing thread includes ADC, peak detection and τd 

generation. A parameter “count” chronologically indexes the impedance signal. Trigger thread ① 

and ② monitor τd generation and the parity of parameter “count”. If there is a τd with an odd 

“count”, trigger thread ① generates the digital pulse. Conversely, trigger thread ② produces the 

digital pulse when “count” is an even number. The trigger threads operate independently of the 

processing thread, allowing the processing thread to handle more input impedance signals within 

the same timeframe. Additionally, indexing the two alternating trigger threads ensures the correct 

order of the generated digital pulses. 
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6.2.2.2 Driving pulse circuit 

Precise control of the piezoelectric membrane pump actuator requires stable pulse generation 

with programmable waveform characteristics. The driving circuit architecture integrates three 

critical stages: analogue amplification, digital modulation, and power amplification (Figure 6.7). 

A 3.3 V DC signal from the MCU undergoes initial amplification through an operational amplifier 

(TL081CP, Texas Instruments) with gain adjusted via feedback potentiometer (Rf = 250Ω). 

Subsequently, MCU-generated digital pulse signals modulate the amplified analogue output to 

create rectangular waveforms using a reed relay (SIL12-1A72-71D, MEDER electronic Inc.). 

Finally, a commercial power amplifier conditions the modulated signals to achieve the requisite 

voltage/current levels for reliable actuator operation. Due to the high voltage requirement (100V) 

of the piezo actuator, this multi-stage circuit design ensures operational safety by allowing the 

final power amplifier stage to remain disconnected during initial signal testing, thereby 

significantly reducing the risk of accidents caused by high-voltage conditions.  

 

Figure 6.7 Custom circuit for generating driving pulses. 3.3V DC voltage from the MCU is amplified 
via an operational amplifier (op-amp), with gain adjustable by potentiometer resistance (Rf 
=250Ω ). The digitalised MCU output pulses control the electromagnetic switch of the reed relay, 
generating rectangular waveforms with desired triggering patterns. Finally, the output pulse is 
sent to a commercial amplifier with a gain of 15. R1 = 100Ω, R2 = 22kΩ. 

Figure 6.8 shows the output pulse of the pulse generation circuit before the power amplifier. 

Figure 6.8(a) shows representative waveforms of an impedance signal (blue) and its 

synchronised trigger pulse (brown). These data were acquired through the lock-in amplifier. As 

mentioned in section 6.2.2.1, the peak-to-peak magnitude of the blue line signal is adjusted to a 

range within 3.3V to facilitate simplified real-time processing in MCU.  
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Figure 6.8 Generated pulse before being amplified by the power amplifier. (a) An impedance 
signal (blue) and its synchronised trigger pulse (brown). (b) Details for the triggering signal. During 
low-level MCU digital signals (t < 5.41185 s), the reed relay maintains an open (Voltage = 0V) state. 
Upon transitioning to a high-level signal, magnetically induced current activates the reed relay, 
resulting in switch closure to conduct the output amplified voltage from operational amplifier. 
The level transition demonstrates a 10 μs switching delay (from t = 5.41185 to t = 5.41186 s). 

Figure 6.8(b) shows the shape of the trigger signal. For a low-level digital output from the MCU, 

the reed relay maintains its open configuration (Voltage = 0 V). Transition to high-level digital 

output switches on the reed relay, passing the amplified voltage of the op-amp. Temporal 

analysis reveals a 10 μs switching delay (t = 5.41185 s to t = 5.41186 s), with output voltage 

transitioning from 0 V to 6.7 V root-mean-square (RMS) as measured by an oscilloscope, 

confirming system tolerance within acceptable parameters. 

6.2.2.3 Piezo actuator assembly 

The piezo actuator assembly drives the external actuation of the membrane pump. Precise 

alignment (±2μm tolerance) between the actuator and pump membrane is achieved using 

locating holes. Additionally, the actuator assembly design must eliminate mechanical damping 

and provides a preload to the actuator, ensuring that the subtle displacement is transmitted to 

the on-chip membrane, which is achieved by inserting a spring screw on top of the actuator. 

Details are shown in Figure 6.11.   
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Figure 6.9 Piezo actuator assembly integrated into the impedance cytometry system. (a) CAD 
model of the system. The microfluidic impedance chip (omitted) is placed in the plastic holder 
and mechanically secured via a metal cover to maintain leak-free fluidic connections. The top 
and bottom PCB boards are fixed to the holder to ensure electrical continuity. The piezo actuator 
assembly is integrated on the metal cover and aligned precisely with the membrane pump of the 
impedance chip by using locating holes. (b) Photograph of the sorting system. 
 

An overview of the piezo actuator assembly integrated in the impedance cytometry system is 

presented in Figure 6.9 generated using SolidWorks. The microfluidic impedance chip is placed 

in the holder and mechanically secured via a metal cover with screws, maintaining no-leak fluidic 

connections. The top and bottom PCBs are mounted to the holder to ensure electronic 

connections with electrode pads of the impedance chip. The piezo actuator assembly is 

integrated on the metal cover with locating holes to achieve a precise alignment. Figure 6.9(b) is 

the photograph of the sorting system. 

Figure 6.10 presents the CAD modules of the holder and PCB components. The central slot 

houses the impedance chip, with four precisely aligned circular ports serving as fluidic 

inlet/outlets. The spring connector (FSI-120-03-G-S, Samtec) maintains electrical continuity 

between the PCB and the electrode pads of the chip, achieving high SNR acquisition in 

impedance measurements.  
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Figure 6.10 (a) CAD module of the holder. The centre rectangular slot is used to place the 
impedance chip and enable fluidic connections. (b) PCB geometry design. The spring connector 
on it is to connect the electrode pads of the impedance chip and send the signal to the lock-in 
amplifier via the PCB circuit. 

 

Figure 6.11 (a) Detailed illustration of metal cover. Two rods are used as alignment guides and 
secure the piezo actuator assembly while maintaining precise vertical positioning of the actuator 
cap over the membrane pump. M3 screws mechanically couple the cover to the holder; M2 
screws rigidly fix the actuator assembly. (b) Detailed illustration of piezo actuator assembly. It 
comprises a brass holder with a precision-machined slot for actuator housing. On top of the 
holder, there is a threaded hole for the spring screw to fix the actuator. The spring screw provides 
a preload for the actuator and the spring inside eliminates damping. Between the actuator and 
the spring screw, a small piece of foam is added as a buffer, preventing surface damage to the 
actuator caused by the spring screw. The cap is fitted to the hemispherical end and its flat 
underside is glued to a ball bearing (not shown) that touches the surface of the chip. 

Figure 6.11(a) shows the metal cover which incorporates dual alignment rods that precisely 

constrain the piezo actuator assembly, ensuring vertical positioning accuracy of ±2 mm for the 

actuator cap (glued to a 1.5mm diameter ball bearing) relative to the on-chip membrane 

pump. M3 screws mechanically couple the cover to the holder, while M2 screws rigidly fix the 

actuator assembly through holes at position ①. 
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Figure 6.11(b) shows the piezo actuator sub-assembly, comprising a brass holder with machined 

slots for actuator housing. The preload and elimination of mechanical damping were achieved by 

using a spring screw to fix the actuator in the holder with a piece of foam between the actuator 

and the spring screw to prevent damage.     

6.2.3 Sorting chip design and fabrication 

Critical to the functionality of this system is the integration of the membrane pump-based sorting 

mechanism within the microfluidic architecture. This section describes the design and 

fabrication processes of the pump sorter. 

6.2.3.1 Prototype design 

The prototype microfluidic architecture was experimentally validated before including electrodes 

within the microchannel.  This design is shown in Figure 6.12. 

 

Figure 6.12 The design of the sorting chip without electrodes. (a) The features in pink define the 
fluidic layer. Dimensions of the sorter: radius of the chamber apump = 1mm, main channel width 
wm = 100μm, sorting channel width wL = 50μm, distance between the centre of the sorting channel 
and the outlet junction is wD = 280μm. These dimensions are the same as used for the simulation 
in section 3.6, with the exception of wD, which has no effect on sorting performance. The 
serpentine microchannels provide sufficient flow resistance, preventing local flowback. (b) Wafer 
layout. 
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Figure 6.13 Photograph of the chips. There are two different designs, (a) one has dual membrane 
pumps and (b) the other one has single membrane pump. 

Experiments with prototype chips were performed using polystyrene beads suspended in 0.5% 

w/v methylcellulose (MC) solution. Images of chips are shown in Figure 6.13. Two distinct design 

configurations were developed: a dual-membrane-pump and a single-membrane-pump. Optical 

tracking was used to plot the trajectories of beads in the main channel. Bead movement when 

using the single-membrane-pump is shown in Figure 6.14. The trace in Figure 6.14(d) shows that 

the bead was deflected by the local flow, but the bead returned to its original path. The dual-

membrane pump design did not show this unexpected situation, see  section 6.3.1. Additionally, 

given the high costs associated with mask fabrication, the single-pump configuration was 

excluded from the revised mask design to maximise wafer mask space utilisation efficiency and 

mitigate experimental failure risks.  

 

Figure 6.14 The frames of bead movement using a single-pump prototype sorting chip. (a-c) 
Specific frames of the bead position. The blue line in (d) is the trace of the bead from t = 0.542 s 
and t = 0.576 s. It is clear to see that after a subtle deflection, the beads returned to its original 
path when using the single-pump chip. 
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6.2.3.2 Final design 

 

Figure 6.15 (a) Mask design of the final version of the chips. This version integrated the electrodes 
(purple region). The features in pink are fluidic regions. (b) There are two different designs with the 
main channel width wm = 100μm (wide channel) and wm = 40μm (narrow channel). The distance 
between the centre of the sorting channel and the outlet junction wD was shorten to 80μm 
because the simulation in Chapter 3 shows wD has no significant influence on the sorting 
performance. (c) The electrode array consists of 10 electrodes 30μm in width and 10μm gap. 

Following validation of the sorting mechanism, the electrode array was integrated into a final chip 

design (Figure 6.15(c)). The array consists of 10 electrodes with an optical detection region. The 

width of electrodes are 30μm and the gap 10μm. As shown in Figure 6.15(a), the serpentine 

microchannels around the outlets connect the local flow ports with the membrane pump 

chambers, providing pre-packaging flow before the chips are installed into the holder. The 

processes of pre-filling the chamber via the local flow port is described in Figure 6.17.  

The electrode pads are connected to the spring connectors to ensure electrical continuity. In one 

wafer mask design, there are two different designs with the main channel width wm  = 100 μm 

(wide channel) and wm  = 40 μm (narrow channel).  
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Figure 6.16 (a) Schematic of the MIC sorting chips with internal microchannel networks and 
electrode arrays omitted. Two holes are drilled in the pump chamber with a laser cutter. A 170μm 
thick cover slip was bonded to the glass sealing the holes and producing the deformable 
membrane. The inlet/outlet ports and local flow port are drilled on the reverse surface of the chip. 
(b) Image of a chip. 

Figure 6.16(a) shows the final MIC sorting chip. Two holes on top of the membrane chambers 

were drilled by a laser cutter and a 170 μm thick cover slip was bonded to the underlying glass to 

act as the deformable membrane. On the reverse side of the chip, inlet/outlet and local flow ports 

were drilled and interconnected to the fluidic pipelines. The local flow port was integrated with a 

normally closed valve to ensure no leak during the experiments. Figure 6.16(b) shows the final 

version of the sorting chip with dimensions of 2.18×2.22cm. 

 

Figure 6.17 The flow chart of post-processing chips after fabrication in the cleanrooms. Details 
are described in the text. 

Figure 6.17 shows a flow chart of the post-processing for cleanroom fabricated chips.  

(a) Chip gluing 

After fabrication, the chips were glued with vacuum-assisted capillary filling of thermosetting 

epoxy adhesive (EPO-TEK 301, EPOXY TECHNOLOGY)  

(b) Holes drilling 

The glued chips are placed in the laser cutter (Mini 18, Epilog Laser) to drill holes for inlet/outlet 

and local flow ports. 
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(c) Chip cleaning 

After mounting in the holder, the electrodes were cleaned by flushing 2-4 mL of 4M NaOH solution 

at 20 μL/min. 

(d)  Glass membrane bonding 

After cleaning, holes were made in the glass for the pump membranes, allowing the chambers to 

be filled with liquid and ensuring no air between the cover slip membrane. Coverslips were 

bonded with UV adhesive (NOA81, Norland Products) and exposed to UV for 15 mins. 

(e) Local flow loading 

The chips need priming with liquid before use. To do this a chip was placed in a petri dish 

containing PBS, with the liquid level only covering the local flow port, while all other ports remain 

exposed to air. The petri dish and chip were placed in a vacuum desiccator, creating a pressure 

difference, causing the PBS from the petri dish to be drawn into the membrane pump. The chip 

was then installed into the holder, and the piezo actuator assembly was mounted.  

When making holes for the membrane pumps, if they are not aligned perfectly, the piezo actuator 

may not target the centre of the membrane pump and the deflection of the membrane may be 

reduced. Misalignment may break the main channel, because the distance between the main 

channel and the membrane pump is only 350 μm. 

When coating the UV adhesive on the surface, particular attention must be devoted to preventing 

capillary wicking along the perimeter of microfluidic orifices. Otherwise, after curing, the main 

channel is blocked, and the chip becomes unusable.  

6.3 Experiment Setup 

The experiments include two stages, bead sorting based on size and cell sorting based on 

deformability using low frequency impedance signals (500kHz).  

6.3.1 Sample preparation 

The first stage experiment aimed to sort 6μm (CAT No: 19111-2, Fluoresbrite® PC red 

microspheres (525/565), Polyscience Inc.) from 10μm (FluoSpheres Polystyrene Microspheres, 

orange fluorescent (540/560), Thermo Fisher) fluorescent beads. The samples were suspended 

in viscoelastic methylcellulose-DPBS media (MC-DPBS, 0.5%w/v).  Untreated and fixed HL60 

cells were used as cellular deformability models. The GA concentration was set to 1% v/v. The 

cell concentration was adjusted to 2.5×105 cells/mL, suspended in 0.5%w/v MC. All samples 

were loaded into 1.5mL Eppendorf tubes.  
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6.3.2 Sorting process 

To begin the sorting, the chip was fixed in the chip holder. The actuator assembly was carefully 

mounted on the guide rod of the metal cover and fixed with two M3 screws. During installation the 

ball bearing at the actuator base was brought into light contact with the membrane surface 

without misalignment.  Before pumping the sample, the main channel was flushed with DI water 

to remove debris. The inlet was connected to the tube containing the sample, and two outlets 

connected to 1.5mL Eppendorf tubes. Then three ports were pressurised and the pressures 

adjusted to flow all the particles into the “upper outlet” (see Chapter 3 Figure 3.33), defined as 

the “Ready to activate” state.   

Once the high-voltage amplifier was switched on, the sorting system entered the “Activated” 

state. Sorting efficiency of beads was determined using video of particle trajectories, whereas the 

cell mixture was assessed the by counting cells using a commercial flow cytometer (Attune NxT, 

ThermoFisher). The fluorescent bead experiments did not require consideration of the dead 

volume, which is the volume of liquid that flowed from the upper outlet when the system was in 

“Ready to activate” state. In the cell experiments, this dead volume consisted of both untreated 

and fixed cells and may cause inaccurate results in the flow cytometry test. To solve this problem, 

the pipe connected to the upper outlet was cut as short as possible. After operating in the 

“Activated” state for 15 minutes, the upper outlet suspension in the Eppendorf tube was removed, 

and the effluent used for assessment. 

6.4 Sorting Evaluation Result 

6.4.1 Fluorescence beads test 

Chips with two different channel widths (40 μm and 100 μm) were tested, together with pulse 

widths of 2ms, 1.5ms and 1ms. The piezo actuator driving voltage was set to 100 V, delivering the 

maximum displacement of 100 μm. The throughput of the system was around 13 particles/s and 

samples with two different ratios of the beads were measured.  

Counting of different beads was done by image analysis. Fluorescent images in the dark field were 

converted to binary images with pixel values of 0 or 1. By evaluating the sum of pixel values in the 

ROI of the upper or lower outlet, the bead size and number was determined.  
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Figure 6.18 Definition of the efficiency and purity used to evaluate the system performance. E is 
the efficiency; Ppre and Ppos are pre-sorting and post-sorting purity. Npre6 and Npre10  are the numbers 
of 6μm and 10μm beads before sorting, respectively. Nu6 and Nu10 are 6μm and 10μm beads 
directed to the upper outlet; Nl6 and Nl10 are 6μm and 10μm beads directed to the lower outlet. 

The sorting efficiency and purity were used to quantify the performance of the system, as in Figure 

6.18. The purity (P) is defined as P = 𝑁𝑖

𝑁𝑠𝑢𝑚
.  Ni is the number of sorted beads (10μm), and Nsum is the 

total number of beads. Therefore, the pre-sorting purity (Ppre) is calculated from the ratio of the 

total number of 10μm beads directed to upper and lower outlets (Npre10) to the total number of 6 

μm and 10μm beads directed to upper and lower outlets (Npre10+Npre6). The post-sorting purity (Ppos) 

is the ratio of the number of beads (10μm) that were correctly sorted (Nl10) to the total number of 

6μm and 10μm beads that were directed to the lower outlet (Nl10+Nl6). The sorting efficiency (E) is 

defined as the ratio of the number of correctly sorted beads (Nl10) to the total number of beads 

(Npre10). Note that Npre6 and Npre10 were obtained by calculating the sum of wanted beads: Npre6
 = Nl6 

+ Nu6; Npre10
 = Nl10 + Nu10.  

Tests were initially conducted using the wide channel sorting chips. The pressure and bead 

concentration was the same in each trial. The performance of the sorter was tested using 

different ratios of 10 μm and 6 μm beads and varying the pulse width of the driving voltage of the 

piezo actuator. The ratios Npre10 : Npre6 were 3:2 and 2:3: one example with target particles (10 μm 

bead) greater than non-target particles (6 μm bead), and the other where target particles fewer 

than non-target particles. The pulse width of the driving voltage was set to 1 ms, 1.5 ms and 2 ms. 

The voltage magnitude remained the maximum at 100 V. 

Due to the significant difference in the impedance magnitude (real part 500kHz) of the beads (see 

Figure 6.4), the trigger for the sorter was determined simply by recognising if the first peak of the 

event exceeded a threshold.  

Data from the experiments is shown in Figure 6.19, and summarised in Table 6.1. In both 

experimental groups with different Npre10 to Npre6 ratios, the sample purity showed a significant 

improvement, increasing from approximately 60% and 40% pre-sorting to around 97% post-

sorting, respectively.  
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Figure 6.19 Wide channel purity for two different Npre10 to Npre6  ratios with different pulse widths of 
actuator driving signal. The purity increased from around 60% (Npre10 : Npre6 =3:2) and 40% (Npre10 : 
Npre6 =2:3) to approximate 97%. Data are summarised in Table 6.1. 
 

Table 6.1 Purity of 10μm beads with two different ratios of Npre10 to Npre6 and different pulse widths. 
The data was plotted in Figure 6.18. 

 

Changing the driving pulse width had no obvious effect on the post-sorting purity. This 

demonstrated that the algorithm accurately identified bead size and gave precise timing 

predictions, so that the 10 μm target beads were deviated within the sorting region while the 6 μm 

beads remained unaffected. As a result, particles successfully flowing through the lower outlet 

were almost exclusively 10 μm beads. The pulse width modulates the magnitude of the sorting 

force exerted on beads within the sorting region and determines whether their deviation from the 

original trajectory is sufficient to reach the lower outlet. This parameter directly impacts 

separation efficiency (Figure 6.20).  

Purity (10μm bead) Repeat 1  Repeat 2 Repeat 3 mean±SD 

Npre10 : 

Npre6  

3:2 

1ms pulse 
Pre-sorting 61% 64% 70% 64%±4.5% 

Post-sorting 97% 97% 98% 97%±0.6% 

1.5ms pulse 
Pre-sorting 61% 67% 64% 64%±3.3% 

Post-sorting 97% 98% 97% 97%±0.3% 

2ms pulse 
Pre-sorting 62% 60% 53% 58%±4.5% 

Post-sorting 97% 0.97% 98% 97%±0.5% 

2:3 2ms pulse 
Pre-sorting 42% 41% 45% 42%±2.3% 

Post-sorting 99% 98% 99% 99%±0.7% 
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Figure 6.20 Sorting efficiency (E = Nl10/Npre10) of the 10μm beads under different conditions 
including two distinct Npre10 to Npre6 ratios (3:2 and 2:3) and different pulse width. It was achieved 
above 70% by using 1.5 ms and 2 ms pulse width, while under the 1 ms pulse width condition, the 
sorting efficiency showed a significant drop, falling below 50%. The data is summarised in Table 
6.2. 

 

Table 6.2 Sorting efficiency for 10μm beads with two different ratios of Npre10 to Npre6 and different 
pulse widths. The data is plotted in Figure 6.19. 

 

Figure 6.20 and Table 6.2 show that the efficiency of sorting was correlated with the driving pulse 

width. When the pulse width was set to 1.5 ms and 2 ms, the sorting efficiency was above 70%. 

In contrast, if the pulse width was 1 ms, the efficiency decreased to less than 50%. This occurs 

because the 1 ms pulse results in insufficient duration of the actuator to maintain its maximum 

displacement position. Consequently, the pressure generated by the membrane exerts only a 

short-time influence on the local flow, ultimately reducing the volume of local flow deflected from 

the sorting channel. This limitation prevents any changed in particle trajectories within the main 

channel.  

Narrow channel MIC sorting chips were also tested. For the conditions of Npre10 : Npre6 = 2:3 and a 

driving voltage pulse width of 2 ms, the sorting purity increased from 38.7%±1.4% to 98.6%±0.4% 

Efficiency (10μm bead) Repeat 1  Repeat 2 Repeat 3 mean±SD 

Npre10:Npre6 

3:2 

1ms pulse 43% 40% 51% 44%±5.5% 

1.5m pulse 84% 92% 92% 89%±4.6% 

2ms pulse 77% 77% 78% 77%±0.7% 

2:3 2ms pulse 64% 78% 78% 73%±8.0% 
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(mean±SD) as Figure 6.21 shows. The data of the three repeats was summarised in Table 6.3. 

The sorting efficiency was 71.9%±2.5%. 

 

Figure 6.21 Narrow channel purity when Npre10 to Npre6 ratio was 2:3 with the pulse widths of the 
actuator driving signal 2 ms. The values are summarised in Table 6.3. 
 

Table 6.3 The purity for 10μm beads with the ratio of Npre10 to Npre6 3:2 and 2 ms pulse widths. The 
data was plotted in Figure 6.21. 

 

Figure 6.22 shows images fluorescent 10μm bead having been triggered successfully and flowing 

toward the lower outlet in a narrow channel chip. Due to the low frame rate of the camera, a high-

speed 10μm bead appears as a bright streak rather. At t = 4 ms, the bead was triggered to deflect 

it towards the lower outlet and its velocity decreased. At t = 32 ms, a 6 μm bead started to appear 

in the image as a darker streak , and at t = 36 ms, it entered the upper outlet without being sorted. 

Purity (10μm bead) Repeat 1  Repeat 2 Repeat 3 mean±SD 

Npre10:Npre6=2:3 
2ms 

pulse 

Pre-sorting 40% 39% 37% 39%±1.4% 

Post-sorting 98% 99% 99% 99%±0.4% 
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Figure 6.22 Example images of a sorting a 10μm bead towards the lower outlet. At t = 32 ms, a 
6μm bead entered the channel without being sorted. The system applied the 2ms pulse width 
driving voltage. 

In summary, the fluorescent bead tests demonstrated efficient sorting with at a throughput of 13 

particles/s, the post-sorting purity of around 97%. 

6.4.2 Cell deformability sorting 

The second experiment involved sorting based on cell deformability. HL60 cells with or without 

GA treatment were measured using a narrow channel MIC chip.  The performance of the algorithm 

for Real-time electrical deformability (Real-time ED) sorting was evaluated. Real-time ED was 

used to characterise the mechanical properties of cells. Compared to offline analysis, real-time 

data processing requires immediate action, so that time-consuming convolution with complex 

templates is impractical. A Finite Impulse Response (FIR) filter was used as an alternative to 

enhance or suppress specific frequency components through a weighted moving average of input 

signals, and accomplish signal de-noising in real-time. The raw impedance (real part at 500kHz) 

was sent to the MCU and sampled by the ADC, then prior to peak detection, the data stream was 

filtered by a custom FIR. The FIR results for 10 μm beads, untreated HL60 cells and fixed cell are 

shown in Figure 6.23. As for the raw impedance data, the output has two peaks (pk1 and pk2) 

from electrode configuration 1 and 2. The Real-time ED is defined as the ratio of peak 1 to peak 2 

so for a 10μm bead. The values of peak 1 and peak 2 detected by the algorithm were 0.55 and 0.35, 

so that the Real-time ED was 1.59 (Figure 6.23(a)). A fixed cell with pk1, pk2, and Real-time ED 

values of 0.54, 0.34, and 1.61, respectively, closely resembles a bead (Figure 6.23(c)). In contrast, 

an untreated cell has a higher Real-time ED (2.37) with pk1 and pk2 values of 0.46 and 0.19 (Figure 
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6.23(b)). This is consistent with the optical and electrical deformability analysis of untreated and 

fixed cells in Chapter 4. Rigid spherical particles have lower Real-time ED values compared to 

softer ones, such as untreated cells. 

 

Figure 6.23 Signal output from the MCU serial port after the raw impedance signal was filtered by 
a custom FIR for (a) 10μm bead, (b) untreated HL60 cell, (c) fixed HL60 cell. Each signal has two 
peaks, from electrode configuration 1 and 2. The peak detection results from the MCU were: (a) 
pk1 is 0.55, pk2 is 0.35, real-time ED is 1.59; (b) pk1 is 0.46, pk2 is 0.19, real-time ED is 2.37; (c) 
pk1 is 0.54, pk2 is 0.34, real-time ED is 1.61. 

Before sorting untreated and fixed cells, a uniform suspension of 10 μm plain beads was 

measured to set the threshold for the Real-time ED. As Figure 6.24 shows, pk1, pk2 and Real-

time ED of beads were collected from the MCU via the serial output port, then the data was post-

processed. First, the main population of the beads in the scatter plot of pk1 versus real-time ED 

was gated as shown in Figure 6.24(a). Then, the mean Real-time ED was calculated to a threshold. 

In this example, the threshold was 1.68.  

 

Figure 6.24 Real-time ED evaluation of beads used to set a threshold for sorting. (a) Scatter plot 
of pk1 versus Real-time ED. Cells in the red circle were gated (614 beads) to do further analysis. 
(b) The Real-time ED distribution of gated beads. Threshold (dashed red line) is the mean Real-
time ED value of the gated beads (1.68), with 78% of beads exhibiting a lower Real-time ED than 
1.68. 
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Figure 6.24(b) shows a histogram of the Real-time ED of gated beads. The red dashed line is the 

threshold. 78% of gated beads had a Real-time ED less than 1.68. It indicates that if the interested 

events have a Real-time ED less than the threshold, the MCU algorithm that calculates Real-time 

ED has a 78% detection efficiency. To assess the threshold for cells, a suspension of untreated 

and fixed HL60 cells were measured. Figure 6.25 is a scatter plot of pk1 versus Real-time ED for 

untreated cells, with the bead data in Figure 6.24(a) superimposed. For the same threshold, if the 

discrimination criterion was set to “Real-time ED that above threshold”, 95% of gated events 

could be identified correctly by the Real-time ED detection algorithm. (936-53/936=5%) 

 

Figure 6.25 Scatter plot of pk1 versus Real-time ED for untreated cells (orange dots). The bead 
population (dark blue dots) in Figure 6.21(a) overlaps. The red line is the threshold obtained from 
the beads assessment in Figure 6.21. 

Figure 6.26 shows a scatter plot of pk1 versus Real-time ED for fixed cells collected from the 

serial output port, with the untreated cells in Figure 6.25 superimposed. From the dose-response 

plots shown in section 4.4.4, GA at concentrations higher than 0.1% v/v can stabilise cell 

deformability to a plateau value, matching the deformability of rigid spherical beads. Therefore, 

when cells were treated with 1% v/v GA, the real-time ED should align with that of the beads. The 

fixed cell population exhibits a broader distribution along both x- and y-axes compared to beads, 

with a broader y-axis distribution propagating errors in the algorithmic determination of real-time 

ED values for fixed cells.  
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Figure 6.26 Scatter plot of pk1 versus Real-time ED for fixed cells (pink dots). The untreated cell 
population (orange dots) in Figure 6.23(a) overlaps. The red line is the threshold obtained from 
the beads assessment in Figure 6.22. 
 

Figure 6.27 shows a histogram of the Real-time ED for fixed cells -  the y-axis data of Figure 6.26. 

The total number of fixed cells is 843, and the number of fixed cells with Real-time ED less than 

the threshold is 491, meaning that 58% of fixed cells were recognised by the real-time algorithm. 

Returning to Figure 6.26, it is clear that increasing the threshold enhances the detection 

efficiency of the algorithm for fixed cells, but for a sorting an untreated/fixed cell mixture, it would 

lead to mis-incorporation of untreated cells into the target population, thereby compromising 

sorting purity.  

 

Figure 6.27 The distribution of Real-time ED for gated fixed cells shown in Figure 6.26. The 
discrimination criterion was set to “Real-time ED that below threshold”. 58% of fixed cells were 
identified by this condition. 

Figure 6.28 shows example images of a bead in the “Ready to activate” state. The frame rate of 

the CMOS camera was set to 500 fps, the maximum value that this camera can achieve without 

frame dropping. Rapidly moving beads in the image field manifest as temporal smearing artifact. 
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For better presentation, a false colour bead was placed on top of the images. The particles in this 

state were all directed to the upper outlet.  

 

 

 

 

Figure 6.28 Images of an example bead in “Ready to activate” state. The bead is circled with the 
red dashed lines and directed to the upper outlet. 

Figure 6.29 shows images of two different beads with different velocities. Due to the low frame 

rate of the camera, the complete trajectory of bead displacement was not recorded. At t = 0 ms, 

bead 1 and bead 2 approach the sorting ROI (shown in Figure 6.28). After 4 ms and 6 ms 

respectively, bead 1 and bead 2 were shown in the lower outlet, meaning successful sorting was 

achieved.  
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Figure 6.29 Beads in “Activated” state. (a) and (b) are two example beads with different velocities. 
At t = 0 ms, beads were approaching the sorting ROI and successfully being sorted at t = 4 ms and 
6 ms respectively. 

After estimating the Real-time ED from the serial output port of the MCU for beads (with reference 

to set the threshold),  the untreated/fixed cell mixture was measured. This time, pre-sorting and 

post-sorting purity were examined with a flow cytometer. The sorted cells were the fixed cells 

because they had a more consistent Real-time ED compared with untreated cells. The 

discrimination criterion was “Real-time ED less than threshold”, meaning that the fixed cells 

should be sorted to the lower outlet. During operation of the microfluidic chip, the predominant 

flow is directed to the upper outlet, while target cells move to the lower outlet. The upper outlet 

liquid was collected to test because it took significantly less time to harvest a high yield of sorted 

cells, and the pre-sorting and post-sorting purity of untreated live cells were focused on 

downstream analysis.  

Figure 6.30 shows example images of cell sorting. Compared with polystyrene beads, cells are 

more transparent under the same illumination conditions. Additionally, cells directed to the 

upper outlet had higher velocities, making them more difficult to observe. Nevertheless, 

untreated cells (circled with dashed red line) move with the main fluid toward the upper outlet, 

while a fixed cell (circled with solid red line) was sorted into the lower outlet. 
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Figure 6.30 Images of an example sorting scenario that an untreated live cell (circled with dashed 
red line) is directed toward the upper outlet with high velocity, and a subsequent fixed cell (circled 
with solid red line) is sorted to the lower outlet. The cells are successfully sorted based in 
deformability. 

 

Figure 6.31 Results of commercial flow cytometer test. (a) The Forward scatter (FSC) in BL1-A 
channel of the fixed cells sample. The single population represented fixed cells. (b) The FSC in 
BL1-A channel of the untreated and fixed cell mixture before sorting. The circled subpopulation 
is fixed cells by comparing with (a). The percentage of this population is 32.6%. (c) The FSC in BL1-
A channel of the upper outlet suspension after sorting. The percentage of fixed cells is decreased 
to 25.4%. 

Finally, Figure 6.30 shows the result from a commercial flow cytometer. A sample containing only 

fixed cells was measured as the control group (Figure 6.30(a)).  The untreated and fixed cells 

mixture was measured before sorting, and the percentage of fixed cells was around 33% (Figure 

6.30(b)). After sorting for 45 minutes (excluding a 15-minute dead volume purge), the suspension 

from the upper outlet was measured again and the percentage of fixed cells was decreased to 

25%. 

6.5 Discussion 

This chapter illustrated the operational principle of a deformability MIC sorting system with the 

experimental results of bead and cell sorting.  The system successfully integrated the sheath-less 

shear flow deformability MIC with an active particle sorter showing that fluorescence beads could 

be sorted with 97% post-sorting purity and > 70% sorting efficiency. Cell experiments with 



Chapter 6  

195 

untreated and fixed HL60 cells were used to remove fixed cells, lowering the proportion from 32% 

to 25%.  

Both new software and hardware were developed and the system optimised by changing the 

electrode configuration to minimise the current offset and to facilitate real-time impedance 

processing. In the MCU program, the application of multiple threading solved temporal conflicts, 

increasing the trigger pulse rate. A reliable post-processing procedure for microfluidic chips was 

developed, enabling the integration of membrane pumps onto pre-fabricated MIC chips. The 

mechanical design of the system was optimised, enabling the external actuator that induces 

deflection in the membrane to be precisely aligned with the membrane pump within a confined 

space while achieving micrometre-level displacement transmission.  

This sorting system showed a moderate sorting performance with beads but not for a cell mixture 

because the former experiments used a simple classification criterion: the peak values of the first 

configuration. However, cell sorting based on real-time electrical deformability was less efficient.  

The distributions in values for different subcellular populations was high, with substantial overlap, 

making it difficult to define a suitable threshold for discrimination. In the future, this limitation 

could be addressed by integrating neural networks to perform more comprehensive analysis of 

real-time impedance signals. By extracting additional parameters, such as the transit time, to 

characterise cells with varying deformability, classification efficiency could be significantly 

improved.  
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Chapter 7 Conclusions and Future Work 

This thesis has described label-free methods for single-cell biophysical analysis and sorting 

based on the MIC technique. Cellular mechanical properties (e.g. deformability) and dielectric 

parameters (e.g. membrane capacitance and cytoplasm conductivity) were characterised using 

different designs of MIC. Proof of principle sorting was achieved by integrating a pump-sorter into 

the MIC. This chapter summarises the achievements and provides potential working directions 

for developing improved MIC systems for label-free single-cell biophysical analysis and sorting. 

The deformability of cells was first analysed by MIC (Chapter 4). A novel electro-optical 

deformability system was developed to characterise the mechanical properties of single cells at 

a high speed using shear flow without contacting the microchannel. The electrical deformability 

was obtained from the shape change along two different axes measured by sets of integrated 

microelectrodes. Optical deformability was derived from single-cell contour in the optical images. 

This system synchronised the impedance signal of a cell with its optical image enabling 

comparison of the electrical and optical deformability. The key technique in this system is the 

LED triggering mechanism. Unlike traditional triggering that relies on fixed thresholds, this system 

calculated the velocity of each individual cell and assigned its predicted transit time when it 

appeared in the image detection region to trigger an LED. This approach significantly reduces the 

amount of image data requiring processing, thereby simplifying the optical analysis.  

HL60 cells were treated with glutaraldehyde, cytochalasin D and latrunculin B. These chemicals 

alter the cytoskeleton of cells by different principles, leading to different deformability. 

Glutaraldehyde crosslinks proteins in the membrane so that the cells are fixed as rigid spheres 

which cannot be deformed by shear forces, and the deformability should be 1. Cytochalasin D 

and latrunculin B cause cytoskeleton disruption and prevent the assembly of actin filaments by 

different mechanisms. Cells become softer and more deformable, resulting in higher 

deformability compared with rigid spheres. Experiments show a very high correlation between 

both deformability methods and prove the feasibility of deformability MIC. The optical 

deformability was observed to be influenced by the position of the cells across the channel width. 

Due to the use of viscoelastic fluid, cells were partially focused into a plane in the centre of the 

channel. Although this simplified the system, it meant that some cells close to the channel wall 

were asymmetrically distorted, leading to errors in the optical images. This results in a positional 

dependence in the scatter data, which can be corrected by post-processing, excluding cells that 

flow close to the channel wall. Unlike optical deformability, electrical deformability appears to 

be much less affected by the position of the cells in the channel, which is also a convincing reason 

to use MIC for measuring deformability.  
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One possible future direction for deformability MIC is applying this for real-word clinical 

diagnostic. For example, there is solid evidence that the stiffness of cancer cells and immune 

cells reflects antitumour immune responses (Mittelheisser et al. 2024; Wang and Kelley 2025). 

Real-time optical deformability cytometry has been used to analyse the biomechanical 

differences in tissue (Soteriou et al. 2023). Inflammatory changes in colon tissue can be 

determined by this solid tissue biopsy method. This demonstrates the potential use of 

deformability cytometry as a rapid test for cancer diagnosis.  

This thesis also explored single-cell dielectric analysis to determine the membrane capacitance 

and cytoplasm conductivity of individual cells (Chapter 5). The system utilised different electrode 

configurations to measure the impedance over a broad frequency range of up to 575MHz at a high 

throughput. This enabled a more comprehensive analysis of the dielectric spectrum of a 

nucleated cell, which cannot be achieved by previous studies. The frequency spectrum data was 

analysed with the double-shell model which includes the contribution of the nucleus to the 

equivalent dielectric properties.  

Two different methods were used to obtain the impedance-frequency spectrum. One is the 

population mean method, which measures the mean impedance of a population of cells at 18 

different frequencies from 250kHz to 550MHz to generate the Clausius Mossotti factor spectrum. 

The data at each frequency point was collected one by one. This method derived the dielectric 

parameters of cell subpopulations. A second method measured single cells where 8 frequencies 

between 250kHz and 575MHz were applied simultaneously to generate individual spectra at high 

throughput.  

An interesting finding is that the low conductivity suspending media (0.32 S/m) enhances the 

ability to discriminate the dielectric parameters of control cells and treated cells. Experiments 

using HL60 cells fixed with glutaraldehyde or treated with cytochalasin D were conducted. Fixed 

cells have a significantly lower membrane capacitance and cytoplasm conductivity compared to 

unfixed cells when measured in the low conductivity media, while this difference cannot be 

measured in physiological saline (1.6 S/m). Both the population mean method with 18 

frequencies and the single-cell method with 8 frequencies reported the same trend. Cells treated 

with cytochalasin D were also examined in low conductivity media, and a subtle decrease in the 

membrane capacitance after treatment was noted. This was not observed in previous MIC 

studies using high conductivity media. 

The single-cell method was also used to measure dielectric parameter changes between THP-1 

cells and those differentiated into M0 macrophages. The results showed an enlarged size and 

decreased cytoplasm conductivity of M0 cells after differentiation, indicating the possible use of 

this method in the study of immune processes and diseases.  
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Future work could test other cellular models to explore the dielectric changes behind the 

biological alterations. For example, in CAR-T (Chimeric Antigen Receptors-T cell) therapy, the 

final step is selecting the modified CAR-T cells with the desired target expression capability. Cells 

with different levels of immune expression have varying amounts of antibodies on their 

membrane surface, which could alter the membrane capacitance and could be detected by MIC 

(Honrado et al. 2021). In addition, the MIC can use multi-parameters to characterise cell 

mechanics and dielectrics simultaneously and provide a more comprehensive understanding of 

single-cell biophysical properties. The technique needs to embrace new technologies, such as 

artificial intelligence and machine learning to improve the efficiency of distinguishing cellular 

heterogeneity rather than being limited to measuring biophysical properties. Sometimes, direct 

characteristics of the impedance signal, such as peak value and signal width, may be overlooked 

by manual analysis. AI methods, which learn from large datasets, may be able to identify these 

differences.  

The last part of this thesis is the single-cell sorting system. Studies of single-cell biophysical 

analysis in Chapters 4 and 5 demonstrated cell phenotype discrimination. However, in some 

cases, identifying and isolating rare cells is critical for clinical applications. For example, CTCs 

(Circulating Tumour Cells) are tumour cells shed from primary or metastatic lesions of solid 

tumours into the bloodstream. These cells act as critical indicators of cancer metastasis and 

serve as targets in liquid biopsy, offering non-invasive screening, real-time treatment response 

monitoring and prognostic evaluation. However, the concentration of CTCs in blood is extremely 

low, hindering the detection and analysis. Thus, single-cell sorting is necessary to enrich the cells 

before further analysis.  Integrating an efficient sorter in the downstream region of the MIC chip is 

important but the selection of a sorter should consider chip dimensions, fabrication cost, 

production cycle and the ease of integration into the mechanical design of the existing device. 

Due to the high cost of fabricating, the on-chip membrane pump was chosen as the optimal 

solution for the sorter. The sorter integrates membrane pumps directly into the MIC chip structure 

with the membrane on top of the pump actuated by an external piezoelectric actuator.  

The implementation of the sorting system requires consideration of various software and 

hardware design and optimisation. The triggering mechanism was transferred from the electro-

optical deformability MIC system but had optimisations. With an optimised multi-threads 

algorithm, the time sequence limitation of detection and triggering signal caused by the single 

thread algorithm was solved, thereby improving detection efficiency. In addition, the mechanical 

design of the piezo actuator assembly was carefully considered to ensure proper alignment 

between the actuator and on-chip membrane pump, as well as to manage the micro-level 

displacement convened to induce the membrane deflection. The proposed MIC sorting system 

was evaluated with microbeads and mixed cells experiments. The results showed a good sorting 
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performance that the throughput was achieved to around 13 particles/s and the post-sorting 

purity of the beads was up to 97% with above 70% efficiency. However, the work on cell mixture 

sorting was limited by the real-time deformability decision from raw impedance data, and the 

evaluation showed a decrease in the proportion of unwanted cells in the suspension after 

separation, from 37% to 25%, which is not a significant separation. 

Future work on this sorting system looks to improve the throughput and simplify the experiment 

setup. There are many steps to prepare a sorting chip before conducting an experiment. The 

membrane pump is filled with liquid by degassing before being clamped on the chip holder which 

can lead to small fibres or dust entering the channel. Frequently disassembling the chip 

increases the possibility of damage therefore automating the pre-filling of the membrane pump 

should reduce these issues and improve the experimental process. In addition, the real-time 

detection algorithm could be optimised using machine learning to enhance the signal differences 

between different cellular subpopulations. Performing complex convolution operations to filter 

the single in real time increases execution time, resulting in missing the trigger timing. However, 

extracting the peaks of the impedance signal does not meet the requirements for identification. 

Machine learning methods could provide new perspectives for detecting the difference in raw 

signals. Indeed, machine learning has been integrated with label-free single-cell biophysical 

detection (Nitta et al. 2018; Kobak and Berens 2019), which can be applied to the MIC real-time 

sorting in the future.  

The MIC sorting system also has many potential improvements and application prospects. For 

example, the sorted single cells can be used to prepare single-cell genome sequencing, which is 

a process to reveal the genetic heterogeneity behind phenotypes. It is even possible to integrate 

the early-stage cell preparation for single-cell sequencing into the microfluidic separation system, 

such as  allocating barcodes to single cells within droplets. Furthermore, the immune therapies, 

such as CAR-T, requires isolating the modified cells with the same expression capability for 

subsequent amplification and then injected into the patient body. If the amplification step is 

directly integrated after the sorting system, it can prevent the target cells from contacting with the 

open environment, thereby increasing their quantity in a more stable environment and helping to 

generate target immune cells with higher purity. 

In summary, single-cell biophysical analysis and sorting systems based on microfluidic 

impedance cytometry (MIC) were described. Biophysical properties, including deformability and 

dielectric parameters, were determined by MIC with different electrode configurations. An optical 

system was coupled with the MIC to measure the optical and electrical deformability of single 

cells, exhibiting an excellent correlation between optical and electrical deformability. A novel 

impedance spectroscopic method with a broad frequency range was used to determine the 

membrane capacitance and cytoplasm conductivity and uncover subtle dielectric changes in 
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cells treated with different chemicals. Finally, on-chip membrane pumps were integrated with 

MIC, and the sorting performance was evaluated. MIC is a label-free technique for assessing 

cellular phenotypes with different biophysical properties and achieving single-cell sorting, which 

can be applied to clinical rapid diagnosis and promote the point of care field.   
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