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Abstract 

Particle separation and manipulation is a strength of electrophoresis. In this dissertation, 

firstly, the power of electrophoresis as a microanalytical technique is demonstrated by 

separations of bare magnetic nanoparticles provided for the first time 

electropherograms exhibiting symmetrical and highly reproducible peaks, free of 

spurious spikes characteristic of nanoparticle clusters. This was achieved using non-

complexing (nitrate) and complexing (chloride, citrate and phosphate) electrolyte ions 

with additions of tetramethylammonium hydroxide. This enabled the separation of bare 

and functionalised magnetic nanoparticles. Secondly, CE was coupled to a magnetic 

field and trapping of magnetic nanoparticles was demonstrated using purposely selected 

electrolyte compositions.  

Just like nanoparticles, cells exhibit an electric surface charge due to exposed charged 

or chargeable functional groups. Therefore, they migrate under the influence of an 

electric field. Through isotachophoretic focusing, the electrostatic adsorption of 

functionalised magnetic nanoparticles to the cell wall of Escherichia coli TOP10 and 

their cellular uptake was studied. The same strategy was applied for the ITP 

transformation of E. coli TOP10 with plasmid DNA. Counter pressure-assisted 

isotachophoresis brought a large excess of plasmid DNA in contact with the cell surface 

allowing for a transformation rate 1,000-fold higher compared to electroporation and 

chemical transfection at survival rates greater than 60%. Based on the findings, the ITP 

method was adjusted for effective transfection of mammalian cells (Jurkat T) showing 

similar robustness to electroporation. This opens possibilities of using the developed 
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method for the delivery of many other membrane impermeable solutes for screening of 

genes and drugs.  
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Preface 

According to the diameter of particles, they can be classified into microparticles (1 to 

1000 μm in size) and nanoparticles (1 to 100 nm in size). Particles having size between 

100 and 1000 nm are commonly referred as submicron particles. Particles hold 

physical and chemical properties which are largely dependent on their size, specially 

below a certain threshold, due to so-called quantum effects. For example, nanoscale 

gold can appear red or purple at sizes inferior to 50 nm. The unique behaviour and 

increasing applications of micro- and nanoparticles have stimulated the advancement 

of new synthesis methods. Therefore, there is a large quantity of literature exploiting 

the synthesis and surface engineering of micro- and nanoparticles for many purposes. 

Considerably smaller reports have been done on approaches used for the analysis and 

separation of micro- and nanoparticles. Yet, it is critically important to obtain 

information on their size, shape, and surface chemistry to enable their practical use. 

Among the large range of micro- and nanoparticles, engineered magnetic nanoparticles 

(MNPs) made of iron and iron oxides are some of the most commonly used due to 

their biological compatibility, easy and low-cost of production, and high magnetic 

moment, allowing for their easy manipulation by an external field 1. Chapter 1 of this 

dissertation discusses the integration of MNPs in analytical methods including field 

flow fractionation, capillary electrophoresis (CE), macroscale magnetophoresis and 

microchip magnetophoresis for the period between 2013 and 2018. Among these 

analytical methods, CE is the most powerful. Its advantages comprise the use of 

narrow capillaries with high electric resistance, allowing for the application of high 

electrical fields with minimal heat generation. The use of high electrical fields together 

with the conventional plug-type fluid flow from electrically driven systems results in 
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short analysis times and high efficiency and resolution for almost any type of ionic 

analytes. CE has found widespread use in a variety of subdisciplines for analysis of 

inorganic, organic, and biological species 2. In the last 30 years, the realm of CE has 

been extended to the analysis of particles and cells.  

In Chapter 2, separations of bare MNPs (ca. 11 nm) was performed using non-

complexing and complexing electrolyte ions with additions of tetramethylammonium 

hydroxide (TMAOH), which is commonly applied to control the synthesis of stable 

iron oxides. The use of TMAOH as an electrolyte additive for CE separations provided 

for the first time electropherograms of bare MNPs exhibiting symmetrical and highly 

reproducible peaks, free of spurious spikes characteristic of nanoparticle clusters, 

allowing for the accurate determination of the electrophoretic mobility of bare MNPs. 

Using Tris-nitrate containing 20 mM of TMAOH as electrolyte, bare and carboxylated 

iron oxide nanoparticles were successfully separated. 

Despite the well-known separation power of CE, one issue is its low sensitivity. 

Therefore, efficient online or offline sample preconcentration is usually required 

before separation. Magnetic solid phase extraction prior CE analysis using 

functionalised magnetic nanoparticles is gaining popularity due to its high extraction 

efficiency and convenience of operation. However, its implementation for online 

preconcentration in CE is limited. To develop insights on this topic, in Chapter 3, a 

method has been shown to capture MNPs in a CE system using external magnets. It 

was found that when 4 square NdFeB magnets are sequentially positioned within a 

capillary zone, and MNPs flow by pressure, ca. 68% of them are captured, 

corresponding to 20% higher capture than electrically driven MNPs. 
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Just like nanoparticles, in aqueous buffer solutions, cells exhibit an electric surface 

charge due to exposed charged or chargeable functional groups. Therefore, they 

migrate under the influence of an electric field. Chapter 4 discusses advances in CE, 

including isotachophoresis (ITP) and other CE modes, of prokaryotic and eukaryotic 

cells for the last 8 years. ITP is a robust electrokinetic stacking technique that can attain 

million-fold preconcentration and efficient separation based on ionic mobility. Recent 

studies have shown that ITP also have wider applications, namely, to enhance 

hybridization rate of complementary nucleic acid 3-8 and antibody-antigen interactions 

9-11. Moreover, Phung et al. utilized ITP to accelerate the intracellular transport of 

oligonucleotides into intact bacterial cells for in-line fluorescence in vitro 

hybridization (FISH) 12. 

It has been demonstrated that highly charged electrostatic interactions between 

nanoparticles can induce membrane adsorption and intracellular uptake. To investigate 

the ITP effect in the electrostatic adsorption of MNPs to the cell wall and their 

intracellular uptake, in Chapter 5, carboxylic acid functionalized iron oxide 

nanoparticles (ca. 10 nm) were focused with Escherichia coli TOP10 cells at the same 

isotachophoretic boundary. After each ITP run, E. coli TOP10 cells from the outlet 

vial were incubated in rich medium and collected/washed with the help of an external 

magnet (see section 5.3). The cells incorporating or adsorbing magnetic nanoparticles 

in their membrane were determined by plate counting (see section 5.3). To increase 

the sensitivity of this method and reduce the assay time (ca. 16 hours). ITP focusing 

of QD-COOH (ca. 10 nm) and E. coli TOP10 cells was performed. After each ITP run, 

E. coli TOP10 cells from the outlet vial were incubated in rich medium and 

collected/washed by means of centrifugation and directly visualised by fluorescence 
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microscopy. Therefore, the overnight incubation step was eliminated. Due to the non-

specificity of the labelling method described in Chapter 5, it can be applicable to every 

kind of cell in a rapid and simple way. The results obtained in Chapter 5 were 

promising; however, the sensitivity achieved was below expectations, thus, more 

powerful detection instrumentation will be used in further studies. 

In Chapter 6, a similar strategy was used for the transformation of a small number of 

non-competent Escherichia coli TOP10 cells (2–3 x 105) at room temperature. Cells 

and plasmid DNA were sequentially injected into a 50 µm ID capillary and ITP-

focused into 11.5 nL induced by application of high DC voltage (16 kV). Through ITP, 

a large excess of plasmid DNA was brought in contact with the cell surface (ratio of 

114,974:1 vs. 2:1 in conventional chemical transformation and electroporation), with 

the contact time adjusted by application of a counter-pressure (1.3 psi) opposing the 

ITP movement. The transformation rate was more than 1,000-fold higher compared to 

electroporation and chemical transformation at survival rates greater than 60%. 

Several plasmids of up to 10 kb were successfully introduced into the E. coli TOP10 

cells using the ITP-based transformation with counter-pressure (1.3 psi) for 21 minutes. 

This opens possibilities of using the developed method for the delivery of DNA 

plasmid into a wide range of cells types, including difficult to transfect cell lines. 

Jurkat cells are an immortalised line of human T lymphocyte cells which has most 

often been used as a prototypical T cell line to study acute T cell leukemia, T cell 

signalling and the expression of various chemokine receptors susceptible to viral entry, 

particularly HIV. One important limitation of studying Jurkat cells is their inherent 

difficulty of being transfected offering frequencies which are sometimes insufficient 

for their use. In Chapter 7, the feasibility of using ITP to introduce plasmid DNA into 
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Jurkat cells was made by sequentially injecting plasmid DNA encoding for GFP and 

Jurkat cells into a Rtx wax (fused silica) capillary with 60 cm total length and 100 µm 

ID. Plasmid DNA and Jurkat cells were focused into 19 nL by ITP induced by 

application of constant voltage (3 kV). The expression of GFP was an indicator of 

transfection efficiency. Through this method, Jurkat cells were transfected at a rate of 

88% with the vector pCMV6-AC-GFP, while EP of 106 and 103 cells only achieved 

54% and 51%, respectively. The fact that both procedures involve the physical 

interaction between an electric field and the cell membrane, make them less dependent 

on cell type than other methods. However, ITP transfection is suitable for handling 

large sample sets when organized in 96-well plates adapted to a multichannel capillary 

electrophoresis device, which increases automation and sample processing throughput. 

The success of ITP transfection encourages the application of this method as a newly 

emerging attractive option for recombinant protein production and may be applicable 

to cell delivery of many other membrane impermeable solutes for screening of genes 

and drugs. 
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Figure S1 – Suspensions of 0.01% (w/v) BSPMNPs in water. (A) TEM image. (B) 

Size distribution. 

 

Figure S2 –TEM images of suspensions of 0.01% (w/v) BSPMNPs in different BGEs. 

(A) 10 mM Tris-nitrate (pH 9.00). (B) 10 mM Tris-nitrate containing 20 mM of 

TMAOH (pH 12.70). 
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Table S1 – Physicochemical properties of the nanoparticles in study including the 

average radius, volume, surface area and mass of a single BSPMNP, average true 

density and number of injected BSPMNPs. 

BSPMNP 

radius 

(nm) 

Volume 

of a 

BSPMNP 

(nm3) 

Surface 

area of a 

BSPMNP 

(nm2) 

BSPMNPs 

density 

(g/cm3)* 

Mass of a 

BSPMNP 

(ng) 

Mass of 

BSPMNPs 

injected 

(ng) 

Number of 

BSPMNPs 

injected 

5.50E+00 6.97E+02 3.80E+02 4.95E+00 3.45E-09 3.30E+01 9.57E+09 

*According to the product datasheet for nanoparticles (Fe3O4, high purity, 99.5+%), 

US Research Nanomaterials, Inc. (Houston, USA).  
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Chapter 3. Online Magnetic Capture of Bare 

Superparamagnetic Magnetite Nanoparticles in a 

Capillary Electrophoresis System 

Abstract 

The magnetic capture of bare superparamagnetic magnetite nanoparticles (BSPMNPs) 

electrically driven at constant voltage of 15 kV and pressure driven at 40 mbar in a 

fused silica capillary of 60 cm total length and 75 µm id was investigated. It was found 

that when 4 square NdFeB magnets are sequentially positioned within a capillary zone, 

and BSPMNPs flow by pressure, ca 68% of them are captured, corresponding to 20% 

higher capture than electrically driven BSPMNPs. In addition, it has been 

demonstrated that a single layer magnetic coil (4 to 43 cm) of copper wire is ineffective 

for BSPMNPs capture. The findings of this study can be used in the future to design 

magnetic fields (permanent magnets or electromagnets) for more effective 

nanoparticle’s capture. 

3.1 Introduction 

Magnetophoresis is a well-known technique in biotechnology since it provides a rapid 

and convenient method to enrich cells of interest from a heterogeneous cell population, 

and to separate and purify bio-analytes grafted on magnetic carriers 1-3. Another recent 

application of magnetophoresis is therapeutic delivery through blood flow. Seeking 

for a better understanding of the dynamics of magnetic nano-/microparticles capture 

in a flow, diverse authors suggest optimal orientation of permanent magnets near a 
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capillary 4 as well as ideal flow rates 5-6. Kikura et al. also monitored capillary blocking 

caused by clusters of ferromagnetic nanoparticles to understand possible variants that 

lead to embolism 7. 

Capillary electrophoresis (CE) has been used as a powerful separation method in a 

wide range of applications from biological macromolecules to small-molecule 

pharmaceuticals. Yet, one major drawback of CE is its low sensitivity. Therefore, 

efficient online or offline sample preconcentration is usually required 8. Various 

preconcentration strategies based on electrokinetic stacking or focalization, or via 

liquid-liquid systems and solid phase extraction can be found in recent reviews 9-10. 

Magnetic solid phase extraction prior CE analysis using functionalised magnetic 

nanoparticles is gaining popularity due to its high extraction efficiency and 

convenience of operation 11-13. However, its implementation for online 

preconcentration in CE is limited. To develop insights on this topic, here, a method 

has been shown to capture BSPMNPs (average 11 nm) in a CE using external magnets 

and a magnetic coil. This Chapter also compares, for the first time in a CE instrument, 

the efficiency in capturing magnetic nanoparticles under pressure and electrically 

driven flow profiles. 

3.2 Experimental 

3.2.1 Reagents 

Commercial iron oxide nanoparticles Fe3O4, high purity, 99.5+% were purchased from 

US Research Nanomaterials, Inc and sodium phosphate monobasic ≥99.0% and 

sodium phosphate dibasic ≥99.5% were purchased from Sigma-Aldrich. Milli-Q 

Millipore Gradient System (Millipore SAS) was used for all solutions preparation. 
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3.2.2 Instrumentation 

Experiments were performed using an Agilent 7100 CE system with a diode array 

detector (Agilent Technologies). Absorbance was monitored at 254 nm at a data 

acquisition rate of 40 Hz. Data acquisition was performed using OpenLAB CDS 

ChemStation software. All reported results were obtained from at least 3 repetitions. 

Fused-silica capillaries (Polymicro Technologies, Phoenix, AZ, USA) of 75 µm ID 

and 365 µm OD with a total length of 65 cm were used in this study. Detection 

windows were burned with a butane torch at 8.5 cm from the capillary end.  

3.2.3 Capillary electrophoresis conditions 

New capillaries were pre-treated with 0.5 M NaOH for 10 min, followed by water for 

10 min, and finally the electrolyte for 10 min. The temperature was kept at 25°C in all 

experiments. All samples contained 0.1% (w/v) of BSPMNPs dispersed in the 

electrolyte. Prior to each run the particle suspensions were ultrasonicated for 7 min. 

Hydrodynamic injections were performed at 5 kPa for 5 seconds. In order to wash the 

trapped BSPMNPs, prior to each run, the external magnets were removed from the 

experimental set up and the capillary was conditioned by flushing water for 3 min, 0.5 

M NaOH for 2 min, water for 2 min, and the BGE for 2 min. 

3.2.4 External permanent magnets and magnetic coil setup 

Square NdFeB magnets (5 x 5 x 5 mm) were placed in contact with a capillary at 

approximately 18 cm from the injection end of the capillary. A 0.22 mm diameter 

polyurethane enamelled copper wire winding around a fused silica capillary in single 

layer and 4 cm length was connected to a Dick Smith Electronics 0-30V 2.5 DC Power 
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Supply, Model Q1770. The voltage produced at a specific current was measured using 

a Tenma – 72-7925 – Multimeter. 

3.3 Results and discussion 

CE separations of BSPMNPs were previously shown in Chapter 2 using phosphate as 

complexing electrolyte anion. To carry out CE under a magnetic field and analyse the 

capture of BSPMNPs, a length of capillary was placed in contact with the top edge of 

square NdFeB magnets (Fig. 3.1) placed at approximately 18 cm from the injection 

end of the capillary. This configuration caused magnetic forces proportional to the 

gradient in magnetic field.  

 

Fig. 3.1 Cassette for the Agilent 7100 CE system with square NdFeB magnets attached 

to a fused silica capillary. The white arrow indicates the location of the 

detection window. 

When an external magnetic field is applied by adding 0 to 4 square NdFeB magnets (5 

x 5 x 5 mm), the BSPMNPs signal declines with the number of NdFeB magnets 
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adjacent to the fused silica capillary with maximum depletion of BSPMNPs at 10 

square NdFeB magnets (Fig. 3.2). 

 

Fig. 3.2 Effect of an external magnet field consisting of 0 to 4 square NdFeB magnets 

on the peak area of BSPMNPs electrically driven at 15 kV. Conditions: 60 cm 

x 75 µm i.d. fused silica capillary (51.5 cm to the detector), 10 mM sodium 

phosphate, pH 7.8. 

To compare the susceptibility of BSPMNPs to an external magnetic field under a 

parabolic profile (typical from pressure driven separations) and a plug-like profile 

(typical from electric driven separations), 40 mbar (pressure required to obtain the 

same migration time of BSPMNPs separated by CE at 15 kV, i.e. 8.1 min) was applied 

from the inlet extremity of the capillary to the outlet in the presence of 0 to 4 square 

NdFeB magnets (Fig. 3.3). In a hydrodynamic flow profile, the linear velocity near the 

capillary walls is lower than the centre of the capillary caused by friction from the 

walls, whereas an electroosmotic flow has a flat front since water molecules move 

evenly toward the cathode.  
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Fig. 3.3 Effect of an external magnet field consisting of 0 to 4 square NdFeB magnets 

on the peak area of BSPMNPs pressure driven at 40 mbar. Conditions: 60 cm 

x 75 µm i.d. fused silica capillary (51.5 cm to the detector), 10 mM sodium 

phosphate, pH 7.8. 

The results have shown that when 4 square NdFeB magnets are applied, there is 

depletion of BSPMNPs to 53% (i.e. 47% of captured BSPMNPs) and 32% (i.e. 68% 

of captured BSPMNPs) for electrically driven (n=3) and pressure driven (n=3) 

BSPMNPs, respectively, indicating that BSPMNPs are more effectively trapped under 

a hydrodynamic flow profile. The lower velocity of BSPMNPs at the capillary wall, 

and therefore longer contact time between the BSPMNPs and the magnetic capillary 

zone, allows the magnetic moment of nanoparticles align with the applied magnetic 

field causing more effective capture. 

The BSPMNPs capture under an external permanent magnetic field was successful, 

yet the setup was tedious and time-consuming as NdFeB magnets were attached and 

detached from the capillary to wash the trapped BSPMNPs every run. To automate 
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this process more, a magnetic coil was made using copper wire as a conductor and 

winding it around a fused silica capillary in single layer. The magnetic coil was 4 cm 

long and connected to a power supply (Fig. 3.4A). However, the developed magnetic 

coil could only generate a weak magnetic field preventing its use for CE trapping of 

BSPMNPs. Therefore, a longer magnetic coil covering about 43 cm of the fused silica 

capillary from the window to the outlet extremity was used (Fig. 3.4B). However, the 

increase in magnetic coil length was ineffective for BSPMNPs capture. The setting of 

the magnetic coil to the CE system is demonstrated in Fig. 3.4C. 

 

Fig 3.4 Copper wire coiled winding a fused silica capillary at different lengths (A and 

B) and experimental setup of the CE system coupled with a magnetic coil (C). 
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3.4 Conclusion 

A magneto-CE system with magnetic forces proportional to the gradient in magnetic 

field was developed and successfully demonstrated for magnetic trapping of BSPMNP. 

Yet, there are magnetic configurations that would yield much higher forces than a raw 

of co-oriented magnets with all the poles pointing up. One example is the Halbach 

array. The Halbach array is a special arrangement of permanent magnets that boosts 

the magnetic field in one side of the array (working face), becoming up to twice as 

strong, while cancelling the field to near zero on the other side (non-working face). 

Essentially, the magnetic field that would normally be present on the non-working face 

is routed to the working face. This is achieved by having a spatially rotating pattern of 

magnetisation. In further experiments, it is aimed to test the effectivity of a Halbach 

array on magnetic trapping of BSPMNP. 

The developed magnetic coil was ineffective for BSPMNPs capture. In the future, it is 

expected to build a magnetic coil with several loops of copper wire around a fused 

silica capillary and a core made of iron to concentrate and amplify the magnetic field. 

If BSPMNPs are perfectly captured using the two above mentioned approaches, the 

next steps are (1) magnetic trapping of functionalised particles for preconcentration 

purposes and (2) potential separation of metalloproteins and other magnetic 

susceptible compounds, which was the initial plan of the current chapter. 
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Chapter 4. Recent Developments in Capillary 

Electrophoresis of Prokaryotes and Eukaryotes 

Abstract 

In aqueous buffer solutions, cells exhibit an electric surface charge due to exposed 

charged or chargeable functional groups. Therefore, cells can migrate in solution under 

the influence of an electric field. The present chapter discusses advances in CE of 

prokaryotic and eukaryotic cells over the past 8 years. 

4.1 Introduction 

All bacteria and mammalian cells have a cell membrane, which consists of lipids and 

proteins. The fundamental structure of the membrane is the phospholipid bilayer, 

which separates the cell from the surrounding environment. Proteins embedded within 

the phospholipid bilayer carry out specific functions, including selective transport of 

molecules and cell-cell recognition. Just outside of the cell membrane, most of 

prokaryotes, algae, fungi and some eukaryotes, including plants but not animals, 

present a cell wall that typically provides the cell with both structural integrity and 

protection 1. Usually, the cell surface of bacteria and mammalian cells are charged. 

Their charge can be conferred by protonation and deprotonation of surface molecules, 

or adsorption of ions from the surrounding solution. Thus, prokaryotic and eukaryotic 

cells can migrate under the influence of an electric field 2-6. Sophisticated instrumental 

techniques based on capillary electrophoresis (CE) seem to be promising for rapid and 

high efficiency separations of cells with minimum sample preparation and 

consumption. Several CE modes will be mentioned in this chapter such as capillary 
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zone electrophoresis (CZE) 7, micellar electrokinetic chromatography (MEKC) 8, 

capillary isoelectric focusing (CIEF) 9, and capillary isotachophoresis (CITP) 10-11, for 

a spectrum of novel applications 12-13. 

Among all CE modes, CZE is the most commonly used. It separates analytes based on 

differences in electrophoretic mobility, which is directly proportional to the charge of 

the molecule, and inversely proportional to the viscosity of the solvent and radius of 

the molecule/particle 7. The basic set-up for MEKC is the same as that used in CZE. 

The difference is that a surfactant is added to the electrolyte, above the critical micelle 

concentration (CMC), to form micelles. The charged surfactant micelles are attracted 

to an electrode at a different speed to the electroosmotic flow. The analytes are 

separated by differential partitioning between surfactant micelles and the surrounding 

electrolyte according to their hydrophobicity or hydrophilicity 8. CIEF is a technique 

used to separate zwitterionic molecules i.e. molecules containing both positive and 

negative charges (e.g. peptides and proteins). The charge of these molecules depends 

on the functional groups attached to the main chain and the surrounding pH. The 

molecule has no net charge when the surrounding pH equals to the molecules’ pI, and 

it is positively/negatively charged at pH lower/higher than the molecules’ pI. Thus, a 

pH gradient is used to separate molecules in a mixture in CIEF. When voltage is 

applied, ions migrate according to their pI allowing for their distinct detection 9. ITP 

separates charged components based on the ionic mobility in a discontinuous 

electrolyte system. The sample is introduced between the leading electrolyte (LE) and 

the terminating electrolyte (TE). If sample anions are being determined, the LE must 

contain an anion of higher mobility than the sample anions of interest, whereas the TE 

must contain an anion of lower mobility than the sample anions of interest. When an 
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electric field is applied, the negatively charged anions arrange themselves in order of 

mobility (higher to lower), between the TE and the LE, and each individual anionic 

sample component moves separately as a pure band 10-11.  

This chapter follow the reviews of Subirats et al. 5 and Peter et al. 6 and outlines 

original articles published from 2011 to 2019. The techniques summarized in this 

chapter will undoubtedly play a role in many future medical endeavors. 

4.2 Capillary electrophoresis of cells 

4.2.1 Prokaryotes 

A variety of techniques exist for the analysis of microorganisms allowing for their 

identification and quantitation such as differential staining, serological methods and 

flow cytometry. However, these procedures require preparation of bacterial cultures, 

which dramatically lengthens the analysis time 3. PCR has the advantages of not 

requiring culture and allowing for higher sensitivity. Yet, sample purification and 

DNA isolation prior to PCR analysis is slow and complicated 14-15. Hjertan et al. (1987) 

was the first author reporting the feasibility of moving microbes through capillaries 

under applied electrical fields 16. Then, gradually more publications have succeeded, 

which are well summarized in previous reviews 2-4, 6. Uncontrolled aggregation of 

bacterial cells has been stated over the years as a major disadvantage of electrophoretic 

separations 17-20. A single peak of high efficiency without multiple peaks attributable 

to irregular clusters and aggregates of bacterial cells was obtained for the very first 

time in 2011 by Oukacine et al. 21 using ITP with UV detection. An excellent linearity 

was achieved for Micrococcus luteus in the range of 0.4 x 108 cells/mL to 2.9 x 108 

cells/mL. In 2013, Phung et al. 22 developed a highly sensitive ITP method with LIF 
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detection. Cells were stained with the nucleic acid fluorophore SYTO 9 and 

continuously electrokinetically injected under field amplified (FASI) conditions. Cells 

were concentrated into a single peak allowing the analysis of Escherichia coli with a 

LOD of 1.35 × 102 cell/mL 22. Two years later, the same authors reported a counter-

pressure-assisted ITP method with electrokinetic injection under FASI conditions to 

improve the detection of bacterial cells, which improved the LOD for E. coli to 78 

cells/mL, a factor of 4 when compared with FASI-ITP without counter-pressure 23. 

Phung et al. also developed a counter-pressure-assisted ITP method in combination 

with a sieving matrix and ionic spacer to perform in-line fluorescence in situ 

hybridization (FISH) of bacterial cells. About 50% of the cells injected into the 

capillary were hybridized with the fluorescently labeled oligonucleotide and separated 

from the excess unhybridized probe in a two-stage ITP method. The LOD achieved 

was comparable to the off-line FISH, although the total analysis time was reduced 

from 2.5 hours to 30 minutes 24. Dziubakiewicz and Buszewski 25 investigated the 

behaviour of Gram-positive and Gram-negative bacteria with surface charge modified 

by calcium ions (Ca2+) under ITP suggesting that Ca2+ facilitates overcoming of the 

electrostatic energy barrier between cells, enabling more compact cell aggregation and 

electropherograms with a sharp single peak 25. 

Many applications of CE techniques have been studied by Horka et al. in the last 

decade, namely for the early stage diagnosis of meningitis. Meningitis is a severe 

infection of the central nervous system (CNS) that can be caused by bacterial infection. 

During infection of the CNS, the number of microorganisms in the cerebrospinal fluid 

(CSF) can range up to hundreds of cells per milliliter. One of the techniques allowing 

for the analysis of microorganisms is CIEF. However, tens of nanoliters of CSF 
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injected into the capillary are not enough to determine the real number of pathogens. 

To overcome this limitation, Horka et al. 26 coupled a filtration cartridge with a 

separation capillary to pre-concentrate the sample, increasing the detection limit by 

four orders of magnitude. To improve the sensitivity of the detection, 1-[[4-

(phenylazo)phenyl]azo]-2- hydroxy-3-naphthoic acid polyethylene glycol ester 

(PAPAN) was used as dynamic labeling agent for UV/vis detection. Detection 

sensitivity from 10 to 100 cells/mL of CSF was achieved corresponding to the typical 

number of microorganisms present in nosocomial CNS infections at early stage. Two 

years later, CIEF was used by the same group to monitor the concentration of 

ampholytic antibiotics, such as ampicillin, ciprofloxacin, ofloxacin, tetracycline, 

tigecycline and vancomycin, in body fluids. The effect of antibiotics on 

Staphylococcus epidermidis during therapy was also determined by CIEF and 

MALDI-TOF MS as an independent technique to support and confirm data obtained 

by CIEF. The bacterial fingerprint obtained by MALDI-TOF MS confirmed changes 

of the examined bacterial cells after their treatment with antibiotics 27. Staphylococcus 

aureus methicillin-resistant (MRSA) and methicillin susceptible (MSSA) MH-agar 

cultivated and blood incubated were separated by CZE (Fig. 4.1) using a fused silica 

capillary etched with supercritical water (SCW) and modified with 3-

glycidyloxypropyl)trimethoxysilane (GOTMS). This was due to differences in 

adherence of the MSSA and MRSA cells to the inner surface of the modified fused 

silica capillary together with the differences in their migration times 28.  
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Fig. 4.1 CZE of MSSA and MRSA strains cultivated on (A) MH agar and blood 

incubated and (B) only blood incubated staphylococci on the etched fused 

silica capillary modified with GOTMS, syringe pump injection.  

Horka et al. used the previously developed fused silica capillary etched with SCW and 

modified GOTMS for the online preconcentration of large-volume sample (0.1- 2.8 

μL) of E. coli and MRSA and MSSA S. aureus using online combination of transient 

ITP and MEKC. The hydrodynamic injection of large volumes was possible using a 

capillary that consisted of two internal diameter segments (input section of 195 µm ID 

and transition section of 100 µm ID) featuring different inner surface roughness. This 

novel on-line combination of preconcentration strategies for cells produced up to 680-

fold increase in sensitivity for E. coli or S. aureus cells 29. To access the number of 

bacteria in biological samples from patients with postoperative wound infections and 

understand the impact of antibiotic therapy, Klodzinska and co-workers used CZE. 

The obtained sensitivity and specificity amounted to 89.5 and 100%, respectively, with 
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migration time lower than 3.5 min 30. CZE was also used to study the interaction 

between Lactobacillus acidophilus, E. coli and their protoplasts (bacterial cell whose 

cell wall has been removed), with single-stranded deoxyribonucleic acid library 

(ssDNA). The results demonstrated that protoplasts have stronger interaction with 

ssDNA library than bacteria. E. coli was also pretreated by four organic solvents, 

methanol, ethanol, formaldehyde and glutaraldehyde, to determine the binding 

efficiency with ssDNA library. Binding constants indicated the interaction of E. coli 

with ssDNA library were in the order: E. coli protoplasts > methanol/ethanol treated 

E. coli > formaldehyde/glutaraldehyde treated E. coli ≈ E. coli not treated. It was 

suggested that cells surface condition determines their binding affinity with ssDNA 31. 

4.2.2 Eukaryotes 

CE has been stablished as a powerful tool to analyze subcellular components of 

mammalian cell extracts and single cell lysates32-33. However, there is only a few 

reports on CE separation of whole mammalian cells presumably because of their 

susceptibility to lysis due to the absence of an extracellular wall. Yet, the 

electrophoretic behavior of whole cells has been studied since long using a chamber 

filled with an electrolyte in which the particles are suspended in free solution. This 

method was later applied in the capillary format. Wang and Kuo (2014) used CZE to 

separate neurons derived from induced pluripotent stem cells (iPSCs) and understand 

the electrical properties of iPSCs based on their electrophoretic mobility during 

differentiation toward neurons. The results of the study suggested that not only a longer 

inductive period with nerve growth factor (NGF) produced higher quantity of neuron-

like cells, but also high concentration of NGF yielded higher negative charge and a 

shorter migration time of differentiating iPSCs 34. This will help controlling the 
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membrane charge of differentiating iPSCs for future clinical applications. Hirose et al. 

(2017) demonstrated the feasibility of using a CE-based methodology called polymer-

enhanced capillary transient isotachophoresis (PectI) to separate a human lung cancer 

cell line (PC-9) complexed with DNA aptamer candidates from a free randomized 

DNA library (Fig 4.2). The DNA aptamer candidates obtained were proven to bind 

selectively with high dissociation constant (Kd = 70–350 nM) and form kinetically 

stable complexes with PC-9 cells 35.  

 

Fig. 4.2 Typical electropherogram of a sample mixture containing PC-9 cells and a 

randomized ssDNA pool. 

Zhang et al. developed a system that consisted of an inkjet sampling system, CE 

system and UV detector (Fig. 4.3) for the quantitative separation of normal and 
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apoptotic HepG2 cells in a mixed cell suspension owing to their electrophoretic 

mobility differences. The inkjet printer generated droplets containing cells which 

could be precisely introduced into a capillary. The excellent linearity between the peak 

area and the droplet number (R2 = 0.996) indicated that this system enables accurate 

quantification of cells 36.  

 

Fig. 4.3 Set up of cell analysis system with capillary electrophoresis. (a) Illustration of 

homemade equipment. (b) Illustration of inkjet sampling technique with 

various concentrations of cells. (c) Principle of cells separation in capillary 

electrophoresis. 

4.3 Conclusion  

CE has been demonstrated to be suitable for separation of whole bacterial and 

mammalian cells without too much further optimization. While CE of bacteria is very 

well stablished and several reviews have been published over two decades, only less 

than ten original articles can be found on CE of whole mammalian cells. It is 

anticipated that in the next couple of years CE of mammalian cells will receive more 



  

49 

 

attention for multiple clinical applications. These developments should encourage 

microbiologists and cell biologists to use CE to address questions related to their field. 

Furthermore, the techniques outlined here have a great potential of being transferred 

to CE microfluidic devices, which are versatile and have high potential on complex 

sample analysis. 
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Chapter 5. Isotachophoresis of Functionalised 

Magnetic Nanoparticles and Quantum Dots for 

Studies on Cell Uptake 

Abstract 

Isotachophoresis (ITP) is a robust electrokinetic technique that can achieve million-

fold preconcentration and efficient separation based on ionic mobility. It was also 

recently shown to provide exceptional improvements in the hybridization reaction rate 

between nucleic acids and antibody and antigens. In this chapter, carboxylic acid 

functionalized iron oxide nanoparticles and carboxylic acid functionalised quantum 

dots were focused with Escherichia coli TOP10 cells at the same isotachophoretic 

boundary to investigate their electrostatic adsorption to the cell wall and their cellular 

uptake. ITP-labelling of bacterial cells with iron oxide nanoparticles may provide all 

kinds of cells with sufficient magnetization in less than 5 minutes to allow cell 

detection by high-resolution magnetic resonance imaging (MRI) and to enable 

magnetic manipulation. Similarly, quantum dots can be interesting fluorescent probes 

due to their reduced tendency to photobleach and potential usage for tracking 

the path and the fate of individual cells. 

5.1 Introduction 

Cell labelling in living organisms is a topic of interest due to its various biological and 

medical applications. To facilitate cell labelling, different strategies have been 

developed. The first class of strategies consist of labelling cell surface receptors to 
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detect specific cells of interest. The second class, currently chosen in most of cell 

imaging assays, involves the use of a transfection agents that help the internalization 

of molecular probes. Due to the non-specificity of this method, it can be applied to a 

wide variety of cells.  

Highly charged electrostatic interactions between nanoparticles and cells have been 

demonstrated to induce membrane adsorption and intracellular uptake in particular 

conditions 1-2 in similar way to the conventionally used strategies to introduce nucleic 

acids into cells. Phung et al. used isotachophoresis (ITP) to accelerate the transport of 

oligonucleotides into bacterial cells by fluorescence in situ hybridisation (FISH) for 

cell enumeration 3. In this chapter, the ITP of carboxylic acid functionalised magnetic 

nanoparticles (MNP-COOH) and carboxylic acid functionalised quantum dots (QD-

COOH) has been shown and their potential use for internalisation and labelling of cells 

has been investigated. 

5.2 Experimental 

5.2.1 Reagents 

Commercial iron oxide nanoparticles Fe3O4 (ca. 11 nm), high purity, 99.5+% were 

purchased from US Research Nanomaterials, Inc., iron oxide nanoparticles with 

carboxylic acid groups in deionised water were purchased from Ocean NanoTech LLC 

(ca. 10 nm) and CdSeS/ZnS alloyed quantum dots COOH functionalised, fluorescence 

λem 490 n, 6 nm diameter, 1 mg/mL in water were purchased from Sigma-Aldrich. 

Tris(hydroxymethyl)aminomethane (Tris) ≥99.9%, tetramethylammonium hydroxide 

≥97%, polyvinylpyrrolidone (PVP), 4-(2-hydroxyethyl)-1 piperazineethanesulfonic 

acid (HEPES) 99.5% and dimethyl sulfoxide anhydrous (DMSO) ≥ 99.9% were 
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purchased from Sigma-Aldrich. Phosphate-buffered (PBS) was purchased from Oxoid. 

Milli-Q Millipore Gradient System was used for all the solutions preparation.  

5.2.2 Capillary electrophoresis 

All CE experiments were carried out on a Beckman Coulter P/ACE MDQ Capillary 

Electrophoresis System equipped with a UV detector with acquisition enabled at 280 

nm (for analysis of bare MNPs and MNP-COOH) and a Beckman Coulter P/ACE 

MDQ Capillary Electrophoresis System equipped with a 488-nm laser module (for 

analysis of QD-COOH). Experiments were conducted using a bare fused silica 

capillary (Polymicro Technology, AZ, USA) of 50 µm id with total length of 40 cm 

(30 cm effective length to detector).  

5.2.3 Capillary conditioning 

Prior to use, the new capillaries were pre-conditioned at 20 psi in the following order: 

1 M NaOH (30 min), Milli-Q water (20 min), 1 M HCl (20 min), Milli-Q water (10 

min) followed by 1 % w/v PVP at 45 psi for 45 min. Finally, the capillary was 

conditioned with LE at - 16 kV for 10 min. 

5.2.4 Electrolytes 

The composition for the leading electrolyte (LE) was 10 mM Tris-nitrate, 20 mM 

TMAOH, 0.5% (w/v) PVP, pH 7.9. The composition for the terminating electrolyte 

(TE) was 10 mM Tris-HEPES, 20 mM TMAOH, 0.5% (w/v) PVP, pH 7.9. The 

electrolytes were prepared using 18.2 Milli-Q water. 
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5.2.5 Isotachophoresis  

Each analysis began by flushing the capillary with LE solution for 3 min at 20 psi and 

continuous electrokinetic injection of bare MNP/MNP-COOH/ MNP-COOH and E. 

coli TOP10/QD-COOH/ QD-COOH and E. coli TOP10 suspended in TE at -16 kV. 

For ITP with counter pressure, simultaneous application of voltage (-16 kV) and 

counter-pressure (1.3 psi) was made for 20 min. The counter pressure was then 

removed to allow analytes passing though the detector. 

5.3 Results and discussion 

Initially, bare superparamagnetic magnetite nanoparticles (BSPMNPs) were subjected 

to ITP using 10 mM Tris-nitrate, 20 mM TMAOH, 0.5% (w/v) PVP, pH 7.9 as LE. 

The TE was composed of the same cation (Tris) and HEPES was chosen as the 

terminating anion for having lower electrophoretic mobility than BSPMNPs. The 

additive TMAOH was part of the electrolyte composition for its demonstrated 

capability of electrostatically stabilize BSPMNPs 4. However, more than one peak was 

present in electropherograms indicative of nanoparticle clusters (Fig 5.1) induced by 

ITP focusing. In contrast, a single peak of MNP-COOH at the LE/TE interface was 

observed under the same separation conditions. To test the feasibility of using ITP for 

internalization and labelling cells, MNP-COOH (15 nm diameter) and E. coli TOP10 

were focused at the same boundary. To extend the contact time between E. coli TOP10 

and MNP-COOH, a counter pressure that opposes the voltage induced ITP movement 

was applied for 20 minutes to hold the MNP-COOH and E. coli TOP10 cells into the 

capillary (Fig 5.2). 
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Fig. 5.1 Isotachopherogram of 10.0 µg bare MNP. 

 

Fig. 5.2 Triplicates of isotachopherograms of a mixture of 2.5 µg and 1 x 104 with and 

without application of counter pressure cells. 

After each ITP run, E. coli TOP10 cells were collected from the outlet vial, 

immediately transferred into ice, and 100 µL of S.O.C. medium was added. The cells 

were then incubated for 3 hours at 37 °C in 2 mL CE vials, which were firmly 
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positioned on the top of a strong magnetic strip. To determine how many cells 

incorporated magnetic nanoparticles, cell suspensions were washed 5 times with 100 

µL of PBS. The autosampler CE vials were maintained in contact with the strong 

magnetic strip until the last wash. A volume of 100 µL was spread on pre-warmed LB 

agar plates and incubated overnight at 37 °C. The cells incorporating or attaching 

MNP-COOH were determined by plate counting. The results are shown in Fig 5.3.  

 

Fig. 5.3 Replicates (n=4) of E. coli TOP10 cells collected from the outlet vial after ITP 

focusing with MNP-COOH grown in LB agar plates incubated overnight at 

37 °C. (A) without counter pressure, (B) with counter pressure. 

It was observed TOP10 colonies in all the quadruplicated experiments at 2.5 ± 2.1 

and 5.3±4.0 CFU without and with counter-pressure, respectively. The CFU count 

between both modes was not statistically different, but the presence of colonies was 

indicative of MNP-COOH incorporation or attachment to the E. coli TOP10 cells 

surface during ITP focusing. To increase the sensitivity of this method and reduce the 

assay time, ITP focusing of QD-COOH (10 nm diameter) and E. coli TOP10 cells was 
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performed (Fig. 5.4). The cells were subsequently recovered and washed 5 times using 

centrifugation and directly visualised by fluorescence microscopy. This method could 

save over 16 hours compared to the method for MNP-COOH by eliminating an 

overnight incubation step. However, no fluorescent cells were visualised, which can 

relate to their small size and/or limited resolution of the fluorescence microscope used. 

 

Fig. 5.4 Isotachopherograms of E. coli TOP10 cells and QD-COOH focused at the 

same LE/TE interface. 

5.4 Conclusion 

In this chapter we show the ITP of MNP-COOH (ca. 10 nm) and QD-COOH (ca. 10 

nm) and investigate their potential use for internalisation and labelling of cells. This 

labelling method can be applied in a very simple way without modification of 

nanoparticles surface, it is rapid and applicable for every kind of cell. To have a clear 

understanding of the efficiency of ITP in cell uptake/interaction of /with: (a) MNP-

COOH, more sensitive techniques for magnetic detection should be applied such as 
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giant magnetoresistance (GMR), nuclear magnetic resonance (NMR) and 

superconducting quantum interference devices (SQUID); (b) QD-COOH, a more 

robust fluorescence microscope should be used, or flow cytometry as an alternative. 
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Chapter 7. Isotachophoresis and its Applicability to 

Transfection of Mammalian Cells 

Abstract 

A simple procedure for the introduction of plasmid DNA into 5x103 mammalian cells 

by isotachophoresis is described. Plasmid DNA and Jurkat cells are sequentially 

injected into a Rtx wax (fused silica) capillary with 60 cm total length and 100 µm ID 

and focused into 19 nL by isotachophoresis induced by application of constant voltage 

(3 kV). Jurkat cells were purposely selected since it transfects poorly under 

electroporation, offering frequencies which are sometimes insufficient for their 

practical applications. Through this method, Jurkat cells were transfected at higher rate 

than electroporation, using a completely new approach that, unlike electroporation, 

can be easily automated and allow for high sample processing throughput. 

7.1 Introduction 

The transfection of DNA and the delivery of cell membrane impermeable 

biomolecules into mammalian cells are among the most important research tools in 

modern molecular biology. Many methods have been developed to introduce foreign 

material into mammalian cells. The most commonly applied methods are 

electroporation, calcium phosphate co-precipitation, lipofection and viral vectors. 

Recently, magnetofection, optoporation and sonoporation have also emerged as 

powerful and efficient techniques for cell transfection1-3. The transfection efficiency 

by these methods varies considerably among different cell lines and may be 

unacceptably low in many cases. This may pose difficulties in experiments that depend 
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on the use of specific cell lines corresponding to a given tissue type. Therefore, there 

is a great need for methods that can introduce DNA into mammalian cells with high 

efficiency and without restriction to cell type.  

ITP is a robust and powerful electrokinetic technique based on ionic mobility that can 

attain 1,000,000-fold online preconcentration 4. Recent studies have shown that ITP 

has wider applications, namely, to enhance hybridization rate of nucleic acid in free 

solution. Phung et al. utilized ITP to accelerate the intracellular transport of 

oligonucleotides into intact bacterial cells for in-line fluorescence in vitro 

hybridization (FISH) 5 and in Chapter 6, ITP was used to introduce plasmid DNA into 

Escherichia coli TOP10. The transformation rate achieved for E. coli TOP10 was 

1,000-fold superior to conventional methods at survival rates higher than 60%. To 

investigate the feasibility of ITP to introduce plasmid DNA into different cell types, 

here, Jurkat cells (human T-lymphocyte; acute T-cell leukemia cell line) were used 

and the expression of GFP was measured as an indicator of transfection efficiency. 

Jurkat cells were selected due to their inherent difficulty of being transfected. The 

conditions most conducive to high cell viability were investigated in order to obtain 

the maximum number of transfectants. The efficiency of ITP transfection under 

optimal conditions was compared to that obtained using electroporation. 

7.2 Experimental  

7.2.1 Jurkat cells preparation 

Jurkat cells were cultured in RPMI1640 medium (Gibco) supplemented with 10% fetal 

bovine serum (FBS; Gibco). Cells were cultured in a humidified incubator at 37 °C 

with 5% CO2 and passaged every 2 days. In the second day, cells at late log growth 
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phase were harvested by gentle centrifugation for 8 min at 250 x g at 4°C and 

resuspended in TE to a final concentration of 9-10 x 106 cells/mL. 

7.2.2 Capillary electrophoresis 

All CE experiments were carried out on a Beckman Coulter P/ACE MDQ CE system 

equipped with a UV detector with acquisition enabled at 280 nm. The capillary 

temperature was maintained at 25°C. Experiments were conducted using a Rtx Wax 

GC column (fused silica) of 100 µm id with total length of 60 cm (50 cm effective 

length to detector). UV detection was utilized for the validation of the ITP method. 

The UV detector was turned off for ITP transfections. 

7.2.3 Electrolytes 

For all ITP experiments, the LE used was 0.60 M sodium-phosphate (pH 7.3) and the 

TE was 0.60 M sodium-HEPES (pH 7.3). The electrolytes were prepared using 18.2 

MΩ cm-1 Type I purified water (Milli-Q®, Millipore, Bedford, MA, USA). The 

electrolytes were subsequently filtered through a sterile 0.22 µm syringe filter (Millex-

GS Merck, Australia). 

7.2.4 ITP transfection 

Each analysis began by filling the capillary with LE for 3 min at 20 psi, hydrodynamic 

injection of DNA (in LE) at 5 psi for 5 seconds (0.19 µg plasmid DNA), hydrodynamic 

injection of Jurkat cells in TE at 5 psi for 10 seconds (5 x 103 cells), and application 

of 3 kV between the inlet (TE) and outlet (LE) vials. 



    

84 

 

7.2.5 ITP transfection success 

After each run, the Jurkat cells collected in the outlet vials were immediately 

transferred to ice and 3 mL of non-selective medium was added. After 16 hours, the 

medium was supplemented with Penicillin-Streptomycin (Gicbo). Protein (GFP) 

expression was assayed 48 hours after the ITP transfection. The Jurkat cells are 

observed by fluorescence microscopy and counted in a hemocytometer The 

transformation efficiency was calculated dividing the number GFP positive cells by 

the amount of plasmid DNA injected. The transformation rate was calculated based on 

the percentage of individual cells capable of being transformed. 

7.2.6 Preparation of Jurkat cells for electroporation 

Late log phase cell cultures were harvested by centrifuging 7 minutes at 250 x g, 4 °C. 

Cells were resuspended in ice-cold TE to a cell concentration of 9-10 x 106 and diluted 

600 times for the EP of 103 cells. Aliquots of 0.4 mL of cell suspension were 

transferred into cuvettes (0.4 cm gap width) set on ice and incubate 5 min on ice. 

Plasmid DNA (0.19 µg) was added in cuvettes on ice. These were connected to a power 

supply, and the cells subjected to a high voltage electrical pulse of 0.2 kV. The cells 

were then allowed to recover briefly by returning them to ice for 10 min before being 

placed in non-selective cell growth medium. 

7.3 Results and discussion 

Based on the ITP conditions reported in the previous chapter for the rapid 

transformation of E. coli TOP10, initially 0.05 M Tris-HCl (pH 7.9) was selected as 

LE and 0.05 M Tris-HEPES (pH 7.9) as TE for the ITP of Jurkat cells. However, the 

ITP focusing of Jurkat T cells using this buffer composition was found unsuccessful. 
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Subsequently, cell viability was monitored for 1 hour by suspending Jurkat cells in 

0.05 M Tris-HCl (pH 7.9) and 0.05 M Tris-HEPES (pH 7.9). It was clearly noticeable 

that most cells were lysed after a few minutes. Lysed cells were not seen under the 

microscope or appeared as debris/cell fragments [i.e. lysed cells = initial cells - (live 

cells + dead cells)]. It was suspected that cell lysis caused less intact cells (live and 

dead) being ITP focused, which were not detectable by UV at 280 nm, perhaps due to 

the poor sensitivity of the detector. Therefore, a new buffer composition was 

formulated containing dominant ionic species of phosphate buffer saline (PBS): 

sodium and phosphate. The 0.16 M sodium-phosphate (pH 7.3) was chosen as LE and 

0.16 M sodium-HEPES (pH 7.3) as TE, such that the anion phosphate and the anion 

HEPES have higher and lower effective electrophoretic mobilities than the Jurkat cells, 

respectively. This allows the cells with an intermediate effective electrophoretic 

mobility to concentrate and focus at the moving LE-TE interface. To evaluate the cell 

viability, damaged cells were identified with trypan blue staining. Cell viability was 

expressed as percentage of non-stained cells relative to the total number of cells in the 

analysed visual field of a hemocytometer. The viability of Jurkat cells incubated in 

0.16 M sodium-phosphate (pH 7.3) and 0.16 M sodium-HEPES (pH 7.3) was above 

80% for more than 10 hours, which was comparable to the viability of cells incubated 

in culture medium or PBS (Fig 7.1). Dimethyl sulfoxide (DMSO) was further 

incorporated in the TE since it is a well-established cell-penetrating enhancer for 

intracellular delivery. A concentration of 0.1% (v/v) DMSO was chosen since it did 

not affect the viability of Jurkat cells neither attach to the capillary wall interfering 

with the ITP focusing. The importance of having DMSO present at the ITP interface 

for Jurkat cell transfection is still discussable because DMSO is neutral and if there is 
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a residual EOF from LE towards TE, it is expected DMSO to simply stay in the TE 

and never propagate with/to the ITP interface. 

 

Fig.7.1 Viability of Jurkat cells over incubation time in medium, PBS (pH 7.3), 

sodium-phosphate (pH 7.3) and sodium-HEPES (pH 7.3). Average and SD 

calculated based on 4 replicates of Jurkat cells suspended and incubated in 

media and 3 types of buffers (PBS, 0.16 M Na-phosphate, and 0.16 M Na-

HEPES) for 0, 3 and 11 hours. 

Negatively charged encapsulated fluorescent beads with mean size of 0.51 μm were 

previously used as a model analyte for bacterial analysis as their size is similar to that 

of E. coli 6. Similarly, here, negatively charged fluorescent carboxyl-functionalised 

microspheres with mean diameter of 0.51 µm and 15.45 µm were used as model to 

predict the approximate migration time of Jurkat cells, which have an intermediate 

diameter of ca. 10 µm. In lieu of an untreated fused silica capillary, ITP was performed 

using a Rtx Wax GC column (fused silica) with cross bond polyethylene glycol (PEG) 

to supress the electroosmotic flow (EOF). Thus, new capillaries were not required to 

be conditioned as previously (see Chapter 6 section 6.2.4), saving 2 hours’ time and 

allowing the use of less complex electrolytes. It was inferred that at field strength of 

0.075 kV/cm (3 kV) in a 40 cm x 100 µm ID Rtx Wax GC column (fused silica), Jurkat 
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cells are eluted in less than 35 min (data not shown). For the ITP transfection, late-log 

phase 9-10 x 106 cells/mL were placed in the inlet vial. To yield a reasonable number 

of transfectants, the length of the capillary was increased from 40 to 60 cm and 

hydrodynamic injections were performed to monitor the amount of DNA and cells 

used per reaction. Transfected cells were observed when 0.19 µg plasmid and 5 x 103 

cells were injected. The ITP method developed consisted of filling the capillary with 

LE, followed by individual hydrodynamic injections DNA (suspended in LE) and cells 

(suspended in TE) in this order, and finally, the inlet vial is switched to TE. When the 

voltage is applied, an electric field gradient is created at the ITP interface causing 

plasmid DNA and Jurkat cells to be concentrated and focused in a small volume at the 

moving ITP interface (ca 2.4 mm section of the capillary corresponding to ca 19 nL). 

The validation of the ITP method is represented in Fig. 7.2A showing the focusing of 

plasmid and cells within the same peak at the ITP interface at 116 min in the 

electropherogram. At the ITP interface, cells experience an electric field (ca 0.05 

kV.cm-1) that induces the uptake of plasmid DNA from the surrounding medium 

presumably through the formation of transient pores in the cell membrane. The cells 

are finally collected from the outlet vial and cultured in 3 mL of non-selective medium. 

After 16 hours, penicillin-streptomycin is added to prevent bacterial contamination of 

the Jurkat cells culture due to their effective combined action against gram-positive 

and gram-negative bacteria. Protein (GFP) expression is assayed 48 hours post ITP 

transfection, the transfection rate and efficiency are examined by fluorescence 

microscopy (Fig 7.2B) and the cell count was performed using a hemocytometer. 
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Fig. 7.2 ITP transfection of Jurkat cells. (A) Validation of the ITP method showing the 

focusing of plasmid and cells within the same peak at the ITP interface. (B) 

Protein (GFP) expression assayed 48 hours after ITP transfection by 

fluorescence microscopy and (C) phase-contrast microscopy. 

The transfection of Jurkat cells with the mammalian vector pCMV6-AC-GFP (high 

copy number, codifying for GFP, 6.6 kb) via ITP and EP were compared in terms of 

transfection rate (percentage of cells that were transformed) and transfection efficiency 

(efficiency of DNA uptake i.e. transfected cells/µg DNA). The ITP transfection of 

Jurkat cells with the mammalian vector pCMV6-Entry (high copy number, not 

codifying for GFP, 4.9 kb) was used as negative control. 
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A suspension of about 9-10 x 106 cells/mL was initially prepared for EP, which was 

subsequentially diluted 600-fold for the EP of low cell number. For EP, a volume of 

0.4 mL cell suspension was placed in 0.4 cm-gap EP cuvettes. The ITP transfection 

was performed by placing the suspension of 9-10 x 106 cells/mL in the inlet vial of a 

Beckman Coulter P/ACE MDQ CE system. A hydrodynamic injection of 5 psi for 10 

seconds allowed injections of about 5 x 103 cells. The live/dead cells were quantified 

before EP transfection. For the ITP transfection, the initial live/dead cells were 

estimated based on the initial live/dead counts in the 9-10 x 106 cells/mL suspension. 

The results demonstrated that the transfection efficiency obtained by EP of 106 cells 

(9.18 x 106 cell/µg DNA) (Fig. 7.3A) was ca 400-fold higher than the transfection 

efficiency obtained using 103 cells via EP (2.18 x 104 cell/µg DNA) (Fig. 7.3B). The 

GFP positive cells obtained from ITP transfection are shown in figure Fig. 7.3C. The 

average transfection efficiency through ITP (2.42 x 104 cell/µg DNA) was slightly 

higher than the average transfection efficiency achieved via EP of 103 cells, but not 

significantly different (Fig. 7.3E). In contrast, the transfection rate was about 40% 

higher for ITP transfection compared to EP of 106 and 103 cells (Fig. 7.2D). These 

results significantly differed from EP of 106 cells but not from EP of 103 cells.  

An explanation for the higher number of GFP positive cells achieved by ITP may be 

related to lower cell death in presence of an electric field of 0.05 kV.cm-1 vs. 0.75 

kV.cm-1. However, it could not be proven because of the limited sensitivity of the 

hemocytometer. It can also result from a large excess of DNA molecules over the cells 

(5.22 x 106:1) at the ITP interface. The high standard deviations obtained throughout 

the transfection experiments is result of the low cell number in the counting field of 

the hemocytometer. This phenomemum was difficult to avoid due to the limited 
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number of cells injected into the capillary. The capillary dimensions selected resulted 

from a compromise between the duration of the transfection event (the extension of 

the capillary length drastically increased the migration time of Jurkat cells and DNA) 

and Joule heating (greater capillary radius compromised cell viability due to higher 

heat release). 

 

Fig. 7.3 GFP positive cells obtained via EP transfection of (A) 106 and (B) 103 cells; 

GFP positive cells obtained via ITP transfection of 103 cells (C). Transfection 

rates (D) achieved by EP (106 and 103 cells) and ITP (103 cells), and 

transfection efficiency (E) achieved by EP (106 and 103 cells) and ITP (103 

cells). Average and SD based on 4 replicates of EP high cell number (106 cells), 

4 replicates of EP low cell number (103 cells) and 4 replicates of ITP of 103 

cells. 

Overall, this study has proven that ITP transfection of Jurkat cells with pCMV6-AC-

GFP is an approach with comparable robustness to EP. ITP transfection is a versatile 

technique with demonstrated applicability to prokaryotic or eukaryotic cells, it is 

efficient, requires low amount of DNA and can operate in living organisms. 
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7.4 Conclusion 

The ITP transfection here described is simple and highly efficient. It only requires two 

electrolytes (sodium-phosphate and sodium-HEPES), application of constant voltage 

(3kV), 5 x 103 cells and 0.19 µg of plasmid DNA. Through this method, Jurkat cells 

were transfected at a rate of 88% with the vector pCMV6-AC-GFP, while EP of 106 

and 103 cells only achieved 54% and 51%, respectively. The fact that both procedures 

involve the physical interaction between an electric field and the cell membrane, make 

them less dependent on cell type than other methods. However, ITP transfection is 

suitable for handling large sample sets when organized in 96-well plates adapted to a 

multichannel capillary electrophoresis device, which increases automation and sample 

processing throughput. This method appears as a supplement to the existing arsenal of 

methods for obtaining cellular expression of sequence information present on 

molecules of exogenous DNA without requiring complicated cell purification 

procedures and with no issues related to biosafety and mutagenesis as viral vectors do. 

The transfection success of ITP transfection encourages the application of this method 

as a newly emerging attractive option for recombinant protein production. 
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Chapter 8. Conclusions and future work 

The improvement of the existing approaches of synthetizing uniform and more 

monodisperse M(N)Ps has been notorious in recent years. However, even the most 

efficient and highly optimized protocols yield samples relatively polydisperse. This is 

an obstacle to some emerging applications of M(N)Ps with some specific functions, 

particularly in biomedical areas as their properties are dependent. Analytical tools are 

fundamental to understand the behaviour of MNPs according to their size, shape and 

surface chemistry. This knowledge can give information on the monodispersity and 

purity of M(N)Ps for their ultimate practical use. A strategy for BSPMNPs separations 

has been reported based on CE using rationally formulated electrolyte compositions. 

For the first time, symmetrical and smooth peaks of BSPMNPs were observed in 

electropherograms free of spurious spikes otherwise typical of CE separations and 

characteristic of nanoparticle clusters. This was achieved through electrostatic 

stabilization of BSPMNPs using an electrolyte composed of Tris-citrate, sodium 

phosphate and the additive TMAOH. Although TMAOH has been used for more than 

two decades in the synthesis of well dispersed magnetite nanoparticle colloidal 

solutions, we have demonstrated its utility for effective CE separations of dispersed 

BSPMNPs and for better understanding of their surface chemistry. Using Tris-nitrate 

containing 20 mM of TMAOH as electrolyte, the separation of BSPMNPs and 

carboxylic acid functionalized iron oxide nanoparticles was also made possible. Our 

findings show that new formulations and designs of modified nanoparticles for 

numerous applications can be monitored and characterized based on simple and rapid 

CE experiments. After the successful separation of BSPMNPs, a magneto-CE system 

was developed and successfully demonstrated for magnetic trapping of BSPMNPs 
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using 10 mM sodium phosphate (pH 7.8) as electrolyte. The magnetic capture of 

BSPMNPs electrically driven at constant voltage of 15 kV and pressure driven at 40 

mbar in a fused silica capillary of 60 cm total length and 75 µm id has shown that when 

4 square NdFeB magnets are sequentially positioned within a capillary zone, and 

BSPMNPs flow by pressure, ca 68% of them are captured, corresponding to 20% 

higher capture than electrically driven BSPMNPs. A single layer magnetic coil (4 to 

43 cm) of copper wire winding around a fused silica capillary was made but proven to 

be ineffective for BSPMNPs capture. Therefore, in the future, it is expected to develop 

a magnetic coil with several loops of copper wire around a fused silica capillary and a 

core made of iron to concentrate and amplify the magnetic field. The results obtained 

for the magneto CE-system can be useful for further design of magnetic fields 

(permanent magnets or electromagnets) for more effective nanoparticle’s capture.  

Highly charged electrostatic interactions between nanoparticles and cells have been 

demonstrated to induce membrane adsorption and intracellular uptake. In this 

dissertation, interactions between MNP-COOH (ca. 10 nm) and E. coli TOP10 were 

induced by ITP and analysed as a labelling method. This labelling method has the 

advantages of being applied in a very simple way and is rapid and applicable for every 

kind of cell. The presence of colonies was indicative of MNP-COOH incorporation or 

attachment to the E. coli TOP10 cells surface during ITP focusing, however, the 

sensitivity obtained was behind expectations. To increase the sensitivity, this method 

was applied to QD-COOH (10 nm diameter). The cells were subsequently recovered 

and visualised by fluorescence microscopy. The use of QD-COOH could save over 16 

hours compared to the method for MNP-COOH by eliminating an overnight 

incubation step. Yet, no fluorescent cells were visualised, which can relate to their 



    

95 

 

small size and/or limited resolution of the fluorescence microscope used. To have a 

clear understanding of the capability and efficiency of ITP in cell uptake and 

interaction either with carboxylic acid functionalised MNPs and QDs more sensitive 

techniques for magnetic detection will be applied in further studies. For the analysis 

of MNP-COOH interaction and incorporation into E. coli a new detection setup will 

be used such as giant magnetoresistance (GMR), nuclear magnetic resonance (NMR) 

and superconducting quantum interference devices (SQUID), while for the analysis of 

carboxylic acid functionalised MNPs quantum dots, a more robust fluorescence 

microscope or flow cytometry will be used as an alternative. Given the issues 

associated to the sensitivity of E. coli TOP10 cells carrying MNPs and QDs after ITP, 

plasmid DNA molecules were then introduced into E. coli TOP10. A rapid ITP method 

for E. coli transformation that only required two electrolyte systems, application of 

constant voltage and low amounts of non-competent cells (105) and plasmid (0.1 µg) 

at room temperature was developed. This method provided high concentration of 

extracellular plasmid near the surface of each cell (ratio of 114,974:1 vs. 2:1 in CT and 

EP) improving the transformation rate up to 0.3% for pUC18 (about 1,000 higher than 

CT and EP) with survival rates greater than 60%. A range of plasmids up to 10 kb were 

successfully introduced into cells opening possibilities of using the developed method 

for the delivery of many other membrane impermeable solutes not only in bacteria but 

also in mammalian cells for screening of genes and drugs. 

Jurkat cells are an immortalised line of human T lymphocyte cells that transfect poorly 

under electroporation, offering frequencies which are sometimes insufficient for their 

practical applications. The feasibility of using ITP to introduce plasmid DNA into 

Jurkat cells was demonstrated by injecting sequentially 0.19 µg of plasmid DNA 
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(pCMV6-AC-GFP) and 5x103 Jurkat cells into a Rtx wax (fused silica) capillary with 

60 cm total length and 100 µm ID and focused into 19 nL by ITP induced by 

application of constant voltage (3 kV). The expression of GFP was an indicator of 

transfection efficiency using 0.16 M sodium-phosphate (pH 7.3) as LE and 0.16 M 

sodium-HEPES (pH 7.3) as TE. In such electrolytes, the viability of Jurkat cells was 

above 80% for more than 10 hours. Jurkat cells were transfected at a rate of 88% with 

the vector pCMV6-AC-GFP, while EP of 106 and 103 cells only achieved 54% and 

51%, respectively. The fact that both EP and ITP involves the physical interaction 

between an electric field and the cell membrane make them less dependent on cell type 

than other methods. However, ITP transfection is suitable for handling large sample 

sets when organized in 96-well plates adapted to a multichannel capillary 

electrophoresis device, which increases automation and sample processing throughput. 

This method appears as a supplement to the existing arsenal of methods for obtaining 

cellular expression of sequence information present on molecules of exogenous DNA 

without requiring complicated cell purification procedures and with no issues related 

to biosafety and mutagenesis as viral vectors do. The transfection success of ITP 

transfection encourages the application of this method as a newly emerging attractive 

option for recombinant protein production. The results obtained should encourage 

microbiologists and cell biologists to use CE to address questions related to their field.  

In the future, the developed ITP methods will be implemented for the internalisation 

of plasmid DNA, nanoparticles, and other membrane-impermeable molecules in a 

portable CE system or microfluidic chip affordable for biological therapeutics. This 

technology may have commercial interest for numerous applications in different areas 

where gene delivery techniques are crucial, namely for vaccine development and 
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cancer immunotherapy, and delivery of fluorescent probes for cellular imaging. The 

configuration of the developed ITP methods into portable and microfluidic platforms 

will significantly reduce costs when compared to conventional techniques or operating 

a CE instrument, while increasing simplicity of use. 




