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Abstract 

Currently, the standard method for bacterial enumeration is still the plate count method. The 

issues with this method includes it is time consuming, laborious and it is only able to detect 

culturable bacteria. While there have been alternative methods reported for bacteria 

detection, most of the alternative methods either suffer from poor sensitivity or selectivity.  

This thesis documents research on developing an alternative method for microbial detection 

using isotachophoresis (ITP) and to transfer this method to a 3D printed microchip with 

integrated electrodes for the possibility of fabrication of these integrated devices. 

 

In the first part, a counter-pressure was applied to extend the duration of the field amplified 

sample injection (FASI) in ITP to improve the detection of bacterial cells. By using a 

universal nucleic acid dye, the DNA and RNA in Escherichia coli (E. coli) was stained, and 

focused into the narrow ITP boundary. The use of the counter-pressure allows more cells to 

be injected and focused into the stationary ITP boundary. The counter-pressure was then 

removed to allow the ITP band to move past the detector. To obtain the optimum conditions, 

negatively charged encapsulated fluorescent beads with a diameter of 0.51 µm were used as 

a model. The injection voltages, applied counter-pressure and the injection time was 

optimised and then transferred to E. coli. Using – 12 kV with a 1.3 psi counter pressure for 4 

mins, followed by mobilisation and continued injection at – 6 kV, the limit of detection 

(LOD) was 78 cells/mL, resulting in an improvement of 4 when compared with FASI-ITP 

without counter-pressure. 

 

The second part of the thesis focussed on an ITP method for rapid hybridisation of the 16S 

rRNA inside the bacterial cells with a fluorescence in situ hybridisation (FISH) probe. This 

approach uses a two-stage separation within a single ITP analysis. With the introduction of 

spacer ions and sieving matrix, the in-line FISH between the probe and E. coli occurs within 

the first 10% of the total capillary length during ITP. When the ITP band reaches the sieving 
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matrix in second section of the capillary, the spacer ions overtake the stained E. coli forming 

two discrete ITP bands. The first ITP band is the free FISH probe focussed between the 

leader and spacer ions and the second ITP band is the stained E. coli focussed between the 

spacer ions and terminator ions. This method was then studied for selectivity with the use of 

PseaerA probe on Pseudomonas aeruginosa (P. aeruginosa) and E. coli cells. The analysis 

results successfully showed that the PseaerA probe does not bind with E. coli using the ITP 

method. The next part was to study the efficiency of the hybridisation using the ITP method 

and compared with the off-line FISH labelled cells. Fluorescent microscopy counting and 

ITP results showed that the in-line FISH ITP method stains 50% of the total cells injected 

with a 2 mins counter-pressure injection in comparison to the off-line FISH ITP method. 

When 6.0 x 104 cells were injected (3 times higher than the LOD reported by Lantz et al. in 

2008) for in-line FISH ITP, approximately 3.0 x 104 cells were stained. This result was 

confirmed by analysis of off-line staining of 3.0 x 104 cells/mL. 

 

The final body of the thesis is the transfer of the ITP method into microchip for portability. 

This chapter is divided into two sections. In the first section, a cross PDMS chip with 50 µm 

width and 42 µm depth was used for in-line ITP of intact bacterial cells. 7% PVP was 

selected as sieving matrix instead of 1.8% HEC due to the high viscosity of the polymer to 

be mechanically injected into the channel of the PDMS chip. With the optimisation of 

DMSO concentration to allow the probe to enter the cells for hybridisation during ITP in the 

PDMS chip, the total analysis time was reduced from 30 min (capillary) to 4 min (PDMS 

chip). Second part of this chapter was to study the use of a 3D printer to print a multimaterial 

chip with integrated electrodes for ITP of bacterial cells. A FDM printer (Felix 3.0 dual 

extruder head) was used to print a microfluidic chip using transparent acrylonitrile butadiene 

styrene (ABS) base material for the straight channel. The second extruder was used to 

deposit the conducting PLA electrodes embedded into the devices.  The electrical resistance 

of the 3D integrated electrodes was examined and compared with in-house Pt electrode using 

the same chip geometry. While joule heating was observed when 600 V was applied onto the 



 xv 

3D printed chip, the 3D printed chip were able to carry a stable current up to 380 µA that is 

suitable for ITP. An ITP band of E. coli stained off-line with SYTO 9 was observed in the 

3D printed chip. The rapid quantification of the device was examined and the detection 

limits of the cells using the PMT devices was 4.0 x 104 cell/mL which is higher than 

previously reported in capillaries most likely due to the LED fluorescence light used and the 

small sample volume used in the chip reservoir. While optimisation of the 3D printed chip is 

required, the 3D printer allows for the print of microchip with integrated electrodes using 

commercially available thermoplastic materials that can be used for mass productions of the 

chip when compared to PDMS chip. Moreover, the total time for printing a chip is 2 hours 

with the cost per chip is AUD $0.50. 
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2. Counter-pressure assisted ITP with 

electrokinetic injection under field 

amplified conditions for bacterial analysis 

Declarations: This chapter has been published in Analytical Bioanalytical Chemistry journal 

as described in the statement of Co-Authorships and lists of publications and 

presentation. The material in this chapter is replicated from the publication with 

only alteration in the format for the thesis. 

2.1 Abstract 

Counter-pressure was used to extend the duration of field-amplified sample injection in 

isotachophoresis (FASI-ITP) in order to improve the detection of bacterial cells. Using 0.51-

µm negatively charged encapsulated fluorescent beads as a model, the counter-pressure, 

injection and separation voltages, and times were optimised. Using 6 min, 1.3 psi counter-

pressure FASI-ITP injections at - 12 kV followed by mobilisation of the ITP band with 

continued injection at - 6 kV, the limit of detection (LOD) for Escherichia coli was 

improved to 78 cells/mL, a factor of 4 when compared with FASI-ITP without counter-

pressure. 

2.2 Introduction 

Outbreaks of pathogenic bacteria can be anything from inconvenient to fatal and are often 

costly to society. Therefore, rapid and specific detection of potentially hazardous 

microorganisms has become important in many sectors including (drinking) water [1], food 

[2], pharmaceutical industries [3], agriculture, aquaculture [4-6] and pathology [3]. The plate 

count assay uses either general or selective media and is still the most common and standard 

method for enumeration of bacterial cells because it is inexpensive and its sensitivity is as 

low as 1 colony forming unit (CFU) per mL [2]. Unfortunately, it requires a long assay time 
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(48 hr incubation) [7], specialised personnel [8] and is only able to detect viable and 

culturable bacteria [2]. Despite many alternative methods that can be used for bacterial 

detection, there is currently no method capable of replacing the plate count method in terms 

of its cost and sensitivity [2, 9].  

 Capillary electrophoresis (CE) gained significant interest as an alternative method 

for separation and analysis of microorganisms in the late 90s [8, 10-12]. Hjerten was the first 

to report the electromigration of viruses through a capillary when an electric field was 

applied for virus purification and used the same set-up for Lactobacillus casei [13]. Ebersole 

and McCormick were the first to demonstrate the separation of bacteria using capillary zone 

electrophoresis (CZE) [14]. Although the separation of bacteria has attracted considerable 

interest, Petr et al. stated that the sensitivity of CE is a major limitation [11] because the 

required sensitivity is as low as 1000 CFU/100 mL [15] for irrigation water and 1 CFU/ 100 

mL drinking water [16]. To place this into context, assuming that a single cell is detected 

from a typical hydrodynamic injection of 10 nL, this gives a detection limit of 100 000 

cells/mL, and it is the small volume that is injected that is the main problem.  

To increase the volume injected into the capillary, Lantz et al. used a blocking plug 

to focus all of the injected cells into a narrow zone thus allowing eight times more sample to 

be injected [8]. They showed the detection of a single cell in 158 nL giving a limit of 

detection (LOD) of 6329 cells/mL [8]. Petr et al. used a large i.d. capillary (100, 250 and 320 

µm) with large volume sample stacking (LVSS) to increase the injection volume and 120- 

fold enhancement was obtained using 320 µm i.d. capillary [17]. However, the major 

limitation of a hydrodynamic injection (HDI) is that the volume injected can never be greater 

than the total capillary volume [12]. 

Electrokinetic injection (EKI) can be used to overcome the limitation of HDI 

because the analytes are injected through the combination of their electrophoretic mobility 

and the electroosmotic flow (EOF) [18]. Using methods such as field amplified sample 

injection (FASI), 1000 to 100 000–fold enhancements have been obtained alone or in 
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combination with transient isotachophoresis (tITP) [19-21]. Oukacine et al. reported the use 

of ITP in combination with HDI and EKI for quantitation of bacteria [7]. They were able to 

focus and mobilise the bacteria into a relatively sharp peak with a 500-fold enhancement 

giving a LOD of 20 000 cells/mL [7, 10].  Previously, we used ITP under FASI conditions to 

concentrate Escherichia coli (E. coli) after staining with SYTO 9 and obtained a LOD of 135 

cells/mL [12]. While more sensitive than the other CE methods, it is still limited by the small 

100 µL volume of sample from which the cells are injected.  

To address these issues, a counter-pressure could be used to allow longer injections and a 

greater number of cells to be injected from the sample vial. ITP with a counter-pressure was 

reported by Reinhoud et al. in 1993 [22] as a way to increase the volume injected without 

compromising the capillary length available for separation. Whilst the authors demonstrated 

the counter-pressure method for the analysis of anions and cations [22, 23] the 

hydrodynamic injection continued to limit the volume of sample injected. Feng et al. used 

pressure-assisted electrokinetic injection (PAEKI) with CZE/MS for analysis of DNA 

nucleotides [24]. The nucleotides were electrokinetically injected and a pressure was used to 

counter the EOF migrating towards the inlet, thus allowing more analytes to be injected and 

focused in the capillary before separation. An enhancement of 5000-fold was achieved 

compared to normal CZE/MS. Dawod et al. reported the use of counter-pressure during 

electrokinetic supercharging (EKS) for on-line preconcentration of seven non steroidal anti-

inflammatory drugs in water samples and managed to obtained a 11 800-fold enhancement 

factor giving the LODs of 10.7 – 47.0 ng/L [25].  Breadmore used the EOF to balance the 

velocity of an ITP boundary and reported a LOD 10 000 times lower than a hydrodynamic 

injection [26] later extended to a low conductivity sample using a suitable terminating 

electrolyte to give a 100 000-fold reduction [20] and then high conductivity sample 

containing a suitable leader [27]. 

In this study, we performed ITP under FASI conditions with a counter-pressure to 

counter the movement of the ITP boundary and allow more cells to be electrokinetically 

injected from the sample into the capillary. After a set time, the pressure was removed 
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allowing the ITP band to pass through a fluorescence detector for quantitation. The method 

was optimised using fluorescent beads and transferred to bacterial cells, with sensitivity 

improved by a factor of 4 when compared to our previously published ITP method [12]. The 

counter-pressure approach here gave a LOD of 78 cells/mL, the lowest concentration LOD 

for bacterial cells analysis reported by any electrophoretic method. 
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2.2 Materials and Methods 

2.2.1 Chemicals 

Tris(hydroxymethyl)aminomethane) (Tris), ≥ 99.95%, polyvinylpyrrolidone (PVP) (Mw 

1300 kDA), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 99.5%, 1 M Tris 

HCl (pH 8.0) were purchased from Sigma Aldrich (St. Louis, USA). Fluorescent carboxyl-

functionalised microspheres (mean diameter: 0.51 µm) with internal fluorophore (excitation 

480 nm, emission 520 nm) were purchased from Bangs Laboratories Inc. (Indiapolis, USA). 

Luria Bertani media (LB, 1 L LB – 10 g tryptone, 5 g yeast extract, 10 g NaCl) and LB agar 

plates were prepared in house. 

Tryptone, yeast extract and Phosphate Buffered Saline (PBS) were purchased from Oxoid 

(Hampshire, England). Sodium chloride was purchased from Univar (Sevenhill, Australia). 

Agar was purchased from Gelita (Beaudesert, Australia). SYTO 9  was purchased from 

Invitrogen (Mulgrave, Australia). 

2.2.2 Electrolytes 

For all ITP experiments, the leading (LE) electrolyte was 50 mM Tris HCl (pH 8.0) with 0.5 

% w/v of PVP and the terminating (TE) electrolyte was 0.5 – 5 mM Tris HEPES (pH 7.8) 

with a 1:1 ratio. Both LE and TE solutions were prepared in 18 MΩ Milli-Q water 

(Millipore, Bedford, MA, USA). The pipettes used were sprayed with Rnase to remove 

contaminations. Pipette tips used were purchased from Molecular Bioproduct with aerosol 

resistant tips where the tips are pre-sterilised before packaging. The microtubes and 

electrolyte solutions used were autoclaved prior using. For plating, aseptic technique was 

used.  

 2.2.3 Fluorescent beads, bacteria growth and sample preparation 

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

as a model analyte as their size is similar to that of E. coli [12, 15]. A 100x diluted beads 

stock solution was prepared with 10 µL of the supplied fluorescent beads stock added to 990 
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µL of 5 mM Tris HEPES. All solutions were wrapped with aluminium foil and kept in the 

fridge at 4 ° C until required. 

 

The model strain E. coli TOP10 (Invitrogen, Mulgrave, Australia) was cultured in solid LB 

media at 37°C and, when necessary, in liquid LB broth at 37°C with shaking. For ITP 

experiments, an E. coli colony was inoculated into sterile LB broth and incubated overnight. 

To harvest the cells, 10 mL of the overnight cell culture was transferred to a sterile 15 mL 

centrifuge tube and spun at 3600 rpm at 5 min at room temperature (model: Universal 16 A, 

Hettich, Zentrifugen, Tuttlingen, Germany). The supernatant was carefully discarded and 

cell pellet was resuspended in sterile PBS. This suspension was stored at 4 °C until required 

and remained viable for up to one week. Cell number of E. coli in colony forming unit 

(CFU) (CFU unit approximately to cells), was determined by the plate count method on LB 

agar 

2.2.4 Sample preparation 

Fluorescent beads: The fluorescent beads stock at 100x dilution was further diluted down to 

20 000x dilution in 5 mM TE and the final volume of each dilution was 2000 µL. The beads 

number of a 20 000x dilution was determined to be 6.575 x 106 particles/mL using a Petroff-

Hauser Chamber according to manufacturer’s manual instructions..  

Bacterial cells: 100 µL of E. coli in PBS was centrifuged at 3600 rpm for 5 min at room 

temperature (Model: Eppendorf 5424, Hamburg, Germany). The supernatant was discarded, 

cell pellet was resuspended in 100 µL of 5 mM TE and mixed by gentle vortex for 20 s. This 

washing step was repeated once. Serial dilutions were performed on this cell suspension 

using 5 mM TE with a final volume of each dilution of 1000 µL.  

Cells were stained by adding 100 µL E. coli cells in TE to 850 µL sterile TE in a sterile 

microtube, then 50 µL of 20 µM SYTO 9 was added to give a final concentration of 1 µM 

SYTO 9. 
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The microtubes were wrapped with aluminium foil and allowed to incubate at room 

temperature for at least 30 min prior to analysis. 100 µL SYTO 9 stained E. coli cell sample 

was vortexed before aliquot into a sterile PCR vial used for each analysis and was replaced 

after each injection. 

2.2.5 CE Instrumentation 

ITP studies were performed using a Beckman Coulter P/ACE MPQ Capillary 

Electrophoresis System equipped with 488-nm Argon laser module. Experiments were 

conducted at 25°C using an unmodified fused silica capillary of 50 µm i.d. (Polymicro 

Technologies, AZ, USA) with a total length of 40 cm (effective length to detector, 30 cm). A 

different sample vial and cap with spring that holds the PCR vials was used for sample 

injection allowing the capillary and electrodes to reach the end of the tube with equal 

distribution of cells to be injected into the capillary Data was collected and analysed using 

the 32 Karat software version 8. 

2.2.6 Capillary conditioning and isotachophoresis 

Prior to analysis, a new capillary was preconditioned at 275,790 Pa (40 psi) in the following 

procedure: 1M NaOH (15 min) , Milli-Q water (4 min), 1M HCl (10 min), Milli-Q water 

(3min), 1% w/v of PVP in 50 mM Tris- HCl, pH 8.0 (20 min) and Milli-Q water (3min). 

Each analysis began by flushing with LE for 6 min prior to placing the vials with 

beads/stained cells suspended in TE at the inlet and applying the ITP voltage (-12kV, 

300V/cm with counter-pressure (psi), follow by separation at 6kV, 150V/cm).  
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2.3 Results and Discussions 

2.3.1 Isotachophoresis (ITP) system 

The capillary length is one of the HDI limitations that restrict the volume of sample that can 

be injected into the capillary. While this can be overcome by EKI, the movement of the ITP 

boundary through the capillary during injection limits the injection time, and/or the capillary 

length available for subsequent separation in transient systems [25]. A counter-pressure can 

be used to allow for longer EKI, and hence the injection of more sample, by holding the ITP 

band stationary leaving sufficient capillary length for separation [20]. Figure 2.1 shows the 

counter-pressure ITP system. At the start (figure 2.1 (i)), the capillary is filled with LE. The 

inlet sample vial contains the cells suspended in the TE. When the voltage is applied (ii), the 

TE ions and sample are electrokinetically injected into the capillary. The ITP system is 

created by the LE and TE ions, with the cells stacking at the boundary between LE and TE. 

As soon as the voltage is applied, a counter-pressure is also applied to hold the TE and the 

cell boundary at a fixed position within the capillary. Because cells have higher mobility 

than the TE, they are continuously injected and focussed at the cell band at the LE/TE 

interface. By holding the boundary stationary, more cells can be injected and focussed within 

the sample band as shown in the third image (figure 2.1 (iii)). After a sufficient period of 

time, the counter-pressure is removed to allow the ITP to move toward the outlet and the cell 

band to pass through the detector. In this work, the optimal voltages for EKI and 

mobilisation of ITP band toward the detector were first studied prior to optimising the 

counter-pressure. 
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Figure 2.1: Schematic of counter pressure (ITP). (i) Capillary is filled with leading 

electrolyte (LE) while sample is suspended in the terminator electrolyte (TE) in inlet 

sample vial. (ii) Voltage of (-12kV) applied together with a counter-pressure (1.3psi) 

allowing samples in TE to be electrokinetically injected into the capillary. (iii) The 

sample cells are separated from the TE forming a narrow sharp ITP band between the 

LE and TE interface at a fixed position due to the presence of counter-pressure. (iv) 

Counter-pressure was removed, and the voltage was reduced to -6kV to allow the ITP 

band to move along the capillary to the detector. 
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2.3.2 Voltages for injection and mobilisation of the ITP band 

With the fluorescent particles suspended in TE, varying the injection voltage will influence 

the electric field distribution over the sample as well as the velocity of the ITP boundary. As 

the injection is performed under field amplified conditions, this movement will reduce the 

electric field strength over the sample. Using a single point detector, it is not possible to 

correlate any change in peak height/area to either of these variables. Feng et al. reported the 

use of various voltages from -8 to -13 kV under a fixed external pressure of 50 mbar with 

PAEKI [24] with -13kV being the optimum. Dawod et al. studied -10 to -20 kV with 50 

mbar counter-pressure and found that -16 kV the optimum [25]. In our previous study, we 

reported the use of -16kV to continuously inject the sample into the capillary but noticed that 

at this high a voltage the PVP coating was unstable [12]. Thus, -12 kV was selected as the 

injection voltage to inject the sample into the capillary. To optimise the ITP separation 

voltage, a fixed (not optimised) hydrodynamic counter-pressure of 8274 Pa (1.2 psi) was 

applied with a -12 kV injection voltage for 4 min. After the injection, the counter-pressure 

was removed, the capillary inlet placed in TE and the separation voltage varied. Figure 2.2 

shows the average peak area of three replicates with different voltages used. From the figure 

2.2, as the voltage is lowered, the peak area increases due to the band spending a longer time 

in the laser, with the peak area reaching a maximum at -6 kV. At -4 kV, the peak area 

decreased most likely due to photobleaching. Therefore, we conclude that -6 kV is the 

optimal voltage for the ITP band to pass through the detector with maximum peak area. 
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Figure 2.2: The effect of varying post-injection voltage on the detector response of 

fluorescent beads. Sample consisting of 6.58 x 106 particles/mL. Experimental 

conditions: 40 cm x 50 µm i.d. bare fused silica capillary (detection window at 30 

cm). At each analysis, the capillary was filled with LE: 50 mM Tris HCl + 0.5% w/v 

PVP (pH 8.0), for 5 min followed by injections of beads in 100 µL, TE: 5 mM Tris 

HEPES (pH 7.8) at field strength of 300V/ cm (-12 kV) with 1.2 psi counter-pressure 

for 4 min, followed by 100 - 500 V/cm (- 4- 20 kV) at reversed polarity. 

2.3.3 Effect of counter-pressure and time injection study 

Using an injection voltage of -12 kV for the reasons described above, we studied the effect 

of different counter-pressures applied within 4 min of injection. Figure 2.3A shows the 

average peak area of three replicates when different counter-pressures were applied. The 

result shows that peak area correlates with increasing counter-pressure and reached a plateau 

after 8963 Pa (1.3 psi) and with no significant difference between 8963 – 11721 Pa (1.3 to 

1.7 psi). However the peak area decreased at 14479 Pa (2.1 psi) because the counter-pressure 

resulted in a hydrodynamic flow greater than the electrophoretic velocity of the beads, 
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preventing the beads from being injected into the capillary. As such, a counter-pressure of 

8963 Pa (1.3 psi) was selected as an optimum pressure for the remainder of this work. 

Using this optimised pressure-voltage combination, it is possible to stop the movement of the 

ITP boundary. This can be seen from the current traces shown in Figure 2.3B where a 

current of -10.0 µA is reached after about 5 min after which the current does not change 

significantly indicating that the composition of the capillary is no longer changing and the 

ITP boundary has become stationary. Figure 2.3C shows the observed peak area of the 

particles for the same injection times where it can be seen that the peak area increased 

linearly as the injection time increased up to 20 min and did not plateau. Injection times 

longer than this were not examined to keep total analysis times less than 30 min. 



Chapter 2 
 

 84 

 

 

 

Figure 2.3: (A) Effect of varying counter-pressure with a fixed injection voltage of -

12 kV. Sample consisting of 6.58 x 106 particles/mL (B) Current profiles of different 

injection times with fixed counter-pressure (8963 Pa) and injection voltage (-12 kV). 

Sample consisted of 6.58 x 106 particles/mL. 
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Figure 2.3: (C) Effect of different injection times under constant injection voltage (-

12 kV) with fixed counter- pressure (1.3 psi). Experimental conditions: Experimental 

conditions: 40 cm x 50 µm i.d. bare fused silica capillary (detection window at 30 

cm). At each analysis, the capillary was filled with LE : 50 mM Tris HCl + 0.5% w/v 

PVP (pH 8.0), for 5 min followed by injections of beads in 100 uL, TE: 5 mM Tris 

HEPES (pH 7.8) at field strength of 300V/ cm (-12 kV) with counter-pressure (6895-

14479 Pa) for varying time (1-18 mins), followed by 150V/cm (-6 kV)  at reversed 

polarity. 
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2.3.4 Continuous injection 

The Santiago's group has demonstrated that a sample can be continuously injected from the 

TE, rather than changing to a separate TE vial [28-32]. When compared to a discrete fixed-

time injection of the sample, this should help to provide lower detection limits. To determine 

whether this was the case, the peak areas for discrete and continuous injection of the 

fluorescent beads was determined. Discrete injections were conducted at -12 kV (8963 Pa 

counter-pressure), followed by replacement of the sample vial with a TE vial together, and a 

voltage of -6 kV applied. For continuous injection, a voltage of -12 kV was applied together 

with 8963 Pa counter-pressure on the sample vial for the injection time, After injection, the 

sample vial was not replaced and the voltage was reduced to -6 kV to allow the ITP band to 

move toward detector. In both discrete and continuous injection mode the injection times 

studied were 0, 1, 3, 7, 10 and 16 min with the results shown in figure 2.4. From the figure, 

there is a significant difference at low injection times, and logically it took about a 3 min 

discrete injection at -12 kV to reach the same detector response as the continuous injection at 

-6 kV (the peak takes approximately 6 min to reach the detector). Interestingly, there is a 

higher peak area response with the discrete injection at 10 and 16 min than with a continuous 

injection. This is counter intuitive and currently we do not have any explanation for this 

phenomenon, but believe it may be attributed to either settling of the particles over injection 

time or may be related to a loss of the field amplified region over the sample with the 

continuous approach.  
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Figure 2.4: Study of continuous and non - continuous injection using optimised 

conditions. Sample consisting of 6.58 x 106 particles/mL. Experimental conditions: 

Experimental conditions: 40 cm x 50 µm i.d. bare fused silica capillary (detection 

window at 30 cm). At each analysis, the capillary was filled with LE : 50 mM Tris 

HCl + 0.5% w/v PVP (pH 8.0) for 5 min followed by injections of beads in 100 uL, 

TE: 5 mM Tris HEPES (pH 7.8) at field strength of 300V/ cm (-12 kV) with 1.3 psi 

counter-pressure for 6 min, followed by 150V/cm (-6 kV)  at reversed polarity. 
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2.3.5 Counter-pressure ITP on E. coli 

The optimised injection conditions - continuous injection using FASI-ITP at -12 kV with 

8963 Pa (counter-pressure) for 7 min followed by the use of -6 kV – were applied on E. coli 

suspended in TE (5 mM Tris HEPES). However, the injection time was adjusted to 6 min as 

we discovered when using injections longer than 7 min, bubbles formed within sample vial 

that affected the repeatability. This was not observed using the beads.  

Figure 2.5A shows two linear calibration data for varying E. coli concentrations ranging 

from 380 – 38 000 cells/mL stained with SYTO 9 for the counter-pressure ITP compared to 

the ITP approach we previously published [12]. The LOD calculated for ITP was 322 

cells/mL, which is 2.3 times higher than our previous report. This discrepancy with previous 

work is due to a different CE-LIF instrument being used for this study [12]. Nevertheless, 

the LOD calculated for counter-pressure ITP mode was found to be 78 cells/mL, an 

improvement factor of 4. We believe the blank peak is a result of fluorescein contamination, 

which was used to calibrate the instrument, despite washing the electrodes and cleaning the 

instrument thoroughly. To account for this contamination, a blank peak was conducted prior 

to each analysis, and the average peak heights/areas were used. To verify that the LOD can 

be distinguished from blank, we prepared a cell suspension of 100 cells/mL (close to the 

calculated LOD) stained with 1 µM SYTO 9. Figure 2.5B shows the overlayed 

isotachopherograms of both blank and 100 cells/mL. The peak area and peak height of the 

blank and cells can be distinguished as the average peak area of the blank was 29960 ± 3505 

(n=3) while for 100 cells/mL it was 41330 ± 3473 (n=3). Surprisingly, we did not observe a 

step response in detection signal when dealing with this low number of cells. The %RSD for 

100 cells was calculated to be 7.3% while the %RSD for the blank was 8.8% (n=5). We 

speculate that this could be because we are detecting cells by staining the nucleic acids 

inside the cells (DNA+RNA) with the total nucleic acid content of the call varying slightly 

depending on the growth state of the cells. This introduces some variability and inaccuracy 

in the quantitation of low cell numbers, however at acceptable levels. 
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The sample volume used in the experiments above was only 100 µL, which at a cell 

concentration of 100 cells/mL means that we are detecting 10 cells or less. To determine the 

number of cells being injected into the capillary at these lower cell concentrations, cells were 

serially diluted to 60 cells/mL in 2 mL of 5 mM Tris HEPES without SYTO 9. Six 100 µL 

replicate suspensions were plated onto LB agar, labelled and incubated at 37 °C overnight. 

An additional six replicates were injected into the CE with the aforementioned optimised 

conditions. The solution remaining in the sample vial was transferred onto LB agar and 

incubated overnight at 37 °C. From the plate count results, at least 50% of the cells were 

injected and focussed in the ITP band, meaning that at the LOD, we were detecting 

approximately 5 of the cells. In addition from the plate count results, there was no influence 

of non-specific adsorption of bacterial cells onto the surface of the PCR tube/capillary as the 

cells were fully transferred onto the agar plate for counting. Further improvements in the 

efficiency of cell injection to more effectively inject all of the cells from a specified volume 

will see the detection limits lowered further. 
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Figure 2.5: (A) Calibration lines of normal ITP vs optimised counter-pressure ITP of 

E. coli  cells at concentrations of 380 - 38,000 cells/mL.  
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Figure 2.5: (B) Isotachopherogram of blank and 100 cells/mL. Experimental 

conditions: 40 cm x 50 µm i.d. bare fused silica capillary (detection window at 30 

cm). At each analysis, the capillary is filled with LE: 50 mM Tris HCl + 0.5% w/v 

PVP (pH 8.0), for 5 min followed by injections of E. coli  in 100 uL, TE: 5 mM Tris 

HEPES (pH 7.8) at field strength of 300 V/ cm (12 kV) with 1.3 psi counter-pressure 

for 6 min, followed by 150 V/cm (6 kV)  at reversed polarity. Normal ITP mode: 

experimental conditions the same as describe by [12].  
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2.4 Concluding remarks 

The application of capillary electrophoresis for rapid detection of cells is limited by a lack of 

ability to detect a few cells in a large volume. Here, the sensitivity was enhanced by the use 

of counter-pressure to immobilise the ITP zone during injection to allow longer injections 

and more efficient introduction of the cells into the capillary. The detection limits were 4 

times lower when compared to an identical approach without the counter-pressure, with a 

detection limit of 78 cells/mL.  Using a sample volume of 100 µL, we estimated that 

approximately 5 cells were injected and detected in the capillary. The analysis time per 

sample has increased from 5 min to 17 min, but new approaches for sample introduction may 

alleviate this issue.  
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3. Isotachophoretic fluorescence in situ 

hybridisation of intact bacterial cells 

Declarations: This chapter has been submitted as a research article to Analytical Chemistry 

journal. All effort was made to maintain the original features of this article except minor 

changes such as the layout, numbering and  font size were carried in order to maintain a 

consistent formatting style of this thesis. Additional information that was not included for the 

research article has been include in this chapter.  

3.1 Abstract 

A counter-pressure assisted capillary isotachophoresis method in combiation with sieving 

matrix and ionic spacer was used to perform in-line fluorescence in situ hybridisation (FISH) 

of bacterial cells. A highly concentrated sieving matrix was introduced at one end of the 

capillary and the bacterial cells was suspended in the spacer electrolyte for injection. Using a 

2 min injection time with 18 psi counter-pressure, 50% of the injected cells that was in the 

capillary was hybridised with the fluorescently labelled oligonucleotide and the excess 

unhybridised probe was separated from the hybridised probe in a two stage analysis using 

single ITP method. The total analysis time reduced to 30 min (9 min run time). This method 

can also be used for specific detection of bacterial cells in a mixture suspension. The LOD of 

the in-line hybridisation cells shown to be similar to the existing reported FISH-CE method. 

3.2 Introduction 

Rapid and robust alternative methods for enumeration of pathogenic microorganisms have 

evolved significantly over the last decade. These include the use of immunological and 

molecular techniques as an alternative to the classical standard reference method – the plate 

count method [1]. This method is used for the detection of bacteria by regulatory agencies 

and all new methods have to be validated against this [1-4]. Plate count is a low cost method 
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and provides exquisite sensitivity, being able to quantify 4 colony forming unit per mL 

(CFU/mL) and 1 CFU/25 g of solid material [1,2]. However, it is time consuming with 24-48 

hr of incubation time, the process is laborious, requires significant volumes of broth or agar 

and it is difficult to automate [1, 5]. Alternate methods, such as immunological techniques, 

lack the sensitivity at low cell concentrations and enrichment is required prior to analysis [1, 

6]. Polymerase chain reaction (PCR) can theoretically detect a single bacteria in the sample, 

but inhibitors may be present in the sample matrix and poor purity of the target nucleic acids 

may cause false negatives [1, 6, 7]. Despite this issue, nucleic acid-based methods have 

allowed detection of cells based on the DNA/RNA sequences without enrichment. 

 Fluorescence in situ hybridisation (FISH) is a molecular technique that is widely 

used for microbial identification, quantification and, in combination with other techniques, 

for characterisation of phylogenetically defined microbial populations. Delong et al. reported 

this method for phylogenietic identification of single microbial cells [8]. Subsequently, in 

1990, Amann et al. used the method in combination with flow cytometry to analyse a mixed 

microbial population [9]. The advantages of FISH include the ability to visualise whole cells 

while accurately identifying them by targeting the high abundance ribosomal RNA (rRNA) 

within the bacterial cells [1, 2, 8-10]. Consequently, in contrast to plate count methods, 

which rely on bacterial growth, this method detects both non-viable and non-culturable 

(VBNC) pathogens [2], with a reported detection limit of 102 cells/mL for drinking water [4, 

11, 12]. However, as discussed by Rohde, a detection limit between 103-104 cells/mL is more 

routinely obtained because at least one cell is required per field of view to provide 

unambiguous results accounting for different losses during sample preparation or statistical 

variations [2]. The target rRNA used in FISH method are usually either the 16S rRNA of the 

small ribosomal subunit or 23S rRNA of the large ribosomal subunit [10], allowing FISH to 

be a promising tool for the replacement of the classical enumeration of bacterial cells. 

Although FISH is rapid in comparison to standard plate count method, the FISH 

protocol before quantification – fixing and staining – takes about two hours. Rapid 

hybridisation of nucleic acids in free solution was reported by the Santiago's group using 
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isotachophoresis (ITP) with a sequence specific hybridisation probe, reporting a 960-fold 

and 14 000-fold increase in the rate of hybridisation [13]. ITP enables concentrating both of 

the target and probe nucleic acids in a very small volume at the ITP interface. Their initial 

work using a molecular beacon [13, 14], which increases fluorescence upon hybridisation, 

was followed by demonstrating hybridisation using a permanent fluorophore [15]. In this 

later work, a sieving matrix and spacer ion were used to separate the unhybridised excess 

probe from the hybridised nucleotide after the initial ITP acceleration phase [15]. 

This chapter examines the ITP accelerated hybridisation approach for FISH staining 

of intact bacteria. Counter-pressure assisted ITP method is used for hybridisation, followed 

by the separation of the unhybridised probe from the hybridised cells-probe complexes using 

a sieving matrix and appropriate spacer ions after an initial ITP acceleration phase. Using 

this new approach, we demonstrated an in-line FISH staining efficiency of 50%, within 30 

min, compared to the off-line staining approach, which required 2.5 hr. Moreover, the in-line 

FISH staining protocol is suitable for automation, further increasing its potential to be 

employed as a routine analysis of cells enumeration.  
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3.3 Methods and Materials 

3.3.1 Chemicals 

Tris(hydroxymethyl)aminomethane) (Tris), ≥ 99.95%, hydroxyl ethyl cellulose (HEC) (Mw 

250 000), polypyrolidine (PVP), (Mw 1300 kDA), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) 99.5%, 2-(N-Morpholino)ethanesulfonic acid 

hydrate, magnesium chloride anhydrous (MgCl2), 4-Morpholineethanesulfonic acid (MES) 

≥99.5%, dimethyl sulfoxide  anhydrous (DMSO) ≥ 99.9%, 1 M Tris HCl (pH 8.0), Coumarin 

344  were purchased from Sigma Aldrich (St. Louis, USA). Luria Bertani media (LB, 1 L 

LB – 10 g tryptone, 5 g yeast extract, 10 g NaCl) , LB agar plates were prepared in house. 

Tryptone, yeast extract and Phosphate Buffered Saline (PBS) were purchased from Oxoid 

(Hampshire, England). Sodium chloride was purchased from Univar (Sevenhill, Australia). 

Agar was purchased from Gelita (Beaudesert, Australia).  

3.3.2 Electrolytes 

For all ITP experiments, the leading electrolyte (LE) used was 50 mM Tris HCl (pH8.0) with 

0.05% HEC w/v, 5 mM MgCl2 and 0.1% v/v DMSO. The terminating electrolyte (TE) was 

50 mM Tris HEPES (pH 8.0) with 0.1% v/v DMSO. The spacer electrolyte (SE) used was 50 

mM MES adjusted with Tris to pH7.8 with 0.1%v/v DMSO. All solutions were prepared 

using 18 MΩ Milli-Q water (Millipore, Bedford, MA, USA). The pipettes used were sprayed 

with Rnase to remove contaminations. Pipette tips used were purchased from Molecular 

Bioproduct with aerosol resistant tips where the tips are pre-sterilised before packaging. The 

microtubes and electrolyte solutions used were autoclaved prior using. For plating, aseptic 

technique was used.  

3.3.3 Bacteria growth 

The model bacteria, Escherichia coli (E. coli) strain TOP10 was obtained from Invitrogen 

(Mulgrave, Australia) and Pseudomonas aeruginosa (P. aeruginosa) strain was obtained in 

house from the microbiology culture collection (School of Land and Food, University of 
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Tasmania) were used as model studies. The bacterial cells were grown in solid LB media at 

37°C and, when necessary, in liquid LB broth at 37°C with shaking. To obtain E. coli and P. 

aeruginosa cells for ITP experiments, a colony from a stock on each of the E. coli and P. 

aeruginosa respectively culture were inoculated in LB broth and incubated overnight at 37 

°C with shaking. To harvest the cells, 10 mL of the overnight cell culture was transferred to 

a sterile 15 mL centrifuge tube and centrifuged at for 5 min at 3600 rpm at room temperature 

(model: Universal 16 A, Hettich, Zentrifugen, Tuttlingen, Germany). The supernatant was 

carefully discarded and cell pellet was resuspended in sterile PBS. This suspension was 

stored at 4°C until required and remained viable for up to one week. Cell number of E. coli 

and P. aeruginosa colony forming units (CFU equivalent to cells), was determined by plate 

count enumeration method. 

3.3.4  Sample preparations 

Neutral dye: 2.6 µM of coumarin 334 is suspended into LE solution and 2.6 µM of 

Enterobacteriaceae probe was suspended into SE solution.  

Bacterial cells: 100-500 µL of bacterial cells from the PBS stock was centrifuged for 5 min 

at 3600 rpm at room temperature (Model: Eppendorf 5424, Hamburg, Germany), the 

supernatant was discarded and 100 µL of 50 mM SE was added and mixed by gentle vortex 

for 20 s. This washing step was repeated once. Final volume for analysis of the cells was 500 

µL in SE solution with 0.1% v/v DMSO.  

3.3.5 DNA probes and hybridisation 

Two DNA probes targeting the 16S rRNA of bacterial cells were used which are 

Enterobacteriaceae specific: 5’ TGC TCT CGC GAG GTC GCT TCT CTT 3’ [16] and 

Psuedomonas aeruginosa (P. aeruginosa) (PseaerA) sequence probe: 5’ GGT AAC CGT 

CCC CCT TGC 3’ [17]. The 3’ end of the Enterobacteriaceae probe was labelled with 6 – 

carboxyfluorescien (FAM) and the 3’ end of PseaerA probe was labelled with Cyanine dye 

(Cy5). All probes were custom synthesised with HPLC-purification by Intergrated DNA 

Technology (Coralville, IA) After receipt, the probes were resuspended in Nuclease Free 
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water at final concentration of 100 µM and stored at – 80 °C. A secondary stock was 

prepared from the main stock and suspended in the LE solution at final concentration of 26 

µM. 

For analysis: secondary stock was diluted with the LE solutions with final concentration of 

the probe to be 2.6 µM. 

3.3.6 Capillary Electrophoresis 

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

Electrophoresis System equipped with 488-nm laser module. An external bench top fiber 

coupled laser with 635 nm wavelength (Thorlabs, New Jerseys, USA) was connected to the 

second laser port on Beckman Coulter. Experiments were conducted using a bare fused silica 

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

(effective length to detector, 30cm). The capillary was maintained at a constant 25°C. Data 

was collected and analysed using the 32 Karat software version 8. 

3.3.7 Capillary Conditioning and isotachophoresis 

A new capillary was pre-conditioned at 20 psi in the following order: 1M NaOH (30 mins), 

milli-Q water (20 mins), 1M 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 50 mM Tris HCl 

(pH8.0) + 5 mM MgCl2 + 0.05% w/v HEC  at – 16 kV for 10 min. 

Each analysis began by flushing with 1.8% w/v HEC for 8 min at 75 psi, 2.6µM probe in LE 

solution for 9 min at 10 psi, EKI injection of sample in SE solution at -16 kV (400 V/cm) 

with counter pressure of 18 psi for 2 min, followed by EKI injection of TE solution at – 

16kV, (400 V/cm). 
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3.4 Results and Discussions 

3.4.1 Schematic of coumarin 334 study of sieving matrix using leader and 

spacer electrolyte to determine the ITP boundary  

Previously, we have demonstrated the ability to quantitate cells down to 135 cells/mL 

(without counter-pressure) [18] and 78 cells/mL (with counter-pressure) [chapter 2] [19] 

using a generic intercalation dye (SYTO 9) and ITP. A major limitation of this approach is 

the lack of specificity as all cells are stained and quantified. Specificity can be introduced 

through the use of sequence-specific hybridisation probes, as demonstrated initially by 

Armstrong et al. [20] although at the expense of sensitivity, with a detection limit of 1.9 x 

104 cells/mL. The Santiago's group have recently shown in-capillary/chip hybridisation using 

ITP [14, 21-24], with 103 – 104 improvements in hybridisation kinetics. The premise of this 

work is to evaluate ITP for the rapid specific staining of intact cells. Specifically it is to (i) 

focus both bacterial cells and FISH probe in a single ITP boundary for rapid hybridisation 

and (ii) to separate the unhybridised FISH probe from the stained cells into two distinct ITP 

peaks for quantitation of the cells peak. This requires the establishment of two ITP 

boundaries created by using the leading ion, terminating ion and an ITP spacer. Separation of 

the bacterial cells from the unhybridised probe was achieved based on size using a sieving 

matrix. A sieving matrix of 1.8% HEC was selected, and based on this the leader (chloride), 

terminator (HEPES) and spacer (MES) selected. This was done on the basis that the bacterial 

cells and unhybridised probe had a mobility greater than the spacer and less than the leader 

when there was no sieving matrix present to allow rapid hybridisation, and when entering the 

sieving matrix region, the bacteria had a mobility lower than the spacer and higher than the 

terminator and the unhybridised probe was higher than the spacer and lower than the leader.  

In order to provide sufficient time to concentrate the cells and probe in the first ITP 

boundary prior to reaching the sieving matrix, a counter-pressure [19] was used to counter 

the movement of the ITP boundary. The minimum target was to ensure that at least 10 % of 
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the total capillary length was without the sieving matrix providing sufficient time and space 

for the hybridisation to occur. Experiments were conducted using the neutral fluorescent dye 

coumarin 334 to mark the non-sieving matrix zone and the position of the hybridisation 

probe monitored to optimised the counter-pressure assisted ITP method.  

This section and discussion of figure 3.1A-D are not included in the publication. 

Figure 3.1A shows the schematic of the injection of the sieving matrix and coumarin 334 in 

LE solution, to estimate the total length of the probe in the capillary. Initially, the capillary is 

filled with 1.8% HEC (figure 3.1A (i)). Using 12 psi pressure, the coumarin 334 in LE 

solution was injected at different time (figure 3.1A (ii)). After that, the inlet was changed to 

SE solution and 10 psi pressure was used to push the plug out (figure 3.1A (iii)). From this 

study, the plug length of coumarin 334 represents the LE with oligonucleotide probes in the 

capillary in free solution for ITP. The total plug length of coumarin 334 in the capillary was 

calculated based on the end time minus the start time of the plug shown inset of figure 3.1B. 

From graph 3.1B, the plug length of coumarin 334 injected corresponded to the injection 

time (n=3). As the injection time increased, the length of the plug increased. At 10 mins of 

injection time, when the inlet was changed to SE, the coumarin 334 plug has reaches the 

detection window (result not show - as the plug length could not be calculated). Thus, at 9 

mins of injection, the plug length filled almost 100% of the capillary, pushing out the 1.8% 

HEC sieving matrix to outlet.  

From the injection plug experiments, 4 mins of injection time was selected as the injection 

time. The next step of the experiment is to ensure in the free solution, the hybridisation 

between the probe and the bacterial cells falls within the sieving-matrix free zone. Thus, 

using coumarin 334, the ITP band of the probe in SE should fall within the injection plug. 

Various counter-pressure was applied during the ITP with EKI (- 16 kV) with different 

injection time (figure 3.1C (i-v)). From the isotachopherogram in figure 3.1C (i-v), only 

injection time of 1 min with counter-pressure from (0-18 psi), the ITP bands stay in the 

coumarin 334 plug (figure 3.1C (i)). When the injection time increases (2-5 min), the probe 

does not stay in the coumarin plug, instead, the ITP band moves along the capillary during 
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ITP with various counter-pressure applied (isotachopherogram in (figure 3.1C (ii-v). 

Morever, the maximum counter-pressure can be applied on the Beckman instrument was 18 

psi. To overcome this issue, slight modification was applied.  

 

 

Figure 3.1: (A) Schematic of the coumarin 334 plug analysis. (i): 1.8% HEC sieving 

matrix was flushed to filled into the whole capillary. (ii) the inlet is changed to 

coumarin 334 in LE solution. Forward pressure of 12 psi was used to inject the plug 

into the capillary with different injection time. (iii) the inlet was changed to SE 

solution, forward pressure of 10 psi was used to push the injected coumarin 334 plug 

in the capillary to detector.  
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Figure 3.1: (B) Is the graph of the average end-start time of the coumarin 334 plug vs 

injection time. 
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Figure 3.1: (C) (i) Isotachopherogram of coumarin 334 plug with DNA probe with 1 

min injection in various counter-pressure applied (0-18 psi). (ii).  Isotachopherogram 

of coumarin 334 plug with DNA probe with 2 min injection in various counter-

pressure applied (0-18 psi). 
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Figure 3.1: (C) (iii).  Isotachopherogram of coumarin 334 plug with DNA probe with 3 

min injection in various counter-pressure applied (0-18 psi).(iv). Isotachopherogram 

of coumarin 334 plug with DNA probe with 4 min injection in various counter-

pressure applied (0-18 psi). 
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Figure 3.1: (C) (v) Isotachopherogram of coumarin 334 plug with DNA probe with 5 

min injection in various counter-pressure applied (0-18 psi).  Experimental condition: 

50 mM Tris HCl (pH8.0) + 1.8% HEC was flushed at 65 psi for 8 min. Then, inlet is 

changed to LE solution consist of  50 mM Tris HCl (pH 8.0) + 0.1% v/v DMSO + 5 

mM MgCl + 2.6 �M Coumarin 334 flused at 12 psi for 4 min. Inlet changed to SE 

solution consist of 50 mM MES 75 mM Tris + 2.6 �M Enterobacteriaceae  probe. 

Voltage of – 16 kV was applied in the inlet and at the same time counter pressure 

(various 0-18 psi) was applied with different injection time (1-5 min) to hold the ITP 

band stationary in the capillary. After EKI injection, voltage and counter-pressure are 

removed, inlet changed to TE solution containing 50 mM Tris HEPES (pH7.8) and 10 

psi pressure was used to push the plug to detector. Total capillary length is 40 cm 

with 30 cm to detector.  
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Figure 3.2A shows the schematic of the counter-pressure ITP using coumarin 334 with 

counter-pressure of 18 psi used. Firstly, the capillary was filled with 1.8% HEC sieving 

matrix using 65 psi for 9 min (figure 3.2A (i)). The inlet is then changed to LE solution with 

coumarin 334 (figure 3.2A (ii). At the same time, outlet was filled with 1.8% HEC. The LE 

solution was flushed at 12 psi for 9 min. However, from figure 3.1B results, we know that an 

injection time of 9 mins, the sample plug remained in the capillary but at the injection time 

of 10 min, the sample plug filled 100% of the capillary. After 9 min, the inlet is changed to 

SE solution with fluorescently labelled oligonucleotide while the outlet remains with 1.8% 

HEC (figure 3.2A (iii)). When – 16 kV was used to EKI inject the SE and probe into the 

capillary at various injection time, the counter-pressure inject the 1.8% HEC back into the 

capillary. During this time, the probes will focus in the ITP band migrating along the plug 

(figure 3.2A (iv)). After injection for various time (1- 4 min), the counter pressure was 

removed the inlet is changed to TE solution and outlet is changed to LE solution. A pressure 

of 10 psi was used to push the plug out (figure 3.2A (v)). Figure 3.2B shows the 

isotachopherogram of the ITP band of fluorescently labelled probe and the coumarin plug 

anlysed in 1 to 4 min injection time. From the figure, the ITP band of the fluorescently 

labelled probe remained in the coumarin 334 plug at 1 and 2 min (black and red) injection 

time. We postulate that the high viscosity of the 1.8% HEC has impacted the counter-

pressure applied at 18 psi to hold the ITP band stationary during the injection causing the 

ITP band unable to stay stationary in the capillary. Therefore, at injection time of 3 and 4 

mins, the ITP band of the probe exit the coumarin 334 plug (figure 3.2- blue and pink). 

Moreover, due to the instrument issue where higher counter-pressure above 18 psi is not 

possible, injection time of 2 min is the maximum injection time to ensure the ITP band stays 

in the plug.  
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Figure 3.2: (A) Schematic of ITP method using coumarin334. (i); Capillary is flushed 

with 1.8% HEC sieving matrix. (ii) coumarin 334 in LE is flushed into the capillary at 

12 psi for 9 min. (iii) The inlet is changed to SE with 2.6 µM Enterobacteriaceae  

probe. – 16 kV is applied to EKI inject the SE solution into the capillary for various 

time. At the same time, counter-pressure of 18 psi is applied to inject 1.8% HEC into 

the capillary from outlet. (iv) Probe are focussed into ITP band within the coumarin 

334 plug during injection with Counter-pressure 18 psi. (v) Voltage and pressure are 

removed, inlet is changed to TE solution, Pressure of 10 psi applied to push the 

coumarin plug with probe band to detector.  
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Figure 3.2: (B) Isotachopherogram of the ITP band of probe  and coumarin 334 plug 

with 1 to 4 min injection. Experimental condition: 50 mM Tris HCl (pH8.0) + 1.8% 

HEC was flushed at 65 psi for 8 min. Then, inlet is changed to LE solution consist of  

50 mM Tris HCl (pH 8.0) + 0.1% v/v DMSO + 5 mM MgCl + 2.6 µM coumarin 334 

flused at 12 psi for 9 min. Inlet changed to SE solution consist of 50 mM MES 75 mM 

Tris + 2.6 µM Enterobacteriaceae  probe. Voltage of – 16 kV was applied in the inlet 

and at the same time counter pressure (various 0-18 psi) was applied with different 

injection time (1-4 min) to hold the ITP band stationary and also to flush the 1.8% 

HEC sieving matrix back into the capillary. After EKI injection, voltage and counter-

pressure are removed, inlet changed to TE solution containing 50 mM Tris HEPES 

(pH7.8) and 10 psi pressure was used to push the plug to detector. Total capillary 

length is 40 cm with 30 cm to detector.  
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3.4.2 In-line ITP FISH staining of bacterial cells  

From the study above, the optimum procedure is depicted in figure 3.3. First, the capillary 

was filled with 1.8% HEC. A plug of leading electrolyte with 2.6 µM of the FISH probe was 

injected into the capillary for 9 min at 12 psi. The inlet was changed to the sample vial where 

the bacteria were suspended in the spacer ion solution. A voltage of -16 kV and a counter-

pressure of 18 psi were applied for 2 min to inject the cells into the capillary and begin the 

ITP hybridisation process. After 2 min, the counter-pressure was removed and the inlet vial 

was changed to the terminator solution and outlet vial was changed to leader solution 

without probe. The same voltage of -16 kV was used to perform the ITP separation. As the 

ITP band entered the sieving matrix region, the spacer ions overtook the hybridised cells 

causing them to focus at the spacer/TE boundary. The first ITP boundary between the LE 

and spacer contained the unhybridised FISH probe, while the second contained the focused 

cells (figure 3.3 (v)).  
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Figure 3.3: Schematic of counter-pressure assisted ITP for In-line fluorescence in situ  

hybridisation. (i) The capillary is filled with 1.8% w/v HEC suspended in 50 mM Tris 

HCl (pH8.0). (ii) The inlet is switch to LE solutions containing 2.6 µM 

oligonucleotide with fluorophore and flushed into the capillary at 12 psi  for 9 

min.(iii) Voltage of – 16kV was applied to EKI the cells in spacer solution into the 

capillary. At the same time, counter-pressure (18 psi) was applied from the outlet to 

inject the 1.8% HEC into the capillary while the unhybridised probe and injected cells 

are focused in the ITP interface for hybridisation. (iv) After 2 mins, the counter-

pressure is removed, inlet is changed to TE solution for EKI injection allowing the 

ITP band to move toward detector. (v) as the ITP band reaches the sieving matrix, the 

spacer ions will overtake the hybridised probe cells and focussed behind the 

unhybridised probe band and the cells-probe complex are focused behind the spacer 

ions but in front of TE solution.  
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The counter-pressure ITP method from figure 3.3 was evaluated for the analysis of 

Escherichia coli (E. coli) and Pseudomonas aeruginosa (P. aeruginosa) with an 

Enterobacteriaceae and PSeaerA probe respectively. Figure 3.4A is the isotachophoregram 

of different cell concentrations of E. coli, while figure 3.4B shows isotachopherograms of 

different cell concentration of P. aeruginosa with PseaerA probe. These results clearly 

demonstrated in-line staining of the cells with the FISH probe with peaks for the cells that 

were well separated from the excess unhybridised probe. The inserts in each 

isotachopherograms showed the linearity plots for both E. coli and P. aeruginosa cells with 

good linearity obtained for both. The LOD of E. coli calculated to be 6.8 x 107 cells/mL and 

the LOD for P. aeruginosa calculated to be 2.7 x 105 cells/mL based on the calibration 

curves. The two order magnitude differences between LOD of E. coli and P. aeruginosa was 

due to the laser used (635 nm v 488 nm), photobleaching of the fluorophore and/or to 

differences in the amount of ribosomes in the cells. 
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Figure 3.4: (A) Isotachopherogram of E. coli  analysed with Enterobacteriaceae  probe 

at different concentration. Inset is the calibration curve of different E. coli  

concentration vs average peak area (n-=3) 
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Figure 3.4: (B) Isotachopherogram of P. aeruginosa  analysed with PseaerA  probe at 

different concentration. Inset is the calibration curve of different P. aeruginosa 

concentration vs average peak area (n-=3). Experimental condition: 50 mM Tris HCl 

(pH8.0) + 1.8% HEC was flushed at 65 psi for 8 min. Then, inlet is changed to LE 

solution consist of 50 mM Tris HCl (pH 8.0) + 0.1% v/v DMSO + 5 mM MgCl + 2.6 

µM probe flushed at 12 psi for 9 min. Inlet changed to SE solution consist of 50 mM 

MES 75 mM Tris + cells. Voltage of – 16 kV was applied in the inlet and at the same 

time counter-pressure (18 psi) was applied for 2 min to hold the ITP band stationary 

and also to flush the 1.8% HEC sieving matrix back into the capillary. After EKI 

injection, voltage and counter-pressure are removed, inlet changed to TE solution 

containing 50 mM Tris HEPES (pH7.8) and voltage of - 16 kV was applied to allow 

the ITP bands to move towards the detector. Total capillary length is 40 cm with 30 

cm to detector. 
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3.4.3 Specificity of the in-line staining 

The probes used above were selected from the literature to evaluate the specificity of the 

probes and the ITP process. An Enterobacteriaceae probe was selected based on the 

sequence at 1251 – 1274 of the E. coli 16S rRNA which is a highly conserved region that 

allows in situ hybridisation of Enterobacteriaceae without a false positive reaction [16]. The 

oligonucleotide was attached with 6-FAM fluorophore allowing detection with excitation at 

488 nm. The PseaerA probe was selected because it is reported to specifically bind to P. 

aeruginosa [17] cells and was modified with cy5 flurophore allowing excitation with at 635 

nm. To demonstrate selectivity of the probes, experiments were performed using E. coli with 

the PseaerA probe, and P. aeruginosa with the Enterobacteriaceae probe. The results, shown 

in figure 3.5(A-B), demonstrate that the Enterobacteriaceae probe provides a detectable 

response with P. aeruginosa, but E. coli does not provide any response with the PseaerA 

probe. A nucleotide BLAST check of the Enterobacteriaceae probe with 16S rRNA of P. 

aeruginosa identified a 7 bp matches which explains the response of P. aeruginosa with this 

probe. A similar BLAST check was performed with the PseaerA probe and E. coli cells with 

no bp match, indicating no hybridisation would occur between the cells and the probe, 

demonstrating in-line selective staining of bacteria. 
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Figure 3.5: (A) Isotachopherogram of E. coli and P. aeruginosa analysed using 2.6 µM 

Enterobacteriaceae probe. 
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Figure 3.5: (B) Isotachopherogram of E. coli and P. aeruginosa  cells analysed using 

2.6 µM of PseaerA  probe. Experimental conditions: same as described in figure 3.4 

 

Experiments were then conducted using the PsearA probe with a mixed community of both 

E. coli and P. aeruginosa. The ratio of E. coli to P. aeruginosa cells was varied by keeping 

the P. aeruginosa concentration fixed and increasing the amount of E. coli. This was 

performed with a 2.6 µM of PsearA probe. When the concentration of the E. coli increased in 

the mixture, the signal of P. aeruginosa decreased (figure 3.6A). There were two possible 

reasons: uptake of the hybridisation probe into the E. coli cells without binding and/or 

electrokinetic discrimination. 

To examine whether the addition of E. coli absorbed the probe, the effect of the 

concentration of the probe was examined first with a single culture by increasing the 

concentration of the P. aeruginosa selective PseaerA probe while keeping the concentration 

of P. aeruginosa (2.7 x 106 cells/mL) constant. The results are shown in figure 3.6B where it 

can be seen that as the probe concentration increases, the signal of the second ITP 
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(hybridised cells) signal increases. The signal increased by 4.7 and 5.3-fold when the probe 

concentration was increased from 2.6, 26 and 52 µM, respectively. While the highest 

response was with 52 µM, due to the cost and volume issues of the probe, higher 

concentrations were not examined, and given the marginal improvement with 52 µM, the 

lower concentration of 26 µM was used for further evaluation. The mixed culture 

experiments were repeated with this higher amount of probe. The data in figure 3.6A with 

the higher concentration of probe shows a higher detector response, but the signal still 

decreased as the amount of E. coli in the sample was increased. By normalising the response 

to the initial signal without any E. coli (figure 3.6C), it can be seen that with the higher 

concentration of probe used, the relative decrease is less, with approximately 90% of the 

signal retained when E. coli was less than 50 times excess over the amount of P. aeruginosa. 

In higher excess, the signal decreased more rapidly suggesting that there was an influence of 

the non-target cells on the stained target cell response. The initial slight decrease in response 

also suggested some influence of electrokinetic bias. The use of hydrodynamic injection is a 

potential solution to this, but as demonstrated previously, significantly lower detection limits 

are achieved with electrokinetic injection. 
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Figure 3.6: (A) Graph of 2.6 µM and 26µM PseaerA concentrations vs different E. coli 

mixture mix with constant P. aeruginosa cell concentration.  
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Figure 3.6: (B) Isotachopherogram of different PseaerA  probe concentrations using 

constant P. aeruginosa cell concentration (2.7 x 106 cells/mL). 

 

 

 Figure 3.6: (C) Graph response of 2.6 µM and 26µM PseaerA concentrations vs 

different E. coli  mixture mix with constant P. aeruginosa  cell concentration. 

Experimental conditions: same as describe in figure 3.4 exceptional of the probe 

concentration in LE and cells concentration in SE as described in results and 

discussion. 

3.4.4 In-line versus Off-line cells staining 

To benchmark the performance of the in-line staining process, samples stained off-line using 

a conventional FISH staining were compared with the ITP approach. A sample of 1000 µL 

of 1.0 x 105 cells/mL of P. aeruginosa were fixed with 60:40 Ethanol:PBS based on the 

procedure described by Lantz et al. [20]. The fixed cells were then stained using the FISH 

protocol from Glöckner et al. [25], in solution in an eppendorf tube instead of on a 

membrane. Once the cells were stained, excess probe was removed using washing buffer, 
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and the off-line FISH cell was suspended into SE. A sample containing 100 µL of the cells 

suspension was injected using the counter-pressure ITP method, without probe in the LE. 

The in-line method used the same number of cells suspended in spacer electrolyte that 

contained 0.1 v/v of DMSO for permeabilisation of the probe into the cells during ITP. A 

probe concentration of 26 µM was added to the LE. Representative isotachopherograms are 

shown in figure 3.7A with the peak for the in-line stained cells, being 50% (n=3) compared 

to the off-line value. The confirmation for this proportion of staining was done by passing 

the off-line and in-line stained cells respectively through a black filter for cell counting with 

a fluorescent microscope. From figure 3.7B, 17 pictures were taken at different positions as 

showed in the schematic. Based on the area of the filter and the depth field of the 

microscope, the average of the total cell count of the off-line FISH cells without ITP was 

2.24 x 107 cells/mL, from a total of 2.50 x 107, which indicated that the off-line FISH 

method hybridised ~90% of the total cells in the solution. Collection of the ITP band in a 

sample vial and collecting on a separate filter yielded 5.32x 106 cells/mL further verifying 

that the in-line approach stains approximately 50% of the cells (inset table in figure 3.6B). 

The LOD reported by Lantz et al. [20] was 1.9 x 104 cells/mL with their CE based method 

combined with a 30 min off-line FISH staining prior to a 10-15 min electrophoretic analysis. 

The LOD of this in-line approach is 6.0 x 104 cells/mL, which is approximately 3 times 

higher, and is predominantly due to the reduced staining efficiency of 50% of the in-line 

process, together with other differences such as different light sources, PMTs and 

fluorophores.This reduction of the LOD was confirmed by using the off-line FISH approach, 

where a concentration of 3.0 x 104 cells/mL were stained and compared to in-line FISH 

method staining of 6.0 x 104 cells/mL. The isotachopherograms are shown in figure 3.7C.  
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Figure 3.7: (A) Isotachopherogram comparison between in-line FISH ITP of P. 

aeruginosa cells and offline FISH ITP of P. aeruginosa  cells at constant P. 

aeruginosa concentration.Experimental conditions as described in figure 3.4 with 

exceptional of 26 µM of probe was used in LE for in-line and no probe was added for 

off-line. 
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Figure 3.7: (B) image of cell count of cells analysed using counter pressure ITP 

method for both in-line and off-line with same cell concentration with inset of the 

total cell counts for each methods. 
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Figure 3.7: (C): Isotachopherogram of 3.0 x 104 cells/mL stained off-line FISH 

method and 6.0 x 104 cells/mL stained in-line FISH method using counter pressure 

ITP.Experimental conditions: as described in figure 3.4 with exceptional the probe 

concentration used was 26 µM in LE  
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3.5 Concluding remarks 

A dual stage ITP process for the rapid in-line hybridisation and subsequent ITP quantitation 

of bacteria was developed. This method is able to stain, separate and quantitate bacteria 

suspensions with minimum sample preparation within 10 min, down to 6 × 104 cells/mL. 

While the selectivity is achieved through the use of sequence-specific fluorescently labelled 

oligonucleotides, the presence of other cells within the sample impacts minimally upon 

detection limits when less than 50 times excess of cells is present, but the signal is 

compromised at higher ratios due to the consumption of the probe and electrokinetic bias.  

Further improvements in the type of fluorophore and large volume hydrodynamic injection 

approaches would overcome this limitation and lead to automated instrumentation for direct 

quantitation of cells in liquid samples.  
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5. General Conclusions and Future Directions 

5.1 General Conclusions 

The aim of this research was to develop a method for rapid and robust detection of intact 

bacterial cells. Isotachophoresis (ITP) was demonstrated to be able to be used as the sole 

method for Escherichia coli (E. coli) quantification using an intercalating dye.  

Plate count method is still the standard method for bacteria enumeration due to the capability 

to detect to cells as low as 4 CFU/mL or 1CFU/25g [1]. The detection limit in using ITP was 

not as close to the plate count method in terms of sample volume. The first aim of this 

research was to improve the sensitivity of the ITP method for bacterial cells detection to 

lower the detection limit. This was reported in chapter 2 where a counter-pressure was 

implemented into the ITP methods and successfully lowered the detection limit of E. coli. 

The aimed was to keep the ITP band stationary in the capillary for a period of time, to allow 

more cells in the sample vial to be injected and focussed in the stationary ITP band. The total 

capillary length to detector indirectly determines the number of cells focussed in the ITP 

band. Negatively charged encapsulated fluorescent beads with a diameter of 0.51 µm was 

used for the optimisations study. Various optimisation experiments were conducted to 

optimise the ITP method including pressure for counter-pressure, injection voltages and 

injection times. For the very first time, we reported the detection limit of the E. coli to be 78 

cells/mL, which is the lowest detection limit detected using CE from the time of writing this 

thesis. In addition, less sample preparation is required for this method where the cells used 

are live intact cells retrieved from LB broth after overnight incubation at 37 °C, suspended in 

TE solution with 1µM SYTO 9 and incubated for 30 mins before injection for analysis. The 

total analysis time was 17 mins. This detection limit achieved was also 4 times lower 

compared to an identical method without the counter-pressure. The calculated detection limit 

was also examined by injecting samples of 100 cells/mL (10 cells in 100 µL) and a peak was 

observed and well distinguished from the blank peak. The % RSD for 100 cells/mL was 



Chapter 5 
 

 165 

calculated to be 7.3% while the % RSD for the blank was 8.5% (n=5). There was no steep 

response in detection signal at this low numbers of cells. We speculate that this could be 

because of the intercalation dye used (SYTO 9) which has stained both DNA and RNA 

inside the cells and the total nucleic acid in the cells vary depending on the growth of the 

cells. Although this could potentially introduce some inaccuracy in the quantitation at low 

cells number, the cells at 100 cells/mL in the sample provide a peak area that is acceptable 

and well distinguished from the blank peak. Moreover, the sample volume used in the study 

is 100 µL, thus at 100 cells/mL there are only 10 or less cells in the sample volume. The 

plate count was used to measure the total cell count before injection and after injection 

without staining the cells with SYTO 9. From the results (n=6), at least 50% of the cells 

were injected into the capillary for analysis, thus, the peak observed in the 

isotachopherogram when the sample contained 100 cells/mL represents approximately 5 

cells per analysis.  

While the counter-pressure assisted ITP method demonstrated success in detecting intact 

bacterial cells at low concentration with the LOD calculated to be 78 cells/mL, the focus of 

the second part of the research was to apply the ITP for detection of specific bacteria. SYTO 

9 dye used in chapter 2, stained both live and dead cells as long as DNA/RNA is presence in 

the cells. The dye works by binding to the grove of the DNA in the cells but not the 

complementary sequence of DNA/RNA of the cells. Detection of specific bacteria works by 

designing a probe consisting of 18-24 base pair (bp) sequences that targets the 16S rRNA of 

the ribosomal cells that presence in the desire species of bacteria. A customed design of 

fluorescently labelled oligonucleotide was used to replaced SYTO 9 for detection of specific 

species. This research was reported in chapter 3 where a dual stage ITP was used for in-line 

fluorescence in situ hybridisation (FISH) of bacterial cells. A sieving matrix and spacer ions 

were introduced into the ITP method to separate the excess probe from the hybridised cells-

probe complexes based on this different mobilities. The experiments started with 

optimisation of the counter-pressure with sieving matrix using neutral dye, coumarin 334 as 

a model study. The optimised conditions used for bacteria detection resulted in a total 
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analysis time of 30 mins, 13 mins longer than the previous reported method in chapter 2. 

This is because, an additional step was required to flush the 1.8 % HEC sieving matrix and 

the LE solution with 2.6 µM probe into the capillary before ITP analysis. Once optimal 

conditions were achieved, the specificity of the cell detection using the optimised ITP 

method was examined. The specificty was tested using both Enterobactericeae and PsearA 

probes that targets E. coli and P. aeruginosa respectively. A signal was obtained using 

Enterobactericeae probe with P. aeruginosa cells. A 7 bp match between the P. aeruginosa 

16S rRNA and the probe sequence was found, explaining the false negative result. However, 

no signal was observed when PsearA probe was used on E. coli cells. This demonstrates that 

the method can be used for detection of specific species of bacteria depending on the 

sequence of the probe used. The effect of the probe concentration on signal/peak area was 

also examined at 26 and 52 µM concentration and found the signal response of hybridisation 

of the cells-probe increased when the concentration increased. 26 µM was used for further 

evaluation due to the cost and volume issue but it still provided an adequate signal response. 

Experiments consist of mix culture of increased E. coli concentration with constant 

concentration of P. aeruginosa were conducted using 2.6 µM and 26 µM of PseaerA probe. 

By normalising the signal response to %, at 26 µM, 90% of the signal was retained in the 

mixture with less than 50 times excess of E. coli concentration as compared to 2.6 µM 

whereby the signal response drop from 100% to 70% in the similar mixture of P. 

aeruginosa: E. coli. Finally, to benchmark the performance of the in-line staining using ITP, 

the response signal was compared using off-line stained cells at the same cells concentration. 

From the peak area (n=3), it appears that 50% of the in-line cells were stained when 

compared to off-line cells. To verify the results, the off-line and in-line stained cells were 

filtered onto a black filter for cell counting with a fluorescent microscope. The average total 

cells count for off-line FISH without ITP was 2.24 x 107 stained cells/mL, from 2.50 x 107 

CFU/mL (based on plate count), indicating the off-line FISH method hybridised ~ 90% of 

the total cells in solution. The cell count of off-line and in-line cells from ITP band were 

collected from the outlet vials yield 5.32 x 106 cells/mL for in-line ITP and 1.19 x 107 
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cells/mL for off-line further verified the in-line ITP approach stained approximately 50% of 

the injected intact cells. With 50% of injected cells are stained in-line, the LOD of the in-line 

ITP approach was 6.0 x 104 cells/mL, 3 times higher compared to Lantz et. al. [2] due to the 

reduced staining efficiency. The LOD was confirmed by using the off-line FISH approach at 

concentration of 3.0 x 104 cells/mL yield, similar peak area and height with in-line ITP at 6 x 

104 cells/mL. 

While successful in reducing sample preparation time using this method, the LOD of the in-

line approach in comparison to the LOD in chapter 2, is still 2 to 3 order of magnitude higher 

due to the dye used. This is because, the detection in in-line approach is based on the binding 

of the probe into the 16s rRNA presented in the ribosomes of the cells. Also, one single 

custom probe will only bind to one 16s rRNA while in chapter 2, the syto 9 dyes will binds 

to the groove of the DNA/RNA allowing multiple syto 9 dye molecules to bind in a single 

DNA/RNA resulting in higher signal intensity for detection. In addition, if the number of 

ribosomes presented in the cells is small, fewer probes will be able to bind to the 16s rRNA 

of the cells, thus, decrease the detection limit.  

While the dual stage capillary ITP increased the total analysis time to 30 min, the analysis 

time can be reduced by using microchip and has potential for mass production and 

portability. This was reported in chapter 4 where the first part of the experiment was 

conducted using PDMS chip for dual stage ITP of in-line FISH on intact cells. The total 

analysis time using PDMS chip for in-line FISH cells was reduced to under 4 mins. To 

ensure that the second ITP band was the cells-probe hybridisation in the chip, an inverted 

microscope was used during the ITP for visualising and video recording. E. coli was stained 

off-line with SYTO 9 and incubated for 30 min at room temperature before removing excess 

SYTO 9. Cy5 was used as the fluorophore for the 16S rRNA oligonucleotide. Unlike in the 

previous chapter, where the spacer ions and terminator ions were in separate vials, the spacer 

ion was suspended into the terminator solution with bacterial cells. The whole ITP process 

was visualised using multiband for two different wavelength. From the results, we can 

verified that the probe did hybridised into the E. coli ribosomal RNA and was observed in 
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the second band. However, one disadvantage of PDMS chip was that, it is not suitable for 

mass production. Moreover, additional electrodes cast is required to drive the ITP further 

increases the cost per unit. The second part of chapter 4 was to use 3D printer to print a 

multimaterial chip with intergrated electrodes to overcome the issues. One limitation of 3D 

printer is the dimension of the chip in comparison to the photolithography chip. FDM printer 

with dual extruder was used to print a multimaterial chip with one extruder allocated to print 

the chip base design and the second extruder used to deposit the conducting PLA into the 

chip during printing. A straight channel chip with intergrated electrodes was designed using 

autocad software. The design was converted into STL file before slicing and finally for 

printing. The printing process of the chip was 2 hours and the dimension of the multimaterial 

chip was 5 cm x 500 µm x 500 µm. Once printed, the electrodes performance was examined 

and compared with the in house Pt electrode. The total electrical resistance of the integrated 

polymer electrodes was calculated to be 0.3 MΩ, corresponding to 40% of the total 

resistance. While Joule heating was observed when 600 V was applied across the chip. The 

printed chip is still suitable for ITP because it was able to carry a stable current up to 380 

µA. E. coli was used as the model strain in this study and the cells were stained off-line with 

SYTO 9. When voltage was applied across the chip, the cells migrate along the channel 

forming an ITP band showing the success of multimaterial 3D printed chip for ITP of 

bacterial cells. In addition, the total cost for a chip was AUD0.50.  

In summary, the LOD of E .coli using intercalating dye (SYTO 9) was lowered to 78 

cells/mL using counter-pressure assisted ITP which is the lowest LOD of bacterial cells 

using CE that we are aware of. With the addition of a sieving matrix and spacer ions to the 

ITP method, a dual stage ITP was performed in a single analysis to detect specific species of 

bacteria by in-line FISH of intact bacterial cells. The total analysis time was 30 min in the 

capillary system which is four times faster than the standard off-line FISH protocol. Finally, 

the capillary ITP method was successfully transferred onto two different microchips (PDMS 

and 3D multimaterial printed chip). This reduced the total analysis time to under 4 mins for 

the dual stage ITP using PDMS chip while further optimisation is require for the 3D printed 
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chip for dual stage ITP. The total cost of the 3D printed chip was AUD 0.50 per chip which 

is cheaper than PDMS chip and can be used for mass production and potential  development 

of a portable system. The work in this thesis therefore, may lead to a new, inexpensive, rapid 

and specific enumeration method for bacteria.   
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5.2 Future Directions 

This thesis reports the success on using isotachophoresis (ITP) for in-line fluorescence in 

situ hybridisation (FISH) of intact bacterial cells analysed on capillary and microchip. There 

are some improvements that need to be done. The first priority of any future work in this 

research is to quantitatively study the in-line FISH of intact bacterial cells with cITP under 

field amplified condition to further lower the detection limit. Another way to improve the 

sensitivity of the detection limit is to use a better fluorescent fluorophore such as Alexa or 

the use of quantum dots fluorophore. Alternatively, peptide nucleic acid (PNA) probe can be 

used instead of the DNA oligonucleotide for specificity detection. Another area for 

improvement for the method would be to increase the injected sample volume. This can be 

achieved by using a larger i.d capillary or longer capillary length.  

The second phase would be to try the in-line ITP approach with a real sample such as water 

or bioligcal samples for example urine or blood. Phung et al., used ITP method to detect 

bacterial cells in two different water samples by diluting the water samples with the TE 

solutions and the cells are stained with Syto 9 dye [3]. One of the possible limitations of the 

ITP method in term of ionic impurities could be, the impact on ITP band stacking if other 

ionic species with similar mobility with our leader and terminator were presented in the 

sample. However, this shows no concern if the mobility of  ionic impurities do not fall 

within leader and terminator mobility range.  

In the microfluidic area, another essential future focus would be to overcome the 

hydrodynamic flow in the 3D multimaterial printed chip with integrated electrodes. One 

possible way is to use Pluronic f-127 as a sieving matrix instead of HEC or PVP. Often, the 

high viscosity of the sieving matrix is a challenge due to the consequential bubble formation 

in the channel. This issue was a problem with the use of 1.8% HEC and as a result, 7% PVP 

was used. Schoch et al., uses Pluronic f-127 as a sieving matrix with ITP for selective RNA 

extraction and separation [4]. The author mentioned that Pluronic F-127 is a thermo-

responsive triblock copolymer, which has a low viscosity at low temperature, allowing rapid 
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microchannel loading. At room temperature, the uncrosslinked Pluronic F-127 will form a 

liquid crystalline phase that can be used for oligonucleotide separation [4]. This could stop 

the hydrodynamic flow in the 3D printed chip and also solve the challenge in the loading of 

the sieving matrix into the channel. Another alternative would be to print a chip with reduced 

width and depth that can stop the flow. This may successfully lead to the use of the 3D 

printed multimaterial chip with integrated electrodes for in-line FISH of intact cells. Another 

potential would be to modify the 3D multimaterial chip design by adding a separate reservoir 

to fill the bottom channel with sieving matrix.  
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