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Abstract 

Portable analytical devices have been sought after heavily to support clinical 

diagnostics in lack-of-resource areas where access of advanced medical devices and specialists are 

restricted. Even though there are many commercially available portable Point-of-care (POC) 

devices allowing easy and rapid self-diagnostic, these POC were developed for generic infectious 

diseases such as diabetes or HIV and are not yet made for many common life-threatening disorders. 

In these cases, portable sample collection devices, such as Guthrie card, are employed for 

collection of biological samples including blood, urine, or saliva from patients off-hospital then the 

samples are sent to the centralized laboratory for analysis. However, several post-processing steps 

of the collected samples (i.e. extraction) upon arrival are required prior to the analysis and these 

are time-consuming steps that delay the turn-around-time of the result.  

Electrophoresis, separation of molecules under application of electric field, is a 

powerful analytical and sample preparation technique mostly utilized in clinical diagnostics to 

isolate components in samples ready for analysis. Recently, there has been a large number of 

developments with electrophoresis into miniaturized formats; however, they are not yet fully 

integrated with a high voltage power supply and liquid electrolytes are needed to perform 

separation making it unsuitable as portable diagnostic device. In attempt to bring forward a 

practical platform for clinical sample collection and sample preparation, the main goal of this thesis 

is to create a portable electrophoretic platform capable of performing solvent-free electrophoresis 

under relatively low voltage addressing issues found in conventional clinical diagnostics and 

electrophoresis. In this research, a polymer inclusion membrane (PIM) embedded with a carrier 

was investigated as a separation medium for electrophoresis for the first time.  

In chapter 2, PIM casting, dimension design, and electrophoresis apparatus are 

reported. A thin PIM was employed in this research in a lateral strip and electromigration studies 
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were performed of fluorescent dyes with different charges including Coumarin 334, Fluorescein, 

and Rhodamine 6G (R6G) as neutral, anionic, and cationic analytes, respectively. The 

electromigration was monitored and recorded using a portable fluorescence microscope. Three 

main components of PIM – cellulose triacetate (CTA) as polymer base, 2-nitrophenyl octyl ether (2-

NPOE) as plasticizer, and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide 

([EMIM][NTf2]) as carrier – were optimized as the ratios were found to impact on the migration 

distance and the spot shape of the dyes. Under a voltage of 2000 V (500 V/cm), only migration of 

cationic R6G was observed in this PIM leading to further investigation of electrophoresis of several 

cationic dyes. Successful electrophoretic separation of cationic dyes then allowed the 

electrophoretic mobilities and diffusion constants to be estimated for each species. Additionally, 

physical characterization of the PIM and possible mechanism of electromigration were also 

elucidated.  

Chapter 3 focuses on the potential of the PIM-based electrophoretic platform being 

useful in clinical application in the form of a portable electrokinetic device performing separation, 

as sample preparation, at low voltage while being transited to a central laboratory eliminating 

additional steps needed upon arrival. A positively charged alkaloid, Berberine chloride (BC), was 

used as a model analyte resembling small molecule pharmaceuticals spiked into the whole blood 

sample. Laboratory-based experiments revealed electromigration of BC but not dried drop of blood 

resulting in successful separation of BC from the blood matrix. To pursue the concept of in-transit 

separation, the PIM strip was fully assembled into a pocket-sized device with plastic housing 

equipped with two commercial batteries generating 6 V/cm (24 V) potential for separation. 

Separation real-time during transit was demonstrated by sending a portable device containing 

spiked BC in whole blood via internal mail and the analysis was performed once returned. 

To investigate PIM selectivity towards anions, a different ionic liquid, Aliquat®336, was 

investigated as a carrier in chapter 4. It was found that not only electromigration of anionic species 
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was observed but neutral molecules also migrated presumably from heteroconjugation. The 

tunability of the PIM was further investigate using several cationic surfactants with a similar 

chemical structure to Aliquat®336, with different number of carbon units, number of chains, chain 

length and counter anions, as carriers and their influence on electromigration and selectivity of 

dyes were investigated. While most of the cationic surfactants were found to have similar 

selectivity towards anionic molecules to Aliquat®336, anionic surfactants investigated revealed 

selectivity towards cationic species similar to that observed with [EMIM][NTf2].  

In the last chapter, the possibility of integrating Matrix-assisted laser desorption 

ionization-time of flight mass spectrometry (MALDI-TOF) for detection of in-transit electrokinetic 

separations was explored. The experiment was performed to extend the applicability to non-

coloured analytes as well as demonstrating for more powerful practical workflow allowing upon-

arrival detection without additional labelling or derivatizing of analytes. PIM after in-transit 

separation was detached and taped on conductive Indium Tin oxide glass slide before being spray-

coated with matrix α-Cyano-4-hydroxycinnamic acid (4-HCCA) and scanned using MALDI imaging. 

Colour intensity profile and distribution of BC molecules after electrophoretic separation from 

whole blood sample were graphically displayed in such case where the electrophoretic migration 

distance was unknown. The results showed promising potential for MALDI-TOF to be employed as 

detection method for in-transit electrokinetic platform concept where non-coloured analytes can 

be analyzed.  
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Chapter 1 

Introduction and Literature Review 

1.1 History and evolution of electrophoresis  

Many have recognized the breakthrough of electrophoresis –the migration of charged 

molecules in solution under the influence of electric field – from Tiselius’s moving boundary 

electrophoresis (MBE) designed for separating components of blood plasma during 1930-1937 [1-

5]. However, in 1807 by Ferdinand Frédérick Reuss, a Russian army officer, was the first to observe 

what is known today as electroosmotic flow (EOF) and the electrophoretic migration of charged 

colloidal particles from the clay solution in his U-tube under a microscope [5-8]. Even though there 

were many developments during the period between 1807-1930, the development of quartz U-

tube with optical UV photography apparatus by Tiselius was proven as the most significant not only 

because of the technical apparatus but also the identification of four components in plasma, 

namely albumin, α-globulin, β-globulin, and γ-globulin [2, 5, 6]. Table 1.1 presents the chronological 

key events and/or developments contributing to modern electrophoresis from its origin.   

Despite being the most innovative and practical technologies during this time, there 

were some drawbacks not only in term of labour and cost but also separation efficiency. The 

equipment was as large as five feet high and twenty feet wide and each assembly, especially the 

photography lens, Schlieren, used as detection component, was very expensive resulting in overall 

high cost to operate and maintain the instrument  [3, 9]. Separation efficiency-wise, since Tiselius’s 

MBE was dealing with large macromolecules in free solution by observing the movement and 

direction boundary, only two ends of the boundary representing the fastest and slowest molecules 

could be detected and partially collected as separation between the components could not be 

achieved. The boundaries observed were also very prone to be affected by the heat convection 

from the use of electric field causing it to become blurry once the component started to migrate; 

thus, impeding resolution [2, 4, 5, 7, 10]. To improve both the instrumentation and the efficiency, 
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an approach of having a “supporting medium” for electrophoresis was introduced as it was 

believed to be able to suppress the electrical convection and dispersion [6]. Cellulose in the form 

of filter paper, believed to be inspired from paper chromatography, was one of the very first 

supporting materials used for electrophoresis, not only was it cheap and small compared to the 

Tiselius’s apparatus but also simpler to prepare, operate, and visualise [5, 10, 11]. The very first 

report of electrophoresis on paper used a strip moistened with electrolyte, published in 1939 by 

Von Klobuzitsky and Kӧnig, separating a yellow pigment in snake venom  [7, 12]. Within about a 

decade, paper had been sufficiently improved and developed that a paper electrophoresis system 

was commercially available [13]. However, persisting issues of paper media were also being 

reported. Joule heating not only posed the risk of serum protein denaturation, but it also 

prohibited the separation from being conducted with a high voltage which would reduce analysis 

time. Electroosmotic flow of the bulk solution together with adsorption of proteins on the paper 

was found to cause tailing of detected bands or sometimes completely forbid mobility of the zones.  

Difficulty in sample loading into a defined narrow band was also mentioned as one of the 

drawbacks of paper due to diffusion decreasing the separating resolution [10, 13, 14]. 

Consequently, paper was slowly replaced by other supporting materials including glass powder [2, 

15], agar gel [16], agarose gel [17, 18], starch gel [19], and polyacrylamide gel [20, 21].  Starch gel 

and polyacrylamide gel electrophoresis (PAGE) were the two most outstanding for electrophoresis 

as not only better separation was achieved compared to paper, but the separation of same charged 

proteins by size due to the sieving feature of the matrix was also observed during resulting in 

development of standard procedures for serum proteins and macromolecules [11, 13].  

At the same time, the principle ion-mobility spectrometry (IMS) was also introduced by 

McDaniel as the first electrophoresis is gaseous media. The apparatus was coupled with a mass 

spectrometer designed to study the mobility of ions and molecules in the drift tube under electric 

field [22]. By mid to late 1960s, the popularity of paper electrophoresis began to fade as persisting 

issue of the system being only partial quantitative technique and new developments and 
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technologies were proposed to resolve the problems and gel-based electrophoresis remained in 

favoured for clinical practices for serum proteins [2]. Many other researchers continued to improve 

polyacrylamide gel with additional modifications such as the use of heterogeneous buffer system, 

named discontinuous electrophoresis or DISC in the 1960’s, also known today as isotachophoresis 

(ITP) [23, 24]. Another successful modification made to PAGE was the use of sodium dodecyl 

sulphate (SDS) as an additive to the gel base for protein size estimation. This was based on a 

previous report on the possibility of protein sizing in starch gel in 1955 and the relationship 

between the molecular weight of the proteins and their mobilities in the gel media [25, 26]. Later, 

the improvement was made towards the two-dimensional electrophoresis (2-DE) combining 

isoelectric focussing (IEF), where the proteins were separated based on their charges, and SDS-

PAGE, where proteins were separated based on their sizes [27]. By late 1970s, PAGE was exploited 

for the first time in determination of nucleotides in DNA which become a signature method for 

DNA sequencing today [28]. 

Alongside with developments of electrophoresis with supporting medium, free solution 

electrophoresis based on Tiselius’s apparatus was still receiving some attention despite the pitfall 

in unresolved boundaries. Hjertén contributed to the new concept micro-moving boundary 

electrophoresis, the origin of modern-day capillary zone electrophoresis (CZE), involving the use of 

1-3 mm (i.d.), horizontally rotating quartz capillary for a smaller and simpler to operate apparatus 

[29]. With a much smaller diameter, the convection was greatly reduced; therefore, not only more 

discrete boundaries or bands could be observed but it also allowed analysis of more dilute 

solutions, faster analysis times and higher voltage [2]. Hjertén also investigated and reported 

further reduction of electroosmotic flow within the capillary by coating the inner wall with a layer 

of polymer [29]. After the publications, it was quickly applied, by other researchers, for further 

study of ZE, Isoelectric focusing (IEF) and ITP throughout 1970s with the main focus in designing 

smaller i.d. of the capillary with the smallest i.d. reported to be 250 µm [2, 30]. In 1981, outstanding 

progress was reported by Jorgenson with steps to manufacture flexible, open tubing made from 
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borosilicate, fused silica, and Teflon with polymer protective coating with i.d. as small as 75 µm 

[31-33]. Variances and interfaces of CZE then started to grow rapidly including gel capillary 

electrophoresis (GCE) [34],  micellar electrokinetic chromatography (MEKC) [35], coupling of 

capillary electrophoresis with mass spectrometry (CE-MS) [36].  

While development of CE from the 1980s was blooming with publications, 

miniaturization of the system continued. In 1992, Manz and his team pioneered a concept with CE 

integrated on a glass chip, so-called Micro Total Analysis Systems (µTAS), which is considered a 

frontrunner of current microchip technology [37]. With this concept, necessary steps such as 

sample loading and transferring, chemical reaction, separation, and detection are performed 

simultaneously on a single platform. CE was transformed from long, open tubes into micro 

channels (approximately 30 µm) by etching the glass chip in which they successfully demonstrated 

electrophoresis of six fluorescent-labelled amino acids with optimal separation efficiency with 

lower voltage, shorter analysis time and smaller platform dimension [38]. After the breakthrough, 

many researchers and companies applied the concept of µTAS together with some improvement 

of various materials used for the chip until today; for example fused quartz [39], ceramic [40], 

plastic and polymer [41, 42], paper [43] and 3D printed materials [44] allowing for simpler and 

cheaper fabrication, flexibility of complex designs and application towards of point-of-care testing 

(POC) [14].  

Considering variety of materials employed for µTAS concept, paper was known as one 

of the oldest and cheapest substrates used as supporting materials in electrophoresis [45-47]. With 

the research aim for electrophoresis in low diffusion environment together with expected end 

result of a platform complying with µTAS concept, reappearance of paper media developed in the 

form of µPADs was motivating. Hence, electrophoretic separation performed on paper media from 

past to present was extensively reviewed to better understand the evolution of existing technology 

and its potential for further development.    
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Table 1.1. Chronological history of electrophoresis 

Year Researcher(s) Key event(s) and/or development(s) 

1807 F.F. Reuss 
Discovered electrophoresis from migration of clay colloid in 
water solution 

  Discovered of EOF from migration of water in opposite direction 

1892 H. Picton and S.E. Linder Migration of inorganic colloids and hemoglobin in U-tube 

1899 
W.B. Hardy and W.C.D. 
Whetham 

Migration of globulin and denatured proteins and observed the 
tunable apparent charge under suitable conditions 

1905 W.B. Hardy 
Study of migration of globulin in different solution conditions in 
U-tube 

1909 L. Michaelis 
Measured the migration of proteins and enzymes in different pH 
to determine their isoelectric point (pI) 

1912 K. Ikeda and S. Suzuki 
Discovered the basis of IEF of amino acids in membrane-
separated electrophoresis chambers 

1923 J. Kendall and E.D. Crittenden 
Separation of rare earths metal isotopes by "ion migration 
method" 

1928 J. Kendall 
Improved ion migration method for separation of isotopes using 
colour spacer ions 

1929 H.A. Abramson 
Investigated the migration velocity of red blood cells in different 
mammals 

1936 H.A. Abramson and L.S. Moyer 
Estimation of surface electrical charges of mammalian red blood 
cells 

1930 A.W.K. Tiselius Discovered the MBE for separation of serum proteins in U-tube 

1937 A.W.K. Tiselius Improved U-tube apparatus for separation of serum proteins 

1937 P. Kӧnig 
The first report on paper electrophoresis (published in foreign 
journal) 

1939 T.B. Coolidge 
Separation of proteins using column packed with ground glass 
wool 

1939 L.G. Longsworth et al. 
Improved Tiselius's U-tube apparatus and reported changes in 
protein patterns for nephritis-containing serum proteins 

1939 H.H. Strain 
First combination of electrophoresis and column 
chromatography for separation of coloured organic mixtures 

1939 D. Von Klobusitzky and P. Kӧnig 
Paper electrophoresis for separation of yellow pigment in snake 
venom 

1946 R. Consden et al. 
First report on electrophoresis of small ions in silica jelly - 
"ionophoresis" 

1948 T. Wieland and E. Fischer 
Reported the use of paper electrophoresis for analysis of serum 
proteins and peptides 

1949 L. Pauling et al. 
Reported protein patterns using electrophoresis of serum 
proteins for sickle cell anaemia 

1950 A.H. Gordon et al. Electrophoresis of proteins in agar jelly 
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Year Researcher(s) Key event(s) and/or development(s) 

1950 H. Haglund and A.W.K. Tiselius 
Proposed electrophoresis apparatus with glass column packed 
with glass powder 

1953 P. Grabar First immune-electrophoresis in agar gel slab 

1953 Beckman, Inc 
First manufactured and sold commercial paper electrophoresis 
prototyped by Durrum 

1954 A. Kolin 
Applied the principle of IEF using artificial pH gradient for 
separation and concentration of proteins 

1955 O. Smithies Separation of serum proteins using starch gel 

1956 R.L. Markham First planar 2-DE of proteins in serum and urine on paper strip 

1957 J. Kohn 
Modified cellulose - Cellulose acetate sheet as a supporting 
media for electrophoresis of hemoglobin 

1958 M.D. Poulik and O. Smithies 
2-DE combining paper and starch gel medium for separation of 
human serum 

1959 O. Smithies Observed the possibility of proteins sizing in the starch gel 

1959 S. Raymond and L. Weintraub 
Introduction of PAGE using polyacrylamide gel as a support for 
zone electrophoresis of serum proteins 

1961 S. Hjertén First report of using agarose gel as a support for electrophoresis 

1961 H. Svensson Introduced various carrier ampholytes for proteins IEF 

1962 E.W. McDaniel Invented IMS - electrophoresis of ions in gas phase 

1964 L. Ornstein 
First report of using discontinuous electrolytes (DISC) for 
proteins separation in polyacrylamide gel 

1964 
R. Bachvaroff and P.R.B. 
McMaster 

First electrophoresis of microsomal RNA in agar gel 

1967 A.L. Shapiro 
Modified PAGE with SDS and estimated the relationship between 
molecular size and migration of proteins 

1967 S. Hjertén 
Introduced "free zone electrophoresis" with 3mm i.d. rotating 
quartz capillary 

1969 G. Dale and A.L. Latner Combined IEF and PAGE for analysis of native serum proteins 

1970 U.M. Laemmli 
Developed a standard protocol for DISC electrophoresis for 
proteins 

1974 L. Arlinger 
First commercial automated ITP instrument manufactured by 
LKB Produkter 

1975 P.H. O'Farrell Combined IEF and SDS-PAGE for separation of proteins 

1977 F. Sanger et al. First electrophoresis of DNA on acrylamide gel - DNA sequencing 

1977 L. Anderson and N.G. Anderson First human plasma proteome map by 2-DE  
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Year Researcher(s) Key event(s) and/or development(s) 

1979 F.E.P. Mikkers et al. 
Electrophoresis using 0.2 mm i.d. polytetrafluoroethylene (PTFE) 
tube - high performance capillary electrophoresis (HPCE) 

1981 J.W. Jorgenson and K.D. Lukacs 
High voltage CZE with 75 µm i.d. open tubular glass capillary and 
on-tube detection 

1982 B. Bjellqvist et al. 
Introduced the immobilized pH gradient (IPG) "immobilines" for 
proteins separation 

1983 S. Hjertén 
Using gels as sieving matrices in capillary electrophoresis - 
Capillary gel electrophoresis (CGE) 

1984 S. Terabe et al. Developed MEKC as variant of CZE  

1987 J.A. Olivares et al. Introduced online CE-MS 

1992 A. Manz et al. First miniaturization of CE with planar chip technology - µTAS 

1992 X.C. Huang DNA sequencing using Capillary Array Electrophoresis (CAE) 

1993 D.J. Harrison et al. First µTAS electrophoresis of amino acid on glass microchip 

1995 S.C. Jacobson 
Fabrication and electrophoresis of metal complex on fused 
quartz microchip 

1997 C.S. Effenhauser et al. 
Analysis of single DNA molecules with integrated CE on PDMS 
microchip 

1999 C. Heller Electrophoresis of DNA using CZE with polymer matrix 

1999 C.S. Henry et al. µTAS electrophoresis using a microchip made from ceramic 

2007 A.W. Martinez et al. 
Recurrence of paper substrate for miniaturized microfluidic 
device - Microfluidic Paper-Based Analytical Devices (µPAD) 

2014 L. Ge et al. 
First electrophoretic separation on µPAD with on-device wireless 
electrogenerated detection 

2016 K. Adamski et al. CGE for DNA separation on 3D-printed microchip 

 

 

1.2 Past, present, and future of paper-based platform for electrophoresis 

Declaration: this section contains text which has been published in a review with the contribution for the 

published works was listed in the statement of co-authorship. Changes including paragraph layouts, numbering, and fonts 

are modified from original review paper to fit the format of this thesis. Minor adjustment to the content was made to link 

different sections and minimize repetition (if any).  
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As mentioned in section 1.1, paper can be considered as the oldest and cheapest 

support used for electrophoresis for conducting zone electrophoresis even though it was more well 

known for chromatography in the past [46]. Chromatography and electrophoresis are the most 

commonly used separation techniques since it may lead to the identification of one or more 

individual components within unknown mixtures by separating them from one another.   

The origins of paper chromatography date back to the 1850s and it is still popular and 

well-known today [46, 48]. It started off with the German physicist, Friedlieb Ferdinand Runge, who 

observed circular colour-forming patterns on filter paper impregnated with metal solutions 

resulting from the difference in complexation with different dyes with the immobilised metals. 

Even though this initial observation was not used the way we know chromatography today, his 

work inspired many scientists to understand and subsequently exploit this behaviour and can be 

considered fundamental to paper chromatography. The inventor of paper chromatography as we 

know it, was Mikhail Semonovich Tswett who introduced fundamentals and principles of the 

technique through his experiments on plant pigments using filter paper as the replica to plant 

tissue in early 1900’s [48-52].  

Technically, paper chromatography can be considered as a variant of thin layer 

chromatography (TLC), and it was initially introduced in order to overcome the limitations of 

conventional substrates used at the time (i.e. silica gels). It suffered from complicated preparation 

of the support and difficulties in detection.  By using filter paper, the preparations steps associated 

with silica gel were simply eliminated [53]. Paper chromatography is performed by placing a small 

sample spot near one end of the paper, followed by placing this end into a suitable solvent. The 

solvent, drawn through the paper by means of capillary action, carries the analytes across the 

paper, allowing for a separation based on the differences in retention between the components. 

Colorimetric detection is the most widely used method for visualisation, but fluorescence and UV 

imaging are also popular options. In early work, filter paper was attractive because it allowed 
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visualisation of the analytes directly on the substrate using a colorimetric spray, in contrast to silica 

gels where they needed to be transferred onto pre-treated paper [16]. The position of the spot – 

a measurement of the distance travelled – is indicative of the analytes’ distribution between the 

mobile and the stationary phase and can be used for identification [46]. In the late 1940s, some 

researchers started to estimate the concentration of each component based on the intensity of 

the colour using optical scanners such as the transmission densitometer, the photoelectric 

densitometer and the X-ray viewer [46, 54-57]. Paper chromatography was initially developed for 

the separation of natural products, and later also applied to synthetic and inorganic compounds 

[46, 56, 58]. Because the separation of similar compounds was difficult to achieve using paper 

chromatography (selectivity could only be adjusted by varying the mobile phase), paper 

electrophoresis was proposed as an alternative, adding resolving power based on the differences 

in electrophoretic mobility. 

Electrophoresis was initially thought to be superior to chromatography and to provide 

a micro-scale diagnosis capability, faster analysis time, and better resolved peaks. Because, 

electrophoresis requires an electric field to be imposed across the paper, more instrumentation is 

required than in the case of paper chromatography [46]. The popularity of paper as a substrate for 

electrophoresis started to decline after the 1950s with rapid developments in more sophisticated 

separation methods and principles (i.e. agarose and PAGE, ITP, 2-DE, and then CE/microchip 

electrophoresis), outperforming paper electrophoresis in terms of resolution and sensitivity [7, 59-

61].  

It was not until approximately 50 years later that paper was reintroduced in analytical 

research with the development of Microfluidic Paper-Based Analytical Devices (µPADs) for POC 

analysis (Figure 1.1). Since concept of POC mainly focuses on fast, user-friendly, and on-site 

detection, µPADs becomes one of the strong candidates because they are potentially cheap and 

environmentally friendly to produce, and easy to use. The rationale for this regained popularity has 
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been the low cost of paper as microfluidic substrate and the ability to move fluids by capillarity 

without the need for pumps [62]. Although most applications of µPADS are based on rather simple 

assays with relatively few applications incorporating an analytical separation, the interest in paper 

electrophoresis also revived [63]. This then leads to our interests in linking the past and the present 

efforts in this field. Firstly, in this section, historic perspectives on paper electrophoresis 

considering the hardware, conditions, potential uses in analysis, and the limitations leading to its 

dip in popularity are provided. Then, the section focuses on how this knowledge was used with the 

development of portable electrophoretic µPADs and how further improvements could lead 

towards easy to use, portable paper-based separation platforms. 

 

 

Figure 1.1. The trend of paper chromatography and paper electrophoresis (based on the selected journals 

cited in this chapter) from 1930 to present. (*NOTE: publications and this statistic charts were obtained from Web of 

Science™, Google Scholar, and Scopus search engines under the following advanced search criteria. Keywords: paper 

chromatography, paper electrophoresis, AND paper-based microfluidic device. Years: all to present. Sort: by most cited 

publications.) 
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1.2.1 History of electrophoresis on paper 

Electrophoresis on paper was actually firstly reported in the late 1930s with the 

implementation of Tiselius’ classical moving boundary method to separate amino acids [1]. Despite 

being over-shadowed in number by paper chromatography, comparisons between paper 

chromatography and paper electrophoresis all agreed on the higher resolution that could be 

obtained with paper electrophoresis [46, 60, 64-66].  

It was the realisation that combining complementarity separations could achieve a 

higher resolution that led to the first two-dimensional separations on paper, combining 

chromatography and electrophoresis. Haugaard and Kroner introduced this combination and 

achieved the separation of 10 amino acids, which was considered difficult during that time [67]. 

This approach was then used for the identification, also referred to as the “fingerprinting” of 

peptides, where the electrophoretic dimension separated the peptides based on charge while the 

chromatographic dimension separated them based on hydrophobicity [7, 68]. While revolutionary, 

this approach was quickly superseded by 2-DE, where up to 5000 proteins could be resolved in a 

single experiment using IEF followed by PAGE. The smaller pore sizes in the gels minimised diffusion 

of the proteins during analysis leading to superior resolution  [61, 69, 70].  

The process of paper electrophoresis in the presence of a magnetic field was also 

investigated by Mukherjee and Majumdar  in order to separate binary inorganic complex based on 

the electrophoretic mobility and on the magnetic properties [71]. The group claimed that by 

imposing a magnetic field in addition to the electric field, the mobility of the inorganic ions could 

be altered, facilitating more efficient separations for binary complexes. The same group 

subsequently used this method in order to separate the lanthanide ions [72]. During this time, 

there were very few research studies on the separation of lanthanides due to very high reactivity 

and similar mobility, complicating their separation [73-75]. Compared to previous reports on the 

electrophoretic separation of rare earths, the group revealed that the analysis time in the magnet-



 

12 
 

assisting system was reduced from days and hours to minutes. The electrophoresis set-up was 

similar to those mentioned in section 2.1.1 with the addition of a magnetic field located in the 

proximity of the glass plates. While the addition of the magnetic field provided an improvement, it 

was still not possible to resolve all lanthanides [76].   

1.2.1.1 Technology 

During the 1930s, the U-tube apparatus designed by Tiselius for moving boundary 

electrophoresis of colloidal mixtures was the first pragmatic instrumental system and became a 

prototype for later models. Apart from the convection problems, the instrumentation was 

expensive, complicated, bulky and required large volumes [1], and hence far from ideal. Technical 

improvements started by connecting two glass vessels with a strip of paper in order to make a salt 

bridge [77]. Rapid evaporation led to the consumption of large volumes of the electrolyte and was 

a source of irreproducibility.  Subsequent designs aimed to maintain consistent current and liquid 

flow and to ensure stable and repeatable separation conditions and introduced new ways to load 

the sample without disturbing the system [46, 78].  

The first improved design was the so-called inverted V type apparatus. Developed by 

Durrum, paper was draped over a L-shaped rod to form a vertical apex with the buffer vessels as a 

support underneath [79]. The evaporation was minimised with a glass tumbler covering the 

inverted V section while the paper was flooded with buffer from the two ends dipping in the buffer 

vessels to maintain a stable saturation before separation. With this apparatus, the apex height 

(indicated in Figure 1.2A) was the most important factor influencing experimental reproducibility 

since the electrolytes can create an uneven fluidic movement when climbing towards the apex, 

leading to changes in the hydrodynamic and electrophoretic equilibrium within the paper. The 

uneven fluid movement could also lead to a drier apex, and consequently to the burning of the 

paper due to Joule heating. Owing to its simple and cheap set-up, the speed of operation system, 
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and its portability, this design was widely used in the medical field and a commercial version of this 

apparatus was also commercialised by the Spinco Division of Beckman Instruments in 1950 [80]. 

The second design was a vertical orientation and was predominantly used for 

preparative purposes (Figure 1.2B) where the buffer and sample solution were carried down a large 

sheet of paper (or paper curtain). Drip point tabs were positioned at the end and evenly drained 

by gravity, with the voltage applied perpendicularly to the flow direction (i.e. horizontal). The 

neutral species flowed vertically with gravity, while the charged species migrated horizontally with 

or against the electric field. This design was inspired by partition chromatography and was modified 

for continuous flow electrophoresis on paper by Grassman and Hannig in 1950 [67, 81]. The larger 

separation space allowed for a greater resolution in the case of large-scale electrophoresis. 

However, due to the bulky set-up, precautions were taken in order to ensure a constant field 

strength and flow rate of the electrolytes, as well as the evaporation and temperature control so 

as to maintain the sharpness of the separation bands [15, 82-89].  

The so-called Horizontal type apparatus (Figure 1.2C), was developed by Cremer and 

Tiselius and later by Kunkel in 1951 [90, 91]. As the name suggests, the paper was positioned 

horizontally in order to eliminate the uneven buffer uptake, and to minimise the evaporation by 

sandwiching the buffer-saturated paper strips between glass plates. Cremer and Tiselius used the 

non-polar immiscible solvent, chlorobenzene, as a seal, but this was found to interfere with the 

analysis. Kunkel proposed greasing the edges of the glass plates using silicone the use of metal 

clamps not only to prevent evaporation and improve the dissipation of heat, but also to apply even 

pressure and keep the paper in place [91]. For more effective cooling, the set-up was placed in a 

cold room or between heavy metal plates cooled with a circulating coolant. This apparatus was 

claimed to be one of the simplest set-ups for paper electrophoresis and provided comparable 

results to the apex designs. The careful and rapid removal of the paper following the separation 

remained one of the experimental challenges [88].  
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Figure 1.2. A. Inverted V-shaped apparatus designed by Durrum E.L. in 1950. Adapted with permission 

from ref. [79]. Copyright 1950 American Chemistry Society. B. The apparatus for vertical type or continuous-flow 

electrophoresis designed by Durrum E.L in 1951. Adapted with permission from ref. [83]. Copyright 1951 American 

Chemical Society. C. Horizontal-type apparatus used by Lederer and Ward in 1952. Adapted with permission from ref. 

[92] . Copyright 1952 Elsevier. 

1.2.1.2 Understanding opportunities and limitations 

Parameters including temperature, paper wetness, choice of electrolyte and paper, 

surface coating can significantly affect the efficiency, mobility, and reproducibility of the paper 

electrophoresis [88].  

McDonald realised that evaporation is caused by the increase of temperature due to 

the current flow, which in turn resulted in the drying of the paper substrate. It was demonstrated 

that when this happened, the velocity and the distance of the analyte were not linear [77]. Holliger 

et al. concluded that velocity increased with temperature, as a higher temperature increased the 

electrolyte flow [93]. By maintaining a suitable temperature across the chamber, the paper 

wetness could be maintained, and the sample loading could be performed throughout the duration 



 

15 
 

of the experiment. Similar experiments were also conducted by Hackman and Goldberg for protein 

separations, where improved resolution and reproducibility were obtained on a wetter paper strip, 

observing denaturation on dryer paper [94]. Careful monitoring of temperature during paper 

electrophoresis with and without cooling was investigated by Kawerau [95]. When coolant 

circulation was provided, the stabilising time, electrical potential, and evaporation rate were 

reduced.  

Because ionization can change based on the pH, it is important to carefully select the 

appropriate range of pH for their separation. Woods et al. suggested selecting a buffer pH with a 

higher value than the pI of the protein in order to avoid the electrostatic interaction between the 

positive charge of the protein and the negative charge of the paper [96]. Blank et al. agreed that 

an alkaline electrolyte increased the rate of mobility of steroids, and that buffering was essential 

to avoid pH changes and maintain a stable ionic strength during the experiment [97]. Gross 

confirmed that the alkaline pH was useful for inorganic ions [98]. Geller et al. however, 

demonstrated the separation of some amino acids below their pI with reduced absorption [99]. 

The strength of the electrolyte was investigated by Martin and Frenglen, concluding that as the 

ionic strength of the electrolyte increased, the resolution of the separated bands improved due to 

reduced diffusion, better pH control, and a higher current [100]. However, an excessively high ionic 

strength promoted the precipitation and denaturation of proteins and limited the mobility as well 

as increased the amount of heat generated.  

Kabara et al. investigated the buffer equilibration process, identifying that direct 

pouring provided a greater and faster equilibrium while dipping required a longer time to stabilise 

and caused band distortion, presumably from an uneven saturation resulting in an unstable field 

strength [101]. 

The type of paper can exert a significant impact on the separation efficiency. It was 

believed to be a result from purity, in terms of the cellulose content, with each paper type causing 
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different levels of protein absorption, surface and wetting capability [102]. Martin and Flenglen 

concluded that Whatman No. 1, 4, 3MM and Munktell 20 were among the best and most used 

grades by most researchers [100, 103]. Varieties of Whatman filter paper with different thickness 

values were tested in order to study the separation power by Kawerau where the superior 

efficiency was associated with higher thickness due to the less compact cellulose structure [95]. 

Holdsworth also compared seven grades of Whatman paper and characterised them according to 

their suitability for different applications [87]. For example, a thin Whatman No.1 grade was found 

more suitable for a small amount of a high molecular weight sample while the thicker Whatman 

No. 31 grade is advantageous for small inorganic ions that have a high mobility. For protein 

separations, some researchers preferred the thicker filter paper since it was found to reduce the 

EOF and thinner paper was prone to evaporation [91, 104]. Thicker paper can carry a higher current 

and sustain a higher temperature which increases effective electrophoretic velocity [105]. Shiroma 

et al. reported the comparison of Whatman No.1 and Whatman P81, only resolving the 

paracetamol components using Whatman P81 due to the stronger cationic exchange on the P81 

paper [106]. 

The mobility of the analyte on the paper is the mobility of the analyte in free solution 

combined with a contribution factor from the paper [107]. This factor is specifically referred to as 

the tortuosity factor, which Kawerau and Gross explored in relation to the direction in which the 

paper strips were cut [95, 98]. Their results demonstrated that those strips which had been cut 

along the direction of the main cellulose fibre had a higher current density, and a greater migration 

distance than those where the paper was cut across the fibre direction. The bands migrating across, 

not along, the fibres tapered and the analytes with similar mobility could not be resolved. This 

tapering effect is more pronounced in paper chromatography than in electrophoresis.  

In order to enhance the fluorescence detection for the polycyclic aromatic compounds 

Cheng and Vo-Dinh investigated the effect of the coating on the paper surface prior to the 
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separation using amorphous fumed silica [108]. While the migration distance of the analytes was 

unaffected, a 1.5-fold increase in the fluorescence intensity was found on the coated paper without 

a significant increase in background interferences. 

1.2.1.3 Applications 

Paper electrophoresis was traditionally implemented for the analysis of clinical samples 

containing hemoglobin, proteins, amino acids, sugar derivatives, lipids, carbohydrates, and 

enzymes, with only a limited number of reports focusing on separating inorganic anions and 

cations. In terms of the detection and quantification of the separated bands, staining with 

colorimetric reagents constituted the easiest, cheapest, and most reliable method. An overview of 

these selected applications together with the experimental conditions and detection methods 

between 1930 and 2006 is provided in Table 1.2, providing an overview before the evolution to 

μPADs.  

Despite paper electrophoresis losing its popularity in the mid-1970s due to the rise of 

polymeric gels and capillaries as more convenient and powerful platforms, paper continued to 

constitute an attractive approach for the multidimensional separation of complex samples. 

Asenstorfer et al. coupled the paper substrate with high performance liquid chromatography 

(HPLC) for the isolation, purification, and identification of anthocyanin from two cultural crops in 

Australia [109]. The anthocyanin was firstly isolated from the plant extract on Whatman No. 3 

paper strips before fuming the spots with hydrochloric acid (HCl) and further eluting the paper with 

methanol. The eluents in methanol were then concentrated in a solid phase extraction cartridge 

prior to separation with HPLC-MS. There have also been a few reports on using ITP on paper.  ITP 

is a non-linear electrophoretic separation technique employing two electrolytes: the leading 

electrolyte (LE) and the terminating electrolyte (TE) and has mainly been used for concentrating 

and focusing sample components into very sharp and intense bands [110]. ITP on paper dates back 

to 1973, when Taglia and Lederer separated anionic thiocyanate and bromate using chloride as the 
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LE and acetate as the TE [111]. The detection of thiocyanate and bromate was also achieved by 

complexing with ferric cation and potassium iodide, respectively. In the same work, chromate and 

molybdate were also separated using thiosulfate as the LE and oxalate as the TE, while sulphate 

was used as a spacer between the two in order to obtain physically separated analyte zones. A 

mixture of other various anions including chromate, molybdate, tungstate, and ammonium 

perrhenate was also separated. Subsequently, Taglia also used ITP in order to separate cationic 

thallium, silver, lead, and mercury  using nitric acid as the LE and lithium nitrate as the TE [112].  

1.2.2 µPADs: revisiting paper electrophoresis and chromatography 

In 2007, paper was used to create a µPAD by Whiteside et al [113, 114] which has 

revitalised the interest in using paper as a substrate for all forms of analytical chemistry. The 

attraction is the simplicity of fluid movement by capillary action, making it similar to a traditional 

lateral flow assay (LFA) which are commonly used for diabetes, pregnancy, Human 

Immunodeficiency Virus (HIV) and influenza [115, 116]. µPADs started off with the pursuit of 

biochemical assays in the early days, but with the microfluidic control providing increased 

performance, µPAD applications include environmental monitoring and detection (organic, 

inorganic, and metal ions species), nutrition, and forensic investigations. While trying to maintain 

equivalent capabilities in terms of analysis principles with that of the previous technologies, 

ultimate goal in developing µPADs is to execute such systems into the portable scale where 

fabrications, chemicals, instrumentation and cost can be minimized together with comparatively 

fast and credible diagnosis [117-124]. For most assays on µPADs, the selectivity is provided through 

the selection of the appropriate regents and wetting of the paper provides the fluidic transport. 

For a more comprehensive overview of µPADs, readers are directed to some excellent reviews 

[125-133]. The focus of this section is on those µPADs incorporating a chemical separation to 

provide selectivity by resolving different analytes. An overview of µPADs incorporating an 

analytical separation is provided in Table 1.3.  
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Table  1.2. Selected applications of paper electrophoresis during 1900’s until 2006  

Applications of paper electrophoresis 

Year Author(s) Separation 

Experimental conditions 

Detection Ref. 
Paper Type Buffer(s) 

Potential 

gradient (V/cm) 
Time (hr) 

1948 Haugaard et al. Amino acids Whatman #1 (sheet) Phosphate buffer 8.3-8.75 16-18 Ninhydrin reagent   [67] 

1950 Durrum, E.L. 
Amino acids and radioactive 

components 
Whatman #2 

Potassium hydrogen phthalate-Sodium 

hydroxide, acetic acid, phosphate, and 

barbital buffer 

6-18 2-93 
Ninhydrin reagent and 

autoradiography 
 [79] 

1951 Strain, H.H. and Sullivan, J.C.  Metal ions 

Commercial filter paper 

(Filpaco #046 and Eaton-

Dikeman grade 320) 

Ammonium hydroxide, ammonium 

acetate, and nitric acid  
2.6-6.6 0.3-0.6 Colorimetric reagents [82]  

1952 Lederer, M. and Ward, F.L. 
Cations and anions in metal 

complexes 

Standard chromatography 

paper 

Hydrochloric acid, potassium chloride, 

and potassium thiocyanate 
1.3-4 0.25-3.5 

Ammonia and hydrogen 

sulphide 
 [92] 

1952 
Consden, R. and Stanier, 

W.M. 
Sugars Whatman #1 Borate buffer 10.3 2 

Aniline hydrogen phthalate 

reagent 
 [134] 

1952 Kunkel, H.G. and Slater, R.J. Lipoproteins of serum Whatman 3MM Barbital buffer 2.8-14.3 1 
Bromophenol blue and 

alcohol ether 
[91]  

1953 
Woods, E.F. and Gillespie, 

J.M. 
Mixture of enzymes from protein Whatman 3MM Barbital buffer 9.5-19.5 5-6 Bromophenol blue [96]  
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Year Author(s) Separation 

Experimental conditions 

Detection Ref. 
Paper Type Buffer(s) 

Potential 

gradient (V/cm) 
Time (hr) 

1953 Frenglen, G.T. 
Insulin and parathyroid fractions 

in serum, spun milk, and urine 
Whatman #1 and #4 Barbital buffer 3.4-4.2  12-16 Ammonia fume  [135] 

1953 Spaet, T.H. Animal proteins Whatman 3MM Barbital buffer 810-1200V* 2-24 Bromophenol blue  [136] 

1953 Kinersly, T. Organic components in saliva Whatman #1 and Munktell 20 
Acetate, citrate, phosphate and barbital 

buffer 
150-300V* 5-24 

Amido Black, Acid-Schiff 

staining, starch-iodine 

solution, and starch-sodium 

chloride solution 

 [137] 

1954 Mackay et al. Serum proteins Whatman #1 Barbital buffer 
8.3 6-7 Amido black and immersing 

in mineral oil 
[138]  

5 14 

1955 Langen et al. 
Alpha and beta lipoprotein 

cholesterol 
Whatman 3MM Barbital buffer 7.3 2 Sudan black  [139] 

1955 Zentner, H. 
Proteins fraction from wheat 

gluten 
Whatman 3MM Citrate-phosphate buffer 9 24 N/A  [140] 

1955 Jencks et al. Serum proteins Whatman 3MM Barbital buffer 3-3.5 16 
Bromophenol blue-acetic 

acid-zinc sulphate 
[141]  

1955 Langen et al. Cholesterol lipoproteins Whatman 3MM Barbital buffer 7.3 2 

Sudan black and Ferric 

chloride-sulfuric acid 

cholesterol reagent 

[139]  

1955 Brown, C. and Kirk, P.L. Identification of writing inks Whatman #1 Acetate and barbital buffer 7.8 0.08 Colorimetric reagents spray  [64] 
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Year Author(s) Separation 

Experimental conditions 

Detection Ref. 
Paper Type Buffer(s) 

Potential 

gradient (V/cm) 
Time (hr) 

1956 Gross, D. 
Non-volatile organic acids and 

amino acids 
Whatman 3MM Formic acid-acetic acid 160-240 0.2-0.5 

Ninhydrin and bromophenol 

blue 
[142]  

1957 Lederer, M. Inorganic anions Arches No. 302 Ammonium carbonate 150 V* 1 Acid spray [143]  

1957 Gross, D. 
Inorganic cations: Alkali, Alkaline-

earth and others 
Whatman 3MM Ammonium carbonate 100 0.28-0.33 Bromothymol Blue spray  [144] 

1957 Theander, O. 

Aldehyde and ketone components 

from glucoside monosaccharide 

sugar 

Whatman 3MM Hydrogen sulphide 12-18.5 3-5 

UV light, 

dinitrophenylhydrazine, 

silver-nitrate-sodium 

ethoxide or anisidine 

hydrochloride 

[145]  

1957 Leviton, A. 
Amino acids of whey proteins in 

dairy products 
Whatman 3MM Barbital buffer 5-20 2 Bromophenol Blue [146]  

1958 Jach et al. 
Radioactive by-products from 

Szilard-Chalmers reaction 
Whatman 3MM Sodium hydroxide 10-16 2-5 

Radioactive scintillation 

counter and rate of decay 

calculation 

[147]  

1958 Macrae, H.F. and Baker, B.E. 
Alpha, beta, and gamma Casein 

from milk sample 
Whatman 3MM Barbital buffer 5 16 

Azocarmine B, naphthalene 

black and direct photometry  
[148]  

1959 Grassini, G. and Lederer, M. Inorganic anions Arches No. 302 Sodium hydroxide 240 V* 1 N/A  [149] 
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Year Author(s) Separation 

Experimental conditions 

Detection Ref. 
Paper Type Buffer(s) 

Potential 

gradient (V/cm) 
Time (hr) 

1959 Katz et al. 
Peptides from controlled 

proteolytic digests 
Whatman 3MM Pyridine-acetic acid-water 35 16 

Peptide and amino acids 

reagents 
 [150] 

1960 Markakis, P. 
Anthocyanins from berries and 

plants 

Whatman (Spinco model R 

apparatus) 

Phosphoric acid, acetic acid, and formic 

acid 
7-15 2-10 

Hydrochloric fume or 

alcohol elution 
 [151] 

1960 
Belling, G.B. and 

Underdown, R.E. 
Inorganic anions Whatman 3MM Sodium carbonate 300 V* 1 Chromogenic reagent spray [152]  

1960 Geller et al. 
α-casein complex and 

components 
S&S 2043A Lactic acid-propionic acid 8.2 5 Bromophenol blue  [99] 

1961 
Atfield, G.N. and Morris, 

C.J.O.R. 

Amino acids in protein 

hydrolysates: mobility and 

recovery 

Whatman 3MM 
Pyridine-acetate, formic acid-acetic 

acid, and cadmium acetate 
75-100 3-4.5 

Cadmium-Ninhydrin, 

methanol distillation, and 

direct absorption 

photometry 

[153]  

1962 
Bannard, R.A.B. and 

Casselman, A.A. 
Clam poison in shellfish Whatman 3MM 

Formic acid, acetic acid, sodium 

acetate-acetic acid, phosphate and 

borate buffer 

45 1.75 
UV light, ninhydrin, and 

weber chromogenic agent 
[154]  

1963 Gross, D. 
Inorganic cations: migration 

conditions and rates 
Whatman 3MM Formic acid 100 0.33 

Ammonium sulphide, 8-

hydroxyquinoline, ammonia 

fume, bromophenol blue, 

and ammonium ninhydrin 

[98]  
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Year Author(s) Separation 

Experimental conditions 

Detection Ref. 
Paper Type Buffer(s) 

Potential 

gradient (V/cm) 
Time (hr) 

1963 Shukla et al. 
Chemical effects beta-decay from 

132Te to 132I production 
Arches No. 302 Sodium hydroxide and sodium chloride 1.3-4 and 50-100 

0.25-3.5 

and 1 

Scanning with Frieseke-

Hoepfner FH 452 automatic 

scanner for 

radioelectropherogram 

[155]  

1964 Blank et al. 

C-16, C-17-dioxygenated and 

some other polyhydroxylated 

steroids 

Whatman 3MM Borate  buffer 10.9 5 UV light [97]  

1967 Jokl et al. Inorganic ions: Mobility data Whatman #1 N-(2-Hydroxyehtyl) iminodiacetic acid 15 1-3 

Hydrochloric acid spray and 

specific metal complexing 

agents 

[156]  

1967 
Horobin, R.W. and 

Murgatroyd, L.B. 
Histological dyes Whatman #4 Phosphate buffer 2.6 10 Azur A and methylene blue [66]  

1968 
Adams, W.S. and Nakatani, 

M. 
Purines and Pyrimidines: Mobility Schleicher and Schuell 2043-A Borate  buffer 9.8 4 UV light  [157] 

1970 Selegny et al. Amino acids 

Strong base ion exchange; SB-2 

(Amberlite IRA-400), Strong 

acid ion exchange; SA-2 

(Amberlite IR-120), Weak acid 

ion exchange; WA-2 (carboxylic 

IRD-50) 

Phosphate and citrate buffer 14-28.5 1-6 N/A [158]  
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Year Author(s) Separation 

Experimental conditions 

Detection Ref. 
Paper Type Buffer(s) 

Potential 

gradient (V/cm) 
Time (hr) 

1973 Mosini, V. and Lederer, M.  
Investigation of metal and 

inorganic anions complexation 
Whatman #1 Hydrochloric acid 3.5 1 N/A [159]  

1973 Taglia, V. and Lederer, M. Inorganic anions (ITP) Whatman #1 Chloride (LE) and acetate (TE) 7 3 
Metal complexation and 

potassium iodide (KI-HCl) 
[111]  

1973 Taglia, V. Metal cations (ITP) Whatman #1 Nitric acid (LE) and Lithium nitrate (TE) 7 2 Potassium chromate [112]  

1974 
Cvjeticanin, N.M. and 

Jovanovic-Kovacevic, O. 

Divalent metal cations in 

inorganic and organic acids 
Whatman 3MM Ethylenediaminetetraacetic acid (EDTA) 60 0.75-1.5 

Dithizone in acetone 

solution 
 [160] 

1974 
Mukherjee, H.G. and 

Majumdar, D. 

Metal cations (with Magnetic 

field) 
Whatman #1 Potassium chloride 5.5 0.25 Colour developing agent  [71] 

1976 Jerzykowski et al. 
Glyoxalase I and II from ox liver, 

red blood, and yeasts 
Whatman #1 Barbital buffer 220V* 5.5 Bromophenol blue  [161] 

1978 
Corradini, C. and Lederer, 

M. 

Optical isomers of metal 

complexes 
Whatman 3MM Aluminium chloride-ammonium tartrate 7.35 2-3 N/A [162]  

1979 Lederer, M.  
Relevant factors relating to high-

voltage electrophoresis on paper 
Whatman 3MM 

Hydrochloric acid, ammonium sulphate, 

and perchloric acid 
25-57 0.08 N/A [104]  
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Year Author(s) Separation 

Experimental conditions 

Detection Ref. 
Paper Type Buffer(s) 

Potential 

gradient (V/cm) 
Time (hr) 

1983 
Mukherjee, H.G. and Datta, 

S.K. 

Metal lanthanons (with magnetic 

field) 
Whatman #1 

Potassium chloride, hydrochloric acid, 

and potassium cyanide 
6.3 0.4 Colour developing agent  [72] 

1984 Fanali, S. and Ossicini, L. 
Parameters influencing the 

electrophoretic separation 

Whatman #1 and Whatman 

3MM 
Sodium sulphate and hydrochloric acid 25-100 0.05-0.16 N/A [105]  

1986 
Hayman, A.R. and Gray, 

D.O. 

Dansyl derivatives of amino acids 

and amines 
Whatman #1 

Formic acid, acetate, and phosphate 

buffer 
16 0.5-2 

UV light, potassium 

permanganate-sodium 

carbonate, and in-house 

chromogenic reagents 

[163]  

1988 Nagasaki et al. 
Inorganic Neptunium in 

groundwater 
TOYO No. 51A 

Potassium chloride-boric acid-sodium 

hydroxide and Tris buffer 

10 or 100 (with 

cooling system) 

4 or 0.25 

(with 

cooling 

system) 

Gas-flow counter for 237Np 

activities  
[164]  

1990 Cheng, Y.F. and Dinh, T.V. 
Polycyclic carcinogenic 

compounds 
S&S 591-C Tris buffer 100 1.5 Fluorescence analysis [108]  

1994 Kobayashi et al. 

Dihydroxyborylphynylalanine 

(BPA) compounds in dicarboxylic 

acid and tricarboxylic acid 

Toyoroshi No. 51A Tricarboxylic acids 33 0.5 

Infrared spectrometry (IR), 

ninhydrin, boric acid-

alcoholic curcumin solution 

[165]  
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*Applied voltage. Field strength could not be determined because of missing information. 

 

 

Year Author(s) Separation 

Experimental conditions 

Detection Ref. 
Paper Type Buffer(s) 

Potential 

gradient (V/cm) 
Time (hr) 

2001 Sharma et al. 
Ion-pairs in inorganic anions 

complex 

Whatman #1 (plain and coated 

with Titanium (IV) tungstate) 

Nitrate buffer (sodium, magnesium, 

aluminium, chromium, and cobalt) 
2.1 3 

Silver nitrate, ferric 

chloride, diphenyl amine, 

zirconium tetrachloride, 

alizarin, phenolphthalein, 

potassium permanganate, 

and sodium nitro pruside 

[166]  

2003 Asenstorfer et al. 
Anthocyanins from floricultural 

crops 
Whatman #3 Bisulphite buffer 1400V* 1 

Hydrochloric fume, alcohol 

elution, and Coupled with 

HPLC-MS 

[109]  

2006 Sato et al. Histamine in fish and seafood 
Special type equipped with JBB 

Histamine checker (Japan) 
Pyridine-acetic acid-water 26 0.16 

Chromogenic diazotized 

sulfanilic acid reagent and 

digital imaging software 

[167]  
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Table 1.3. Selected applications on separation using µPADs  

Applications on Paper-based Analytical Devices (µPADs) 

Year Author(s) Application 

Experimental conditions 

Detection Ref. 

Paper Type/Fabrication Reagents/buffers Electrical parameter 

Fabrication 

time/Analysis 

time  

2010 Carvalhal et al. 
Separation and quantification of 

ascorbic and uric acid  

Whatman 

#1/Photolithography with 

S1811 Electroactive species of both 

acids/Acetate buffer 

0.4 V vs Au 

(scanning) 

Approx. 20.5 

min/16 min 
Electrochemical assay [168]  

Electrodes: Electron beam 

evaporation or sputtering of 

titanium and gold 

2012 Ge et al. Separation of blood plasma 
Whatman chromatography 

paper/Wax printing (3D) 

IgM antibodies for antigens D 

(anti-D)/Phosphate buffer and 

Tween-20 

N/A 
Approx. 3 

min/ 16 min 

Chemiluminescence assay 

(Luminuol-H2O2 and Ag 

nanoparticles) 

 [169] 

2012 Tao et al. 
Electrophoresis of gizzerosine in 

meals containing fish products 

Commercial paper 

electrophoresis apparatus 

and paper disc (QS-Solution, 

Japan) 

Pauly's reagent/Pyridine: acetic 

acid: water  
800 V 18 min Colorimetric assay  [170] 
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Year Author(s) Application 

Experimental conditions 

Detection Ref. 

Paper Type/Fabrication Reagents/buffers Electrical parameter 

Fabrication 

time/Analysis 

time  

2012 Songjaroen et al. 
Separation of blood plasma from 

whole blood 

Whatman #1 and blood 

separation paper (LF1, MF1, 

VF1, and VF2)/Wax dipping 

Bromocresol green/K3EDTA 

reagent 
N/A 

Approx. 1 s /2 

min 
Colorimetric assay  [171] 

2012 Yang et al. 
Separation of blood plasma from 

whole blood 
Whatman #1/Wax printing 

Anti-A,B antibodies for blood 

separation and potassium iodide 

for glucose oxidative 

species/Phosphate buffer 

N/A 
Approx. 3 

min/5 min 
Colorimetric assay  [172] 

2012 Vella et al. 

Detection of multi-components 

from single drop of blood for liver-

related diseases 

Whatman #1 (in assembly 

with separation membrane 

for vertical-flow chip)/Wax 

printing 

Colorimetric reagents for 

Aspartate aminotransferase (AST), 

Alkaline phosphatase (ALP) and 

Proteins/Tris and citrate buffer 

N/A 

Approx. 3 

min/20-45 

min 

Colorimetric assay  [173] 

2012 Shiroma et al. 
Separation of paracetamol and 4-

aminophenol 

Whatman #1 and P81 (cation 

exchanger paper)/Wax 

printing 

Eater-linked orthophosphoric acid 

(with Na+ counterion)/Acetate and 

phosphate buffer 

0.4 V vs pseudo Au  
Approx. 12 

min/25 min 
Electrochemical assay [106]  

Electrode: Thin film 

sputtering of gold  
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Year Author(s) Application 

Experimental conditions 

Detection Ref. 

Paper Type/Fabrication Reagents/buffers Electrical parameter 

Fabrication 

time/Analysis 

time  

2013 Noiphung et al. 
Detection of glucose from whole 

blood 

Whatman #1 and blood 

separation membrane (VF1 

and VF2)/Wax dipping 

Oxidative species for 

glucose/Phosphate buffer 

0.0V to -0.2V vs. 

Ag/AgCl 

Approx. 20 s 

/4 min 
Electrochemical assay [174]  

Electrode: Screen printing 

Prussian blue/carbon 

electrodes (PB/SPCE) and 

silver chloride ink 

2013 Abbas et al. 
Separation and pre-concentration 

of fluorescent dyes 
Whatman #1/Cutting 

Rhodamine 6G and Fluorescein 

isothiocyanate/Poly(allylamine 

hydrochloride) and poly(sodium 4-

styrenesulfonate) 

N/A N/A 
Surface-enhanced Raman 

scattering (SERS) 
[175]  

2013 Dossi et al. 
Separation of ascorbic acid and 

sunset yellow 

Whatman #1/Wax printing 
Sodium acetate and potassium 

chloride buffer 
0.9V vs. pseudo C 

Approx. 10 

min/6 min 
Electrochemical assay  [176] 

Electrode: Hand-drawn with 

graphite pencils 

2014 
Rosenfeld, T. and Bercovici, 

M. 

Pre-concentration of fluorescein 

and DyLight 650 with 

isotachophoresis (ITP) 

Whatman #595/Wax printing 

and lamination 

BisTris-PVP and HCl-BisTris (LE) 

and Tricine-BisTris-PVP (TE) 
200 V 6 min 

Colorimetric assay 

(fluorescence) 
 [177] 
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Year Author(s) Application 

Experimental conditions 

Detection Ref. 

Paper Type/Fabrication Reagents/buffers Electrical parameter 

Fabrication 

time/Analysis 

time  

2014 Ouyang et al. 

Separation of multi-metal 

complexes by moving chelation 

boundary (MCB) 

Whatman 

#1/Photolithography with 

SU-8 2150 EDTA disodium salt subspecies N/A 
Approx. 5-10 

min/15 min 
Colorimetric assay [178]  

Electrode: N/A 

2014 Moghadam et al. 
Isotachophoresis of Alexa Flour 488 

(AF488) succinimidyl ester 

Nitrocellulose/CO2 laser 

cutting 
Tris-HCl-PVP (LE) and HEPES (TE) 250-600V 

Approx. 

20min/4 min 

Colorimetric assay 

(fluorescence) 
[179]  

Electrode: Platinum wires 

2014 Lou et al. 
Separation of proteins and 

fluorescent molecules 

Whatman #1/Wax printing 

(3D-origami) 

Tris-HCl buffer for fluorescent 

molecules and phosphate buffer 

for proteins 

10V 
Approx. 45 s 

/5 min 

Colorimetric assay 

(fluorescence) 
[180]  

Electrode: Silver wires 

2014 Chen et al. 
Separation of coloured dye using 

paper-based fluidic batteries 

Advantec #1/Wax printing 

Methylene blue/deionized water 30 to 40 V/cm 
Approx. 1.5 

min/2 min 
Colorimetric assay [181]  Electrodes: Aluminium foil 

and Copper foil 

2014 Gong et al. 

Concentration and transport of 

proteins and coloured dyes by ion 

concentration polarization (ICP) 

Whatman #1 and 

nitrocellulose 

membrane/CO2 laser cutting 

and wax printing  

Fluorescein, bromocresol green, 

and fluorescein isothiocyanate 

conjugate bovine serum 

albumin/Tris-acetate-EDTA buffer 

50 V 

Approx. 32 

min/3 to 10 

min 

Colorimetric assay 

(fluorescence) 
[182]  
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Year Author(s) Application 

Experimental conditions 

Detection Ref. 

Paper Type/Fabrication Reagents/buffers Electrical parameter 

Fabrication 

time/Analysis 

time  

2015 Li et al. Focusing of DNA 

Whatman #1/Wax printing 

(3D-origami) 
Tris-taurine (LE) and Tris-HCl (TE) 18V 

Approx. 45 s 

/4-10 min 

Colorimetric assay 

(fluorescence) 
 [183] 

Electrode: Platinum wires 

2015 Ryan et al. 
Separation of explosive compound 

in soil 

Whatman 3MM/Cutting 
Colorimetric reagents for each 

explosive components/Deionized 

water and mixture of acetone and 

water 

0 V to -1 V vs. 

Ag/AgCl 
8 min Electrochemical assay [184]  

Electrode: Graphite and 

silver/silver chloride ink 

2015 Yang et al. 

Pre-concentration of dilute sample 

solutions using ion concentration 

polarization (ICP) 

Whatman #1 and 

nitrocellulose/ Wax printing 
Fluorescein/Tris buffer 50 V 

Approx. 7.5 

min/2 to 3 

min 

Colorimetric assay 

(fluorescence) 
 [185] 

2015 Gong et al. 

Pre-concentration and separation 

of infectious disease DNA target by 

ion concentration polarization (ICP) 

Nitrocellulose/Wax printing 
Fluorescent tracers for biological 

samples /Deionized water 
150 V/cm 

Approx. 35 

min/15 min 

Colorimetric assay 

(fluorescence) 
 [186] 

2015 Zhong et al. 

Size-based separation and 

extraction of mixed proteins and 

free dyes 

Whatman #3, #5, and 

Nitrocellulose/CO2 Laser 

cutting 

Naphthol blue black bovine serum 

(Blue-BSA) and 

Tartrazine/Phosphate buffer and 

deionized water 

N/A Approx. 5 min Spectrophotometer [187]  
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Year Author(s) Application 

Experimental conditions 

Detection Ref. 

Paper Type/Fabrication Reagents/buffers Electrical parameter 

Fabrication 

time/Analysis 

time  

2015 Moghadam et al. 

Isotachophoresis of goat anti-rabbit 

IgG labelled with Alexa Fluor 488 

fluorescent dye 

Nitrocellulose/CO2 laser 

cutting 

Tris-HCl-PVP (LE) and glycine-Bis-

Tris (TE) 
500 µA (current) 1.5 to 60 min 

Colorimetric assay 

(fluorescence) 
 [188] 

2016 Hong et al. 

Pre-concentration and separation 

of fluorescent dye using field-flow 

separator 

Whatman #1/Wax printing 
Tris(bipyridine)ruthenium(II) 

chloride, Alexa Fluor 488 and Alexa 

Fluor 488-conjugated bovine 

serum albumin/Sodium chloride 

buffer 

100 V 
Approx. 1 

min/10 min 

Colorimetric assay 

(fluorescence) 
 [189] Electrode: Silver/Silver 

chloride 

2016 Chagas et al. 

Paper-based microchip 

electrophoresis (pME) for 

separation of bovine serum 

albumin and creatinine  

Whatman #1/Cutting and 

lamination 2-(N-morpholino)ethane sulfonic 

acid (MES) and Histamine buffer 
0.6 to 30 kV 2-6 min 

Capacitively coupled 

contactless conductivity 

detection (C4D) 

[190]  
Electrode: Hand-drawn with 

graphite pencils 

2016 Xu et al. 

Injection and electrophoretic 

separation of components in 

beverage sample 

Filter paper/Cutting and 

lamination 

Carmine and sunset yellow 

solution/Deionized water and 

phosphate-borate buffer 

250 V to 300 V 10 min Colorimetric assay [191]  

2016 Zhao et al. 
Separation of amino acid and drug-

doped samples 
Whatman #2/Wax printing 

Fuchsin basic and sulfo-cyanine 

5/Acetate and bicarbonate buffer 
10 V 

Approx. 45 s 

/5 min 

Colorimetric assay and 

mass spectrometry (MS) 
 [192] 
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Year Author(s) Application 

Experimental conditions 

Detection Ref. 

Paper Type/Fabrication Reagents/buffers Electrical parameter 

Fabrication 

time/Analysis 

time  

2016 Berry et al. 
Measurement of hematocrit from 

red blood cells 

Ahlstrom Chromatography 

paper #6130 and Whatman 

#4/Wax printing and 

lamination 

Phenol red/Sodium chloride and 

EDTA 
N/A 

Approx. 30 s 

/30 min 

Colorimetric assay 

(fluorescence) 
[193]  

2016 Phansi et al. 

Separation of gaseous species 

(sulphide ion, ammonium ion, and 

ethanol) from wastewater sample 

Whatman #4/Screen printing 

hydrophobic fabric ink 

"Nessler" and 3-nitrophenol (NTP) 

and sodium hydroxide (for gas 

generation) 

N/A 2-6 min Colorimetric assay [194]  

2016 Hung et al. 
Development of portable sample 

concentrator using fluorescent dyes 
Whatman #1/Wax printing Fluorescein/Tris buffer 0 to 196 V 

Approx. 1.5 

min/16 min 

Colorimetric assay 

(fluorescence) 
 [195] 

2016 Han et al. 

Pre-concentration of fluorescent 

dye and protein using ion 

concentrator polarization (ICP) 

Whatman #1/Wax printing 

and lamination 

Fluorescein and fluorescein 

isothiocyanate-conjugated 

albumin (FITC-albumin)/Sodium 

chloride buffer 

100 to 200 V 
Approx. 1.2 

min/10 min 
Colorimetric assay  [196] 

Electrode: Silver/Silver 

chloride 

2016 Yeh et al. 

Pre-concentration of fluorescent 

dye and protein using ion 

concentrator polarization (ICP) at 

specific location 

Nitrocellulose/Wax printing 

and lamination 

Fluorescein and fluorescein 

isothiocyanate-conjugated 

albumin (FITC-albumin)/Tris buffer 

0 to 210 V 
Approx. 1.5 

min/28 min 

Colorimetric assay 

(fluorescence) 
 [197] 
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Year Author(s) Application 

Experimental conditions 

Detection Ref. 

Paper Type/Fabrication Reagents/buffers Electrical parameter 

Fabrication 

time/Analysis 

time  

2016 Ma et al. 

Pre-concentration of fluorescein 

probe and double-stranded DNA by 

electrokinetic stacking 

Glass fibre paper/Cutting 
Fluorescein and SYBR Green I/Tris-

HCl buffer 
300 V 5 min 

Colorimetric assay 

(fluorescence) 
 [198] 

Electrode: Platinum wires 

2016 Ueland et al. 
Screening of explosive residues in 

soil 
Whatman #5/Wax printing 

Agilent DNA 1000 dye®/Borate-

SDS buffer 
1400 V 

Approx. 30 s 

/40 s 

Agilent 2100 Bioanalyzer 

(fluorescence quenching) 
 [199] 

2016 Phan et al. 

Concentration enhancement of 

fluorescent dyes using ion 

concentration polarization (ICP) 

Whatman #1/Cutting Fluorescein/Tris buffer 50 V 
Approx. 20 

min/3 min 

Colorimetric assay 

(fluorescence) 
 [200] 
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1.2.2.1 Current analytical separations on µPADs 

Just like in the early days, it was chromatography on the µPAD that preceded 

electrophoresis. In 2010, Kubota et al. combined a chromatographic separation with 

electrochemical detection for the analysis of the ascorbic and uric acid [168, 201]. The paper-based 

device was fabricated using photolithography and combined with a glass substrate containing gold 

electrodes (Figure 1.3). The separation procedure was as simple as spotting the sample mixture on 

the paper and dipping the near end into the eluent with 0.4 V applied to the working electrode for 

detection purposes. The analytes are separated based on their retention differences on the paper, 

with the least retained passing the detector first. The run time in the µPAD (16 min) was longer 

than in a HPLC column (5 min); however, the µPAD was simpler and future developments in design 

may reduce the analysis time.  

One of the challenges of chromatography on the µPAD remains the inhomogeneity of 

the liquid flow, leading to a loss in the separation efficiency. With the historic knowledge that 

higher separation efficiencies can be realised with electrophoretic paper-based separations, Ge 

and co-workers introduced electrophoretic µPADs for the separation of amino acids [202], 

employing the pencil-drawn electrodes previously introduced for electrokinetic fluid control [203]. 

The wax-printed µPAD was coupled with circuit boards for the on-column 

electrochemiluminescence detection. Prior to the assembly, different pieces of paper-based circuit 

boards with reservoirs and sample zones and separation strips were designed, as shown in Figure 

1.4. The system performance was promising resolution in separation and repeatability of the runs 

and a linear relationship was found between the signal intensity and the analyte concentration. 

Following the origami-inspired 3D µPAD by Crooks et al., a 3D device was created by 

folding in order to increase the number of fluidic layers without mechanical assistance [204]. Lou 

et al. incorporated the electrophoretic functionality into a 3D microfluidic µPAD for the analysis of 

the fluorescent molecules including proteins. The electric field strengths were approximately 24-
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50 V/cm, which is lower than those reported by Ge (110-330 V/cm) [180]. Thin Whatman No. 1 was 

wax-printed, sandwiched with Ag/AgCl electrodes, and folded into a 3D device (Figure 1.5A). The 

multi-layer structure allowed for the separation to be completed within a period of 5 min. Proteins 

spots could then be visualised with a fluro-profile quantification kit, revealing the fluorescence 

spots from the analytes when unfolding the paper (Figure 1.5B). The digital images were processed 

using Image J software by means of hue conversion for quantitation.  

 

Figure  1.3. Paper-based separation devices with electrochemical detection. (A). Paper was pressed down 

in contact with the gold electrodes for electrochemical detection and (B). where the gold electrodes were screen-printed 

onto the paper device. Adapted with permission from ref. [168]. Copyright 2010 American Chemical Society. 

 

Figure 1.4. Circuit boards and paper-based electrophoretic device coupled with on-column wireless 

electro-generated chemiluminescence detection before (A-C) and after (D) assembly. (1) pierced zones for paper 

reservoirs, (2) sample zone, (3) bipolar electrodes, (4) electro-generated chemiluminescence reporting zones, (5) paper 

reservoirs, (6) paper channel, (7) gold electrodes, (8) pierced hole for bipolar electrodes. Reprinted with permission from 

ref. [202]. Copyright 2014 Royal Society of Chemistry.  
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Rosenfeld and Bercovici introduced ITP on a µPAD on Whatman paper, demonstrating 

a 1000-fold concentration of DyLight 650 in 10 min [177]. The wax-printed device was printed on 

both sides of the paper prior to heating in order to create shallower channels, limiting the current 

and hence, the Joule heating. The LE was a mixture of HCl and BisTris, while two different sets of  

TE, namely HEPES-BisTris and Tricine-BisTris, were used. A quantity of 1% of polyvinylpyrrolidone 

(PVP) was added to both the LE and the TE in order to suppress the EOF. The device comprised of 

4 reservoirs with interconnecting channels and the detection was based on the fluorescence 

interface visualisation (Figure 1.6). The key advantage of the ITP over the conventional lateral flow 

assays is the improvement in speed and sensitivity, providing up to 3 orders of magnitude 

improvements in sensitivity. A 400-fold improvement in the detection limit was reported by this 

group in 2015, also demonstrating a 100-fold enhancement in sensitivity in 4 min for the detection 

of the DNA ladder previously demonstrated by Crooks 3D µPAD [183, 188].  

 

Figure 1.5. Fluorescence relative distribution (a) and micrograph of unfolded paper (b) of mixed 

fluorescence MPTS3- and [Ru(bpy)3]2+ dyes at different running times. Conditions: voltage at 10 V, running time at 0, 1, 

3, and 5 min, and sample loading was at layer 11 for a and b while the loading was at layer 3 for c and d. The arrows 

indicated the direction of the movements of each of the fluorescence dyes. Adapted with permission from ref. [180]. 

Copyright 2014 American Chemical Society. 
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Moghadam et al. carried out the ITP on a µPAD for the pre-concentration of dyes of up 

to 900-fold using a field strength of 11 V/cm within 4 min [179]. In this case, the LE was Tris-HCl 

and the TE was HEPES. Nitrocellulose was designed in strip- and cross-shapes using a CO2 laser 

cutter before placing these on an acrylic holder (Figure 1.7A). Alexa Fluor 488 succinamidyl ester 

was added to the TE and 3% PVP was added to the LE. Images were collected using a fluorescence 

microscope to quantitate the sharp and intense band from 5-140 s (Figure 1.7B). Incorporation of 

a battery completed the integrated system for the portable diagnostics.  

 

Figure 1.6. ITP protocol on the designed device starting from (a) placing the electrodes into the reservoirs 

with the channel covered with laminating tape as indicated with the dashed lines, (b) LE was added to the right reservoir 

and the chamber and channel were filled by capillary action on the paper (c and d). A mixture of the sample and the TE 

was added into the left reservoir (e.) before the voltage was applied for the ITP (f). Photograph of the fluorescence taken 

using a commercial camera (g) and a fluorescence microscope (h). Reprinted with permission from ref. [177]. Copyright 

2014 Royal Society of Chemistry. 
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Figure 1.7. (A) Device design with the TE mixed with sample on the left and the PVP mixed with the LE on 

the right. The arrow indicated the flow direction of the ITP.  (B) The ITP interface at (i) 5 s, (ii) 30 s, (iii) 60 s, (iv) 90 s, and 

(v) 140 s after the electric field was supplied. Adapted with permission from ref. [179]. Copyright 2014 American Chemical 

Society.  

OuYang et al. claimed electrochromatographic separations using µPADs, combining the 

electrophoresis with the ion exchange chromatography for the separation of metal complexes on 

Whatman No. 1 [178]. The device was fabricated by means of photolithography using a SU-8 2150 

negative photoresist. Paper strips were dipped into the buffer vessels containing the analytes and 

ethylenediaminetetraacetic acid (EDTA), respectively, while the electrodes were taped in place. 

Complexing agent, EDTA, was placed in the left cathodic vessel, while a mixed solution of metal 

ions (Co2+, Cu2+ and Fe3+) was placed in the right anodic vessel. When the potential was applied, 

EDTA and the ions moved towards one and another to meet at the chelation boundary, where the 

meeting of the two boundaries was marked by an increase in current. In the field, the chelation 

band separated into the three zones corresponding to the complexes, suggesting the separation 

may be more electrophoretic than chromatographic (Figure 1.8). Later in 2016, the author reported 

the modification of another moving chelation boundary (MCB) system to a paper-based chip in 

order to address the issue of poor detection limits for the separation of the trace metal ions found 

in the previous work [205]. Field-amplified sample stacking (FASS) was used to move the ions 

through the boundary between the low concentration and the high concentration background 

electrolyte, where the loss in velocity at the boundary resulted in concentration. 
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Figure 1.8. Schematic illustration of the electrochromatographic µPAD (left) and mechanism (right) on the 

paper device where the boundaries of the EDTA and metal ions migrate across in opposite directions and form coloured 

zones in the middle indicating the chelation boundaries (CBs). Adapted with permission from ref. [178]. Copyright 2014 

Royal Society of Chemistry.   

A fully disposable electrophoresis µPAD incorporating pencil-drawn electrodes for 

capacitively coupled contactless conductivity detection (C4D) was developed [190]. The device was 

used for the analysis of biomarkers, including bovine serum albumin (BSA) and creatinine, in only 

150 s. The microfluidic design included a cross shape, cut by a CO2 laser engraver, in a foldable thin 

sheet of lamination film, serving as an insulator for the electrodes; the reservoirs were cut out of 

the film and attached to reservoirs made from pipette tips (Figure 1.9). The results from the µPAD 

were compared with a conventional glass microchip (i.e. free solution electrophoresis) where no 

separation of these compounds could be observed, probably because of non-specific binding of 

the BSA, demonstrating a benefit of this approach.   

While not directly simple to use and portable, mass spectroscopy (MS) was considered 

in combination with µPADs due to its specificity and enhanced sensitivity compared with visual 

detection [206, 207]. The modification of the nanospray by using a paper substrate with a sharp 
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tip, led to the so-called paper spray ionisation (PSI) [208, 209]. Samples were separated using 

paper-chromatography with a compatible solvent prior to cutting the paper containing the analyte 

zones into sharp triangle shapes (or tips). These were wetted with more solvent, horizontally facing 

towards the inlet to the MS and the PSI started as soon as a voltage was applied using the metal 

crocodile clips. The Verpoorte group performed online chromatography of three dyes using 

modified PSI by combining it with a 3D printed polylactic-acid (PLA) cartridge containing solvent 

reservoirs for integrated control fluidic control [210]. 

Rapid in-situ ion-transmission MS for paper electrophoresis was developed by Zhang et 

al. [192]. A low-temperature plasma probe was used in order to directly ionise the sample from the 

µPADs, eliminating the need to cut the paper into sharp tips. A mixture of amino acids and a 

mixture of drugs in blood were electrophoretically separated on a 3D µPAD before being unfolded, 

subjecting each layer to the plasma probe for the MS detection without further treatment.  

 

Figure 1.9. Fabrication of the fully disposable paper-based electrophoresis microchip. The laser-cut paper 

was placed between the laminating films with pre-pierced holes for detection zones (a-b). The electrodes for C4D (e1 and 

e0) were pencil-drawn and attached to the pME with tape before lamination while the base of the pipette tips was used 

as a reservoir for buffer (B), sample waste (SW), sample (S), and buffer waste (BW). Reproduced with permission from 

ref. [190]. Copyright 2016 Royal Society of Chemistry. 
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1.2.3. Challenges of electrophoresis on paper-based substrates 

Despite the fact that electrophoretic µPADs benefit from the advantages of 

miniaturisation, and have been demonstrated to be capable of rapid, simple, and portable assays 

in a low-cost and environmentally friendly manner, the resolution that has been achieved so far is 

lower than the column chromatography and CE/microchip electrophoresis. Progress has been 

made since the introduction of the µPAD, but some technical challenges still remain.  

First, more rapid separations require higher electric fields, and higher current values 

lead to the generation of more heat [177, 179]. As known from the large-scale paper 

electrophoresis, the subsequent evaporation can compromise the wetting and even cause burning 

of the paper. Clamping of the paper between glass plates used in the past has been replaced by 

tape or laminating foils for sealing the device. Additionally, different fabrication approaches were 

successfully applied in order to reduce the cross-sectional area. These solutions add steps to the 

fabrication process and require accurate alignment [179, 211].  

Second issue to address is the non-specific adsorption of proteins and bio-molecules. 

Compared with conventional microfluidic substrates, the surface area available for adsorption and 

immobilisation is significantly larger on the fibrous structure of the paper [132, 212, 213]. Surface 

treatment with specific enzymes or appropriate blocking agents prior to the separation was 

demonstrated to reduce this phenomenon.  

Third, a better understanding of the effect of the type of paper for specific analyte 

groups is required, as it affects both resolution and detection. For example, charge density is 

important for electrochromatographic separations exploiting ion exchange interactions but may 

hinder the purer electrophoretic separations.  Therefore, the selection and modification of the 

paper substrate with active functional groups is needed in order to enhance the efficiency in 

separation to different target compounds [214-216]. A potential information resource on 
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functionalised paper and paper-like substrates may be in the development of ‘polymer paper’ for 

bank notes. 

Finally, similar to all electrophoretic separations, optimising the buffer and other 

conditions requires a delicate balance between speed and resolution [217]. Considering the 

relative youth of electrophoretic µPADs, fundamental studies in this area are yet to be conducted. 

With an increasing necessity to develop μPADs with electrophoretic functionality, these studies 

will be conducted for different analyte classes, contributing to a greater insight and faster 

optimisation strategies. 

1.2.4. Conclusion and Future Direction 

Paper electrophoresis was introduced almost 80 years ago, and despite the wealth of 

applications, it was surpassed by the electrophoresis in gels and capillaries based on the superior 

performance thereof in the 1970.  The introduction of the µPAD in 1996 has provided a renaissance 

of paper-based assays and provides new opportunities for paper electrophoresis. This time, the 

scientific community is armed with a more developed understanding of the electrophoretic 

phenomena as well as the surface chemistry to help develop paper electrophoresis further.  The 

microfluidic features in µPADs are relatively large, leading to Joule heating when using the high 

fields required for zone electrophoresis. Using the self-focusing effect of the ITP as a separation 

technique or concentration mechanism provides a means to address the sensitivity issues in the 

µPAD assays without the need for high field strengths, with up to 400-fold enhancement in the 

sensitivity reported. In addition to separations, an electric field can be used for the electrokinetic 

fluid control in order to mobilise and transport reagents, opening interesting opportunities when 

using zone passing techniques to gain control of the more complex and/or multistep reactions on 

the µPADs. While in today’s form, µPADs may not be ideally suitable for high resolution 

electrophoretic separations, there are many uses for low resolution separations on µPADs for the 

purpose of performing sample preparation and/or concentration, or as orthogonal contributor to 
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a multidimensional separation system. It is therefore expected that the number of µPADs 

incorporating electrophoretic phenomena will increase in the future, particularly for those 

applications where sensitivity and specificity are required.  

While electrophoresis on µPADs is still undergoing advancements, there has been 

existing technologies utilizing in commercialized POC platforms involving paper in their platforms. 

With general concepts of POC and µTAS being similar in several aspects in terms of miniaturization 

for rapid analysis, cost and resource reduction, and ease of operation, understanding the principles 

and limitations of these technologies might be essentially helpful as guidelines for future 

developments in this research. Hence, next section discussed around the special features and 

drawbacks of commercially available paper-based POC devices.  

1.3 Point-of-care (POC) concept for clinal diagnostics 

In the present day, modern instrumentation, infrastructure, techniques and 

innovations in medicine contribute to clinical diagnostics to identify pathogens and disease 

markers, boosting the capability of global health care system, and therapeutic drug monitoring 

(TDM) for personalized therapy of each individual [218].  However, this sophisticated improvement 

of the diagnostics is useful in developed countries where the clinical facilities, trained personnel, 

and resources are financially achievable. On the other hand, in developing countries where those 

conditions cannot be met, the utility of modern diagnostics has not been fully exploited [219].  POC 

is very demanding due to the limitations of lack of resources and affordability as well as diagnosis 

turn-around time [220]. Current innovations have developed POC to be suitable for routine 

indicative tests employed in physician’s office and centralized laboratories, and potential 

improvement for remote areas or at home with extremely low budgets and resources are 

significantly growing.  
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1.3.1 Attractions of POC 

POC is considered as a “near patient” laboratory diagnostic as the principles of 

traditional analysis are employed but scaled down onto a smaller platform, such as chip-based or 

stick-like devices, that can be operated without trained personnel or specific procedures together 

with immediate qualitative information without compromising the accuracy and sensitivity of the 

traditional laboratory test [221, 222]. Ideal features of POC were described by World Health 

Organization (WHO) and Food and Drugs Administration (FDA). WHO defined POC with an 

abbreviation “ASSURED” indicating that POC should be: affordable, sensitive, specific, user-

friendly, rapid and robust, equipment-free, and deliverable to those who need it [223]. Similarly, 

FDA outlined POC must be automated, compatible with unprocessed samples, chemical handling-

free, maintenance-free, and giving clear to read result [219].  

The key characteristic of POC is the miniaturization of diagnostics from benchtop 

instrument to portable or handheld-sized analytical devices with a purpose of the system being 

used outside of centralized hospital or laboratories. The required volume of samples and reagents 

for the system, operational procedures, and analysis time are also reduced. And subsequently, an 

overall diagnostic cost could also be lowered; making it more affordable and practical for remote 

area use [221, 224].  

1.3.1.1 Reduction of samples and reagents 

Since samples used in clinical diagnostics are mostly body fluids such as whole blood, 

plasma, serum, saliva, urine, or sputum, the “less volume” feature of POCs not only assists for 

easier sample collection but also provides benefit to the users in terms of physical comfort, 

especially blood sampling [224, 225]. Typical blood collection usually involves phlebotomy, 

collecting mL of volume, and it poses risk of possible blood loss and anaemia which could be critical 

especially in infants. By using POC where only tens to hundreds of microliters of sample is needed, 

the potential health hazard is greatly reduced [222, 226]. Similarly, less volume of reagents 
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required reduces handling of unstable or sensitive chemical by users. In many POC devices, dried 

reagents are deposited on the platform, completely removing the process of reagent handling for 

the users [227]. Additionally, less volume and less frequency of reagent use contribute to reduction 

in diagnostic cost since reagent can be one of the most expensive components [228]. Also, lower 

consumption of chemicals consecutively lowers the chemical waste generation and disposal [229].   

1.3.1.2 Rapid analysis and turn-around therapeutic time 

Miniaturization combined with microfluidics makes portable handheld devices robust 

when some, if not all, of the procedures are either eliminated or integrated onto the platform 

[219]. Microfluidic integration assists with automatic control of the assay on a lab-on-a-chip 

approach where all the essential steps of diagnostics tests including sample loading, sample 

preparation (if any), chemical interactions (i.e. separation, mixing, centrifugation), and detection 

are combined into a single continuous process [221]. Complex operations on microfluidic POC can 

be manipulated by designing microchannel dimensions influencing robust and tunable fluid flows 

without the need of additional instrumentations such as pump or power supply. Diagnostic 

platform of smaller scale with on-device detection zones allow faster indicative “yes/no” response 

within minutes or hours and not days or weeks [230]. Faster turn-around information of POC profits 

both patients/users and physicians as this facilitate for faster therapeutic design and treatments 

which could be critical life and death decision in some case.   

1.3.1.3 Improvement users’ satisfaction 

The availability of the POC technology may also result in improved patient satisfaction 

in personal health in terms of personal time and financial management [222]. In a regular 

centralized laboratory setting, diagnostics are acquired through two scenarios [231]. In the first 

case, a patient needs to attend a laboratory prior to physician visit for sample collection and the 

test results are presented in person at the physician’s office at the appointment. In the second 

case, patient visits the office first, then attends a laboratory for sample collection and test results 
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are reviewed and delivered via post or phone. In both cases, a second trip to the 

physician/laboratory is sometimes unavoidable causing inconvenience both physically and 

financially. In developed countries, the use of POC introduces another option for patient where 

immediate indicative analysis could be performed and the test result can be discussed during a 

single visit at the office indicating re-visit/follow-up appointments, phone calls and letters could be 

greatly reduced or even eliminated unless absolutely necessary [220]. This availability also 

generates an opportunity for developing world for better access and affordability to the latest 

diagnostic technology. Some POCs are even self-operated with very simple result display (i.e. line 

or colour) making it easier for patient to perform and understand the assay while only report to 

the physicians should unusual results are shown [221].  

1.3.1.4 Lower medical cost  

Regarding cost effectiveness, POC tests compared to traditional centralized laboratory 

tests are generally more expensive as most of individual parts are consumables and made for single 

use purpose [221, 222]. This implies that each unit of POC requires its own stable reagents 

(sometimes more expensive than those in the centralized laboratory), assemblies, packaging, 

labour, transportation, quality assurance, and maintenance [232]. Even though each complete unit 

composed of inexpensive chemicals and materials allowing multiple-unit mass production, but 

hidden costs in the processes in-between, such as polymer moulding, deposition of reagents, or 

electrode integrations are often not considered. However, cost-effectiveness as one of the 

characteristics of POC always refers to the overall medical cost per one user/patient. As mentioned 

previously, all aspects of POC support affordability in which users from remote areas could have 

access to diagnostic simply by a device being deliverable or can be purchased off from the shelf at 

low cost. Subsequently, further cost reduction would derive from eliminating the necessity of 

patients travelling to the hospital or laboratory [220]. In some cases, similar symptoms could lead 

to confusion and misinterpretation of one illness with another, multiple tests are usually assigned 

by the physicians for confirmation; hence, there may be additional expense. Instant affirmative 



 

48 
 

test information may greatly facilitate earlier triage, strategy and treatment toward specific illness, 

significantly avoiding the amount likely to be spent for unnecessary tests, hospital fees (admission) 

and prescriptions caused by uncertainty of diagnosis and mistreatments [221, 233].  

1.3.2 Types of POC 

For a POC unit to be affordable, a significant contribution is the cost of the substrate 

itself [234]. One of the most common substrates used in POC assay is paper owing to its low cost, 

wicking capability, abundancy, biodegradability, versatility in functionalization and many more 

advantages expressed in section 1.2. Therefore, almost all developed POCs have paper, sometimes 

combining with membranes, as one of the materials for the bioassays. And with paper as a part of 

the substrate, its capillary feature provides the fundamental capability for LFA in forms of dry 

specific immuno-reagent strip and 3D-network µPADs for multiple analytes become the popular 

formats for developing POC for developing areas [235].  

1.3.2.1 Pregnancy test 

One of the classic commercial POCs available on market is the home pregnancy test 

strips. The basic principle behind pregnancy test is the lateral flow assay-based test or LFA using 

urine as sample and the assay will detect target hormone, human chorionic gonadotropin (hCG), 

presented only during pregnancy [236]. The diagnostic assay relies on the chromatographic effect 

from one end to another while the fluid wicks along the strip by capillary forces. The strip is 

composed of several pads connecting to each other as substrates with specific functionalities. 

These are usually made from different materials including porous membrane and cellulose with 

some of them having pre-stored reagents. The outputs are mostly presented simply by colour 

visualization as line observable on-device with naked eyes. The latest advance in home pregnancy 

test today is made to be able to the determine concentration of hCG detected allowing the assay 

to approximately estimate the period of pregnancy with digital word display shown in Figure 1.10e 

[237]. 
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Figure 1.10. Scheme showing multiple components, chemicals and their functions (a and b) and concept 

of LFA strip test with fluid flowing in direction from left to right via capillary action of the substrates (b to d). Reproduced 

with permission from ref. [238]. Copyright 2010 Royal Society of Chemistry. The latest advance in commercial home 

pregnancy with digital result and week estimation of pregnancy using Smart Dual Sensor™ (e). Image downloaded from 

ref. [239] in December 2018.  

Major internal parts of typical LFA devices are normally composed of sample pad, 

conjugate pad, incubation pad, detection pad, and absorbent pad where only sample and detection 

zones are visible externally after assembling in enclosed plastic housing (figure 1.10) [115]. The 

sample pad is normally made of cellulose or cross-linked silica and used for filtration of the target 

and interference particles. Located next to the sample pad is the conjugate pad, typically cellulose, 

cross-linked silica, or polyesters, consisting of conjugated-antibodies specific to hCG. The 

conjugating particles used are signal generating species such as nanoparticles or fluorescent tag 

molecules. As liquid flows, hCG from the urine is bound to conjugated-antibodies and they 

migrated together to the incubation and detection pad, made of nitrocellulose membrane due to 

its adequate physical support and excellent biorecognition molecule binding affinity. Located in 

this pad are another two types of antibodies: one to capture antibody-bound hCG resulting in a 

positive test and another as a negative control which is specific to the unbound-hCG complex [240]. 

Control line always appears to validate the performance of the detection of the assay while test 

line will display only when analytes were present in the sample  [238]. The absorbent pad at the 
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strip will wick the fluid flow to the waste reservoir. This pad also allows for more volume of sample 

if needed or it could prevent the sample from flowing back in the opposite direction [241].  

  1.3.2.2 Blood glucose meter 

Another well-known commercial POC is a self-operated blood glucose meter mainly 

used in diabetes patients in hospitals, medical centres and at home to monitor the blood sugar 

level such that the daily diet can be controlled, and the medication can be appropriately 

administered [242]. Glucose monitoring assay is mostly based on the electrochemical current 

displayed using the pocket-sized digital readers. The signal is generated from the redox reaction 

(oxidation) of glucose with specific enzymes such as glucose oxidase or glucose dehydrogenase 

(GDH) [221]. With this principle, the higher the concentration of glucose presented in the blood 

sample, the higher current from oxidation reaction was generated corresponding to the number 

displayed on the reader as concentration of glucose translated by the integrated transducer [243]. 

Blood glucose POCs are normally available for purchase over the counter (OTC) in package or kit 

comprised of the digital reader, lancing device, single-use lancets, control solution and single-use 

test strips (Figure 1.11) [244]. A small volume of blood is collected by finger prick using the lancet 

and lancing device before being drawn into the test strips pre-inserted into the reader and the 

result displayed within approximately from 5 to 30s [245]. Since there are many commercially 

available glucose meters in the market, each brand may have different technology and design so 

that it fits into the reader from that specific brand; however, the fundamental concept of 

components in the test strips are almost identical [243]. 

The main parts of the strip are several stacked polymer membranes and cellulose layers 

of adhesive, liquid wicking pad, and circuit board shown in Figure 1.11 [246]. The uppermost layer 

(Figure 1.11a) is the coating adhesive or plastic materials to protect the components and circuit 

within the strip, in some cases, the brand logo is also screened here on this layer. Within the sample 

chambers, there are typically alternate layers of capillary liquid pad (Figure 1.11b) to attract and 
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soak the blood drop drawn from finger prick, adhesive layers (Figure 1.11c and 1.11e) and layer of 

spacer (Figure 1.11d). The spacer serves as another protective layer segregating the circuit from 

touching other components and potentially filter and direct the wicking direction towards the 

reagent pad (Figure 1.11f). Reagent pad is also referred as reaction center where the glucose 

conversion enzymes and chemical mediator are pre-deposited, and the oxidation process occurs. 

The current generated is then carried by the gold and palladium coated electrodes (working 

electrode, counter electrodes and reference electrodes) on the circuit board sitting underneath 

delivering signal to the reader. Some further advances made to glucose strip was fabrication on a 

single layer of paper in the form of a µPAD in which the electrodes can be screen-printed directly 

on the substrate and different zones can be partitioned using wax-printing barriers making it 

simpler than multiple layers stacking [45, 247, 248]. The µPAD strip was also tested to be 

compatible with commercial digital reader and the performance was almost comparable to that of 

commercial strip presenting a potential of µPADs being commercialized in the future [45]. A 

glucose diagnostic test was also designed on origami 3D µPADs, based on colorimetric assay, similar 

concept as mention above in section 1.2 to detect and quantify the concentration of glucose using 

the colour intensity without using the digital reader [249].  

 

Figure 1.11. A complete kit of commercial OTC blood glucose meter consisting all essential tools for in-

home diagnostic (left) and cross-section image showing major components of glucose test strips and their functions 

(right). Images downloaded from ref. [244] (left) and ref. [246] (right) in December 2018.  
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Figure 1.12. (A.) Commercial OTC OraQuick® in-home HIV Test kit (image downloaded from ref. [250] in 

December 2018) and (B.) components of testing device based on lateral flow assay format (image downloaded from ref. 

[251] in December 2018). (C.) The test displays result with purple colour lines visible from the detection window (image 

downloaded from ref. [252] in December 2018.  

1.3.2.3 HIV/AIDS CD4 test 

Human Immunodeficiency Virus (HIV) and Acquired Immune Deficiency syndrome 

(AIDS) are a global concern and it mostly resides in the undeveloped countries such as Africa or 

those in southeast Asia [253]. The diagnostic is performed by determining the HIV antibodies and 

viral nucleic acid from fluid samples to indicate the potential of infection followed by monitoring 

of the number of T-helper cells suggesting the commencement of treatment. In these locations, 

the gold standards for HIV/AIDS diagnostics such as HIV viral load testing (VL), Enzyme Linked 

Immunosorbent Assay (ELISA) and western blot for p24 antigen and flow cytometry for CD4 cell 

count are either inaccessible or difficult to perform without being trained meaning that patients 

need to travel or samples need to be sent to the medical center where test are to be taken and 

results are presented on the next visit which could take several days to weeks [254, 255]. In some 

cases, the patients are too sick to return while waiting for the diagnostic result. Faster decision 

then needs to be made for HIV-infected patients, so they can undergo the process of antiretroviral 

treatment (ART) as soon as possible from the acute stage.  
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One example of OTC LFA-based HIV diagnostics is OraQuick® in-home HIV test which is 

quite comparable to conventional ELISA [252, 256]. The assay relies on the detection of antibody 

against the HIV with oral fluids as preferred sample even though whole blood collected through 

finger prick and plasma specimen can also be used [257]. The package comes with the test device 

(Figure 1.12) and a separate sealed vial of buffer reagent for operation. For oral fluid, collection is 

done by direct swabbing using the flat collecting pad on the device and the device inserted into the 

buffer vial. Alternatively, blood is collected through the collection loop and mixed into the buffer 

vial before the device is inserted. Capillary action then draws the sample towards the absorbent 

pad. The base materials for the test strips are identical to those in the pregnancy test with 

conjugated antibodies and antigens preloaded on the conjugate, incubation and detection zones. 

A purple line will appear in the T-zone with presence of HIV captured by the antibodies. Colour 

intensity does not relay any quantitative information; however, faint colour must not be neglected 

as it could hint that patient might be infected with HIV and further appropriate testing is required 

for confirmation. Again, regardless of negative or positive result, there is also a separate place 

where the purple colour will appear to validate the assay. The complete assay finishes in 

approximately 20-60 min. 

Currently, many companies are developing handheld LFA for CD4 cell count and 

strip/device. Blood is used as specimen and available for both Viral load (VL) and CD4 cell count. 

POCs today are mainly portable single-used cartridge and compact benchtop analyser equipped 

with fluorescent imaging detection [225]. Lymphocyte CD4 cell count serves as immune system 

marker assisting physicians to start ART treatment and also its follow-up response to the treatment 

in case of treatment failure due to various conditions such as drug resistance [258]. Principle of LFA 

is also applied where the antibodies are conjugated with fluorescent tags, dried and deposited onto 

the anticoagulant coated substrate within the cartridge to eliminate the need for refrigerated 

storage of the reagent. Specifically, the CD4 T-lymphocytes from blood interact with presented 

antihuman monoclonal antibodies then the cartridge is inserted into the analyser generating 
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fluorescent images for cell counts captured by the analyser software [259]. VL is a quantitative 

diagnostic method based on amplification techniques to investigate patients’ response to the 

treatment while undergoing ART by quantifying viral RNA and enzymes [255]. Until now, there has 

been no commercial in-home assay that can be performed by the patients since the method relies 

on the specific procedures including polymerase chain reaction (PCR) or branched DNA (bDNA) 

requiring specially trained personnel to both operate the device and evaluate the results.  

1.3.3 Challenges in current paper-based POCs 

At the moment, commercialized POCs are designed to specifically detect one target 

analyte at a time implying that fresh sample is required each time for different assays [235]. This is 

inconvenient for patients in terms of sample collection especially blood, even when only a small 

volume is collected via finger pricking, as repeated puncture can also result in significant amount 

of discomfort. Despite the fact that improved µPADs are designed to address this limitation by 

allowing multiple assays to be performed in a single platform, mobility of samples on µPAD depend 

on capillary action of the paper combining with nature of different samples in terms of viscosity or 

surface tension which put the limit on the mobility control (i.e. mobility and speed could not be 

modified) and analysis time would likely to depend on the sample’s nature such as viscosity [115]. 

The specificity in ELISA LFA-based POCs solely depends on antibodies being very sensitive and 

accurate in capturing and forming complex with an analyte not only meaning some of them are 

very expensive but also implying that small transformation of antibody structures could lead to 

impaired coupling ability and cross-reactivity especially with unfiltered sample resulting in 

sensitivity loss and inaccurate outcome [260].  

In some assays, by using a smaller volume of sample, liquid solvents or buffers are 

required to drive the sample towards detection zones to retain continuous capillary flow. Some 

other complications with enzyme-specific POCs may also occur during manufacturing from 

potential non-uniform distribution and drying rate of the reagents onto porous substrate during 
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deposition of enzymes or reactive reagents; for example, insufficient hydration would result in 

dysfunction of the reactive enzymes while overhydration would then cause them to denature 

resulting in faulty assay [246]. On the contrary, small volume could also considered to be large and 

become insufficient when the actual sample is not in abundancy such as ocular fluid [260].  

Since the largest area of POCs application is clinical diagnostics, the major type of 

sample remains blood in the form of serum or plasma. Not all assays can be used with whole blood 

directly, and sample preparation (i.e. plasma extraction) is still required [115, 261].Conventionally, 

sample pre-treatment steps are often referred to protein precipitation, solid-phase, liquid-liquid 

extraction and/or additional separation processes including chromatography and electrophoresis 

where they are considered the rate-limiting step in clinical diagnostics with large consumption of 

additional solvents or sorbents to ensure maximum removal of interferences, and recovery and 

purity of the target species as possible [262, 263].  The ultimate goal for developing POCs is to have 

an assay without sample preparation, with current µPADs being developed to either completely 

eliminate or integrate the step such as mixing, separating, extraction, or pumping onto the directly 

on a single platform; however, not many have been fully developed. As shown above, typical 

commercialized POCs are designed with combination of different pads with specific features 

connected to each other or by stacking them together and sometimes they require external 

instrument to complete the assay (i.e. glucose meter device). The disadvantage from having many 

materials is the possible heterogeneity of the flow and sensitivity of the assay due to different 

complexity of each material as well as a concern over how they are aligned and connected with 

each other [115]. Another persistent flaw found in paper and nitrocellulose used in LFA is the non-

specific absorption of interference biomolecules, mostly proteins, that might be present in the 

sample. This adsorption can disrupt the flow and cause errors in detection due to imprecise amount 

of analyte to be detected [264-266]. Additional step of washing/blocking or surface pre-treatment 

of the substrate is almost mandatory. Even though µPADs with electrochemical detection have 

been presented in a single paper-based material with conductive ink printing method, this can be 
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very complicated and sensitive step as the paste mixture need to be printed very precisely, not 

only to prevent defect in electrical transfer signal but also to ensure the reproducibility of each 

strip [246]. Instrument-wise, some simple error such as user’s action could also induce false 

positive result; for example, in commercial glucose reader, false positive could have been resulted 

simply from the test strip was not inserted properly; hence, connection between one assembly to 

another is very crucial [246].  

1.3.4 Paper-based home collection device  

Currently, well-developed POCs are commercially available and being used extensively 

for common infectious diseases including HIV, syphilis, and malaria; however, there are still many 

other endemic infectious diseases such as bloodborne infections, tuberculosis, trypanosomiasis 

and black fever as well as those where the disease-relating information can only be obtained 

through blood in which rapid POCs tests have not been made practical [233, 267]. In general 

scenarios, patients are being treated based on the evident symptoms and the standard guidelines 

of diagnostics for feasible diseases and this could lead to mistreatment due to non-specific 

examination. With diagnostic POCs not yet available in some areas, routine cycle of hospital and 

laboratory visits becomes inevitable and not many patients, especially in the rural area, can 

manage to do so. In attempt to prevent healthcare failure, an alternative option is to collect the 

sample at home by the patients themselves or at the site by clinicians or personnel at the local 

health facilities, and then send it to a central laboratory to be analysed using modern technology. 

In this area, sample collection POCs are available in form of filter paper card such as well-known 

newborn blood screening Guthrie card, pioneered by Dr. Robert Guthrie, mainly for potential 

genetic disorders [268].  

The Guthrie card has long been used to collect blood from heel prick in almost every 

new born infant during their very first days of life at the hospital to scan for risk of fatal diseases 

[269].  A single card is designed with allocated circles in which blood will be soaked (approximate 
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volume from 5-50 µL per each circle) together with demographic data which is written with a pen 

before being placed in a sealed plastic bag and sent to the laboratory [270-272]. Guthrie card, made 

from filter paper is cheap, easy to use and safe in term of biological hazard as the blood collected 

on the card is air-dried and stored in the form of a dried blood spot (DBS) making it possible to be 

transported with only desiccant while fluid samples must be treated as infective and contagious; 

hence, have much more strict handling procedures [271, 273]. Despite all the advantages, the steps 

of sample preparation after the collection is still a major concern as mentioned previously [274].  

In Guthrie card, standard DBS extraction involves the following steps: physical punching 

of the circles from the card, incubating overnight in suitable buffers strong enough to elute blood 

off the paper resulting in liquid-containing-blood solution followed by agitation (i.e. centrifugation, 

sonication, vortex, or shaking) with reactive reagents extracting target analytes and sometimes 

optional dilution for particular assay before being injected into analytical instruments [272, 275]. 

Another minor issue is the long drying time of DBS on the card before shipment, preferably 

between 3 hours up to overnight, as complete drying of fluid blood is critical to prevent possibility 

of bacterial growth during transportation [274]. Insufficient amount of analyte after DBS 

processing is also possible when compared to pure serum or plasma samples due to strong 

absorption of the molecules within the DBS onto the paper and enrichment of the sample may be 

needed [273, 275]. Manual cutting or punching of the specified areas from the card could also 

affect the quantitative results and reproducibility as certain areas might contain different amount 

of analytes [273].  

1.4 Polymer Inclusion Membranes (PIMs)  

Attempting to address issues found previously on paper-based POCs, attention has 

turned towards functionalized membranes as a platform for portable POC devices. Polymeric 

membranes have been introduced and utilized extensively in heavy metal industries as non-porous 

ion-selective electrodes (ISEs) and optodes for potentiometric sensors for decades and recently 
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have been further employed in sample treatment for biological, chemical, environmental, and 

clinical monitoring as they are considered greener alternative for conventional solvent extraction 

[276, 277].  

1.4.1 Characteristics of PIMs 

PIMs are examples of novel polymeric membranes where viscous and water-immiscible 

components (i.e. plasticizers and/or carriers) homogeneously integrated within the polymer matrix 

such as Polyvinyl Chloride (PVC) or cellulose triacetate (CTA) allowing specific ion 

exchange/extraction and providing better stability compared to conventional liquid membranes 

(LMs). Conventional LMs, where carrier was in a form of emulsion or impregnated with porous 

support,  are prone to membrane breakdown causing leaching of chemical during operations [278], 

a problem not observed in PIMs. In many cases, thin film PIMs typically contain compatible 

hydrophobic plasticizer, so called membrane solvent, to create a gel-like environment preventing 

chemical leakage and supporting the flexibility of the film and mobility of ions at the same time  

[279]. Some degree of selectivity can also be achieved by the plasticizers based on their lipophilic 

partitioning property, even though plasticizers are more recognized in enhancing the ion extracting 

and binding performance of the carrier with the target ions [276]. There are also some PIMs those 

are plasticizer-free and consist of polymer base and carrier, as some carriers also have some extent 

plasticizing effect [277]. The carrier in the PIM is mainly responsible for specific binding with the 

target analyte in the sample, transport across the PIM via facilitated transport mechanism, before 

the analytes are released into the receiving solution [277]. 

PIMs are thin and transparent, constructed by homogeneously dissolving the three 

main components with suitable organic solvents (i.e. dichloromethane, chloroform, or 

tetrahydrofuran), then cast on the onto the flat surfaces [277]. The three constituents are bound 

to each other via physical forces without having strong permanent chemical bonding (i.e. hydrogen 

bonding or ionic bonding), and the chemical properties of each chemical is not altered after 
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combination [280]. Therefore, these compositions can be easily formulated as required for specific 

applications.  

1.4.1.1 Polymer 

The main responsibility of the polymer is to provide mechanical support and formation 

of the film with the two most popular polymers used in PIMs being CTA and PVC. These are very 

simple to prepare, have high solubility in volatile organic solvents and give mechanically stable 

films [281]. CTA membranes are reported to be more crystalline with their acetyl and hydroxyl 

functional group enabling them to form strong hydrogen bonds while PVC possesses a more 

amorphous phase held by dispersion force from the chloride groups making CTA stronger than PVC 

and could be reused several times. However, the polymer bases are also chosen based on their 

chemical resistance against various solution environment (i.e. extremely acidic or basic source 

solution) in which PVC shows better performance as CTA is prone to degrade from hydrolysis [282, 

283]. The thickness of the PIM can also be controlled by optimizing the concentration of polymer 

bases, however too high a concentration of polymer provides a thick PIM with diminished diffusive 

flux [284, 285]. Therefore, most PIMs are cast as thin as possible to reduce the distance through 

which molecules are transported [286].   

1.4.1.2 Plasticizer 

As the polymer used to form PIMs are thermoplastic, having both crystalline and 

amorphous phases, a high degree of crystallinity from high polar intermolecular force could 

become be problematic as PIMs that are too rigid restrict the extraction and diffusive flux of 

molecules [287]. Plasticizers plays an important role in in loosening the intermolecular forces 

between the polymer chains making them less packed and the PIMs become softer and more 

flexible with more pathways for molecules to diffuse [288, 289]. With these abilities, plasticizers 

are regularly added into PIMs, making up highest proportion of all three components [290]. 

Plasticizers suitable for PIMs should have a certain level of lipophilicity that does not induce more 
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crystallization within the PIM as well as being able to dissolve (and be dissolved with) the substrates 

and additives [291, 292]. Optimal concentration of the plasticizer is crucial to the PIM for its 

physical morphology and the extraction efficiency. Too low concentration is insufficient to soften 

the film and may in fact become more rigid due to small available space from plasticizer allowing 

polymer chains to re-arrange themselves into a more tightly packed configuration, so-called anti-

plasticizing effect [293]. Conversely, a high concentration of plasticizer reduces the mechanical 

strength of the PIM and there is the possibility of plasticizer leakage  forming unfavourable gel-like 

hydrophobic barrier at the PIM surface restricting flux [281, 290]. In some cases, a high 

concentration of plasticizer increases the viscosity of the PIM leading to thicker membrane due to 

their high dielectric constant [293]. Examples of common plasticizers used in PIM are 2-nitrophenyl 

octyl ether (2-NPOE), dibutyl phthalate (DBP), tris(2-ethylhexyl) phosphate (TEHP) and dioctyl 

phthalate (DOP) [294].  

1.4.1.3 Carrier 

Also called ionophores, extracting agents or extractants, the carrier is a complexing 

agent that binds and exchanges with ions to achieve selective extraction into the PIM and 

influences diffusive flux [281]. Most research conducted on PIMs involves commercially available 

carriers, typically common solvent extraction reagents or macrocyclic compounds, while only a few 

have been custom synthesized [295-297]. Room temperature ionic liquid (RTILs) are another class 

of chemicals often employed in membrane technology as carriers. ILs are attractive because of 

their low vapor pressure, low flammability, large electrochemical window, and high ionic and 

electronic conductivity [298]. ILs are molten salts containing large variety of interchangeably cation 

and anion combinations exhibiting tunable properties (i.e. solubility, melting points, viscosity, and 

selectivity). Again, careful optimization of carrier concentration is important. Increasing the 

concentration of carrier may assist extraction due to increasing the number of possible complexes 

formed between carrier and analytes; however, the viscosity of the PIM also increases, or carrier 

molecules may cause precipitation, which restricts the diffusive flux of analytes within the PIM. On 
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the other hand, too low concentration inhibits the formation of the complex resulting in poor 

performance of specific binding; hence, unproductive extraction [280, 308, 322].  

1.4.2. Basic set-up and application of PIMs   

The basic set-up of PIM-based extraction cells is shown in Figure 1.13a. PIMs are 

sandwiched between two continuously-stirred compartments containing sample solution and 

receiving solution. In most settings, PIMs are designed and positioned for use against flat smooth 

surfaces with solutions on both sides; however, there are also some other configurations adapted 

for different platforms. One example was where a PIM was cast around glass capillary tubing giving 

them a hollow structure where they could also be used as a compartment containing receiving 

solution after one end was sealed (Figure 1.13b) [318]. PIMs are also very flexible and can be 

designed to fit a customized space like pipette tip where it was used as online microextraction 

device directly coupled to automated CE injection system (Figure 1.13c) [316]. Kinetically, the rate 

of extraction into a PIMs can be improved by incorporating into a system with electric field, namely 

electro-membrane extraction (EME) or electro-driven extraction (Figure 1.13d) [304]. This 

advancement enhances the enrichment factor of the sample (i.e. preconcentration) as well as the 

speed of analysis by active transport of molecules in the sample phase to the surface of the 

membrane where they are extracted and diffuse across the PIM. Further upgrade with EME was 

later introduced as sequential injection unit directly attached to the liquid chromatography-

electrospray mass spectrometry (LC-MS) making the analysis system fully automated [305]. 

Many recent researches and industries reported using PIMs for recovery and/or 

removal of small organic molecules and heavy metals to either purify and preconcentrate the 

target ions or separating the interfering ions [281, 307, 314, 319, 323-325]. Examples of reported 

applications and their components including polymer bases, plasticizers, carriers are listed in Table 

1.4. PIMs are valued for this purpose due to their ease of construction and modification, cost, and 

they are user- and environmental-friendly. As stated in section 3.3, traditional extraction methods 



 

62 
 

 

Figure 1.13. PIM-based set-up and concepts for sample preparation in (a) vertical two compartments 

configuration (reproduced with permission from ref. [277] Copyright 2017 Royal Society of Chemistry and ref. [321]  

Copyright 2018 Royal Society of Chemistry), (b) cylindrical hollow-PIM configuration (reproduced with permission from 

ref. [277] Copyright 2017 Royal Society of Chemistry), (c) shape-fitted microextraction configuration (reproduced with 

permission from ref. [277] Copyright 2017 Royal Society of Chemistry), and electric field assisted flow through extraction 

cells (reproduced with permission from ref. [326] Copyright 2014 Elsevier) 

are considered hazardous and laborious mainly from amount of solvent consumption and 

vulnerability to leakage. With the “solvent” embedded within the PIMs matrix, this eliminates this 

risk making it practically solvent-less and further leads to higher stability, convenience and cost 

reduction.  

1.5 Aim of the research 

With all the limitations described on clinical diagnostics, current POC technology, 

together with electrophoresis being one of the simplest and easiest separation methods to make 

amendable to POC technology, the main goal was to address these restrictions using the newly
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Table 1.4. Examples of PIM-based applications in extraction, transportation and pre-concentration and their compositions 

Year Authors 
Applications/Sample 

sources 
Target analytes 

PIM components 

Ref. 

Polymer Plasticizers Carriers 

2006 Fontàs et al.  Electroplating wastewater Chromium (VI) PVC 2-NPOE Aliquat®336 [299] 

2008 Pont et al. 
Seawater and a Ni–Cd 

battery leaching solution 
Cadmium (II) CTA 2-NPOE Aliquat®336 [300] 

2009 Kalyan et al. Tap water and groundwater Mercury (II) CTA TEHP Aliquat®336 [301] 

2009 Kalyan et al. Groundwater Uranium (VI)  CTA TEHP  HQ [302] 

2011 Zhang et al. 
Pharmaceutical tablets and 

galvanizing industry 
solutions 

Zinc (II) PVC DOP D2EHPA [303] 

2011 
See, H.H. and Hauser, 

P.C. * 
River water 

Herbicides and by-
products 

CTA 2-NPOE Aliquat®336 
[304, 
305] 

2011 Güell et al. 
Environmental and 
industrial waters 

Inorganic Arsenic 
species 

CTA N/A Aliquat®336 [306] 

2012 Salima et al. Textile dye solution Methylene blue CTA 2-NPOE D2EHPA [307] 

2012 Pérez-Silva et al. Synthetic Wastewater Phenol CTA o-NPPE and 2-NPOE Cyanex 923 [308] 

2012 
Gajda, B. and Bogacki, 

M.B. 
Polymetallic solution Zinc (II) CA 2-NPOE 1-decylimidazole [309] 

2012 Pérez-Silva et al. Milk samples Oxytetracycline CA 2-NPOE Cyanex 923 [310] 
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Year Authors 
Applications/Sample 

sources 
Target analytes 

PIM components 

Ref. 

Polymer Plasticizers Carriers 

2013 Nagul et al. Natural water sample Orthophosphate PVC N/A Aliquat®336 [311] 

2013 Jayawardane et al. 
Hot tap water and mine 

tailings water 
Copper (II) PVC DOP D2EHPA [312] 

2013 Onac et al. Wastewater Chromium (VI) CTA 2-NPOE 

5,11,17,23-Tetrakis[4-
carboethoxy-N-piperidino] 
-25, 26,27,28-tetrahydroxy 

calix[4]arene 

[285] 

2013 Zawierucha et al. Landfill leachate 
Lead (II), Cadmium (II), 

and  
Zinc (II) 

CTA o-NPPE 
Alkyl(aliphatic) resorcinarene 

derivatives 
[313] 

2014 
Senhadji-Kebiche et 

al. 
Wastewater 

Zinc (II), Copper (II) 
and Iron (II) 

CTA 2-NPOE Cyanex 302 [314] 

2015 Suah et al. Lake and river water Aluminium (III) PVC DOP Triton X-100 [315] 

2015 Pantůčková et al. 
Human serum and blood 

samples 
Formate CTA N/A Aliquat®336 [316] 

2015 Garcia-Rodríguez et al. Environmental water Antibiotics  CTA and PVC 2-NPOE**  Aliquat®336 [317] 

2015 
Mamat, N.A. and See, 

H.H. * 
Plasma samples Basic drugs CTA TEHP D2EHPA [318] 

2016 Casadellà et al. Urine Potassium CTA 2-NPOE 
Dicyclohexan-18-crown-6 

(DCH18C6) 
[319] 

2016 Chaudhury et al. Nuclear wastewater Cesium  CTA 2-NPOE 
Chlorinated cobalt dicarbollide 

(HCCD) 
[320] 

2018 Sharaf et al. Rare earth metals solution Scandium (III) CTA DOP Mixture of PC-88A and Versatic 10 [321] 

 

*Electric-field assisted 

**Also investigated without plasticizer
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emerged PIMs as a platform for electrophoresis integration.  In contrast to all other uses of PIMs 

for separation, the aim was to transport molecules along the PIM, rather than through the PIM. 

In chapter 2, the investigation the capability of PIM for electrophoresis was explored.  

The PIM was made up of CTA as base polymer, 2-NPOE as plasticizer, and ionic liquid [EMIM][NTf2], 

as carrier. It was used laterally as a standalone electrokinetic platform in a dipstick/strip manner 

by using fluorescent dyes as model analytes to perform electromigration without using liquid 

electrolytes. Optimization of PIM constituents, PIMs selectivity towards different charges of dyes 

including neutral coumarin 334, cationic rhodamine 6G (R6G), and anionic fluorescein, and 

electrophoretic conditions are studied. Physical characterization of the PIM is also provided. A 

mixture of several cationic dyes was used to demonstrated electrophoresis on the PIM as well as 

their diffusion coefficients and electrophoretic mobilities.  

In chapter 3, optimized PIM and electrophoretic conditions are further explored by 

applying the concept with small cationic pharmaceutical molecules, berberine chloride (BC), 

followed by the feasibility of the analytes presented in a real biological sample, a drop of whole 

blood deposited and dried on the PIM to form a dried drop of blood. The platform was then 

pursued towards implementation for pocket-sized, portable point-of-care sampling device for the 

extraction of BC from the drop of dried blood while the package transported thorough ground mail 

to the laboratory. This was to test the potential of perform sample preparation during 

transportation. Without further sample processing, extracted BC was quantified with a photon 

multiplier tube-fluorescence microscope. The workflow was also preliminarily emphasized by 

combining the PIM with imaging instrumentation, matrix assisted laser desorption /ionization-time 

of flight mass spectrometry (MALDI-TOF), inspecting the possibility in detection of non-coloured 

charged molecules, reported in chapter 5. 

In chapter 4, another ionic liquid, Aliquat®336, was used in PIMs to investigate the 

selectivity towards anionic molecules using negatively charged fluorescent dyes. Again, 
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optimization of PIM constituent and electrophoretic migration was studied. Several surfactants 

with a similar structure to Aliquat®336 were also examined in the same manner to determine the 

how their structures influence the fundamentals of PIMs extraction and electromigration of 

charged molecules.  
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Chapter 2 

Polymer Inclusion Membrane (PIM) as a solvent-less platform for electrophoresis 

2.1 Introduction and objectives 

Until now, there are many reports of successful transportation, removal, recovery and 

separation of small metal and charged organic ions from sample mixtures using PIMs as described 

in chapter 1 with examples shown in table 1.4; however, they have not been examined for 

electrophoretic separation even though there has been incorporated with electric field [1-3]. 

Furthermore, the basic configuration of PIM use reported in all research currently involves using 

the horizontal surface of PIMs between two containers of different solution for transportation and 

extraction through the thickness of the PIMs. There has never been a report deploying PIM sideway 

(i.e. laterally) using its length as path for transportation or extraction or PIM being operated 

solvent-free. 

This chapter is the very first investigation into whether electromigration of charged 

molecules can be observed on a PIM using neutral, positively charged, and negatively charged 

fluorescent dyes. Then, the optimization of PIM by varying the constituents and electrophoretic 

conditions were studied alongside with conventional membrane extraction to help understand the 

fundamental principles of transport and establish suitable experimental settings for 

electromigration of charged dyes. A mixture of selected charged dyes was used to further verify 

the electrophoretic separation capability as well as to calculate diffusion coefficients and 

electrophoretic mobilities of each dye. The physiology of prepared PIMs was characterized by 

Fourier-transform infrared spectroscopy (FT-IR), Scanning electron microscopy (SEM), 

Thermogravimetric analysis (TGA), and N2 adsorption.  

Based on the literature in chapter 1, CTA and 2-NPOE have been frequently employed 

as base polymer and plasticizer and were selected as the initial composition of the PIM. While a 

large number of carriers have been explored for a variety of applications, ionic liquids are a popular 
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choice due to several advantages including their chromatographic properties [4, 5]. In this research, 

1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide ([EMIM][NTf2]) was selected as the 

carrier not only because it was it is readily available in the laboratory but combination of 

imidazolium cation and bis(trifluoromethylsulfonyl) imide anion has been used for both extraction 

and chromatography [6-8].  

2.2 Electromigration and selectivity study on PIM 

2.2.1 Chemicals and equipment 

Chemicals for PIM creation and all fluorescent dyes used are listed in Table 2.1. 

Dichloromethane (DCM) (AR, stabilised with amylene) was purchased from Chem-supply (Gillman, 

SA). Deionized water (DI) was obtained from Direct-Q 3 UV with Pump (Millipore, 24.3°C, 18.2 

MΩ.cm). A glass circular petri dishes for membrane casting (80 o.d. x 60 i.d. x 15H mm, Anumbra) 

was purchased from Livingstone Laboratory Supplies (Rosebery, NSW). Flat Styrofoam was used as 

a platform or station upon which the membrane was fixed. Power supply used in electrophoresis 

was LabSmith High Voltage Sequencer (HVS448LC 6000D). Disposable FINE-JECT needles (HSW 

FINE-JECT®, 27Gx3/4”, 0.4x20mm) was used as electrodes connecting up to LabSmith power 

supply. Dino-Lite Edge (AM4115T-GFBW, 20-220x, green fluorescence) and Dino-Lite Premier 

(AM4113T-FV2W, 20-50x, UV/white light) digital microscopes were used as fluorescence and white 

light monitoring detectors respectively through DinoCapture 2.0 software.  

2.2.2 PIM preparation  

A schematic drawing of the PIM casting process is shown in Figure 2.1A. The PIM was 

made by weighing 0.075 g of CTA, 0.10 g of 2-NPOE, and 0.05 g of [EMIM][NTf2] into a vial, dissolved 

in 8 mL of DCM, yielding a clear solution after stirring until homogeneous. The polymer solution 

(2.5 mL) was cast onto a glass petri dish and left to dry under ambient conditions overnight to 

evaporate the DCM yielding a transparent thin film approximately 15-20 µm thick (figure 2.1B and 

C). A small amount of DI was added onto the glass petri dish and swirled around the surface before 
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using sharp-tipped tweezers to gently peel the PIM from the edge inwards to prevent rupture. 

Excess DI was left to evaporate, and the PIM was wrapped in a lint-free Kimwipe before packing in 

a zip-lock bag in which their stability can be maintained up to 4 weeks. PIMs used for all experiment 

in this thesis  were stored in zip-lock bags. Before use, the thickness of each PIM was measured 

using a commercial digital micrometer (Mitutoyo, 293 MDC-MX). The thickness was confirmed by 

an optical profiler (Wyko NT 1100, Veeco Instrument Inc.) at 5X magnification for the first few 

batches of films (Figure 2.1D).  

 

Figure 2.1. PIM appearance and thickness measurement. (A) Scheme showing process of casting PIM (B) 

cast PIM after being peeled off from the petri dish and dried. (C)  Film thickness measured using a commercial digital 

micrometer. (D) Film thickness measured with an optical profiler. PIM (red zone) was pressed gently on the glass slide 

(blue zone) to create flat surface for uniform depth measurement, displayed in red box, of multiple spots on the PIM. 



 

99 
 

2.2.3 Components and set-up of electrophoresis platform 

The electrokinetic separation platform is illustrated in Figure 2.2. A PIM was cut  with 

scissors into a strip with dimension of 0.25 cm x 5.0 cm for all experiments described. The 

Styrofoam support was attached to the base of the microscope stand (Dino-lite, MS-08B Rack) 

using adhesive tape. Two disposable, stainless steel needles were inserted through the PIM into 

the Styrofoam approximately 0.5 cm from each end of the PIM strip to hold it in place resulting in 

a distance between the electrodes of 4 cm. These needles were also used as electrodes connected 

to the power supply with crocodile clips. A paper ruler was placed above the strip for measurement 

of the migration distance. Handheld blue-light and white-light digital microscopes were used to 

visualize the separations along the PIM, with images and video recorded using DinoCapture 2.0 

software and a laptop computer. Migration distance was measured using the ruler and ImageJ 

graphic software at the left side of the spot before and after electrophoresis. Image processing was 

conducted using Image J graphic software. 

 

 

Figure 2.2. Scheme demonstrating the electrokinetic set-up for thin film electrophoresis platform and 

migration distance measurement process.  
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Table 2.1. List of PIM constituents and dyes used in chapter 2 

Chemicals/Dyes CAS # Formula Structure MW (g/mol) Grade/Purity Supplier 

[EMIM][NTf2] 174899-82-2 C8H11F6N3O4S2 

 

 

391.31 ≥97% (NMR) 
Sigma-Aldrich (St. 

Louis, MO) 

2-NPOE 37682-29-4 O2NC6H4O(CH2)7CH3 

 

251.32 
Selectophore ™, 

≥99% 
Sigma-Aldrich (Castle 

Hills, NSW) 

Astrazon Blue BG 200% (Basic Blue 3) 4444-00-3 C20H26ClN3O 

 

359.89 Textile dyes 
Dyechem Industries 

Ltd. 

Astrazon Blue FGRL (200%) * 

105953-73-9 C16H24N6S 

 

332.261 

Commercial textile 
dyes 

Dyechem Industries 
Ltd. 

33203-80-6 C20H26ClN3O 

 

359.89 
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Chemicals/Dyes CAS # Formula Structure MW (g/mol) Grade/Purity Supplier 

Astrazon Dark Blue 2RN **  

569-64-2 C23H25ClN2 

  

364.911 

Commercial textile 
dyes 

Dyechem Industries 
Ltd. 

12217-48-0 C23H26ClN3 

 

379.93 

Astrazon Golden Yellow A-GL (Basic 
Yellow 28) 

54060-92-3 C21H27N3O5S 

 

433.52 
Commercial textile 

dyes 
Dyechem Industries 

Ltd. 

Astrazon Red A-FBL (Basic Red 46) 12221-69-1 C18H21BrN6 

 

403.328 
Commercial textile 

dyes 
Dyechem Industries 

Ltd. 

Astrazon Yellow 8GL 200 (Basic Yellow 
13) 

12217-50-4 C20H23ClN2O 

 

342.86 
Commercial textile 

dyes 
Dyechem Industries 

Ltd. 
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Chemicals/Dyes CAS # Formula Structure MW (g/mol) Grade/Purity Supplier 

Astrazon Yellow GRL (Basic Yellow 29) 39279-59-9 C20H24ClN3 

  

341.88 
Commercial textile 

dyes 
Dyechem Industries 

Ltd. 

Bismarck Brown Y (G) (Basic Brown 1) 10114-58-6 C18H20Cl2N8 

 

419.311 50% Fluka 

Brilliant Cresyl Blue 81029-05-2 C17H23ClN4O 

 

385.96 ≥60% Harwood 

CTA 9012-09-3 N/A 

 

N/A Selectophore ™ 
Sigma-Aldrich (St. 

Louis, MO) 

Coumarin 334 55804-67-6 C17H17NO3 

 

283.32 99% 
Sigma-Aldrich (St. 

Louis, MO) 
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Chemicals/Dyes CAS # Formula Structure MW (g/mol) Grade/Purity Supplier 

Crystal Violet (Basic Violet 3) 548-62-9 C25H30ClN3 

  

407.979 ≥90% 
Sigma-Aldrich (Castle 

Hills, NSW) 

Fluorescein sodium salt 518-47-8 C20H10O5Na2 

 

376.275 fluorescent tracer 
Sigma-Aldrich (Castle 

Hills, NSW) 

Malachite Green chloride (Basic Green 
4) 

569-64-2 C23H25ClN2 

 

364.911 ≥96% (HPLC) 
Sigma-Aldrich (Castle 

Hills, NSW) 

Methylene Blue 122965-43-9 C16H18ClN3S 

 

319.85 ≥82% 
British Drug House 

(BDH) 

Nile Blue A perchlorate 3625-57-8 C20H20ClN3O5 

 

417.84 95% 
Sigma-Aldrich (Castle 

Hills, NSW) 



 

104 
 

Chemicals/Dyes CAS # Formula Structure MW (g/mol) Grade/Purity Supplier 

Rhodamine 123 (R123) 62669-70-9 C21H17ClN2O3 

  

380.821 
mitochondrial 

specific fluorescent 
dye 

Sigma-Aldrich (Castle 
Hills, NSW) 

Rhodamine 6G (R6G) 989-38-8 C28H31ClN2O3 

 

479.01 approx. 95% 
Sigma-Aldrich (Castle 

Hills, NSW) 

Rhodamine B (RB) 81-88-9 C28H31ClN2O3 

 

479.01 ≥95% 
British Drug House 

(BDH) 

Victoria Blue BO (Basic Blue 7) 2390-60-5 C33H40ClN3 

 

514.144 90% 
Sigma-Aldrich (St. 

Louis, MO) 

 

* Mixture of basic blue 159 and 3  **Mixture of malachite green and basic red 14  
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2.2.4 Electrophoresis procedures 

All laboratory-based electrophoresis experiments were performed according to the 

following procedures unless stated otherwise. Coumarin 334, Fluorescein sodium salt, and R6G 

were used as neutral, anionic, and cationic species, respectively, to determine the electrokinetic 

transport of different charged molecules in the PIM. Stock solutions of each dye at 1000 ppm were 

prepared in DI and were further diluted as stated in each experiment with DI. Sample solution was 

spotted using an auto-pipette (0.5 µL) or syringe (0.1 µL, Hamilton, 7000 Series Modified 

Microliter™) close to the anode (left side of the strip) and left to dry for approximately 5-10 min. 

Only after the spot was completely dried, the electrodes were connected, and voltage was applied. 

At least three or more replicates on separate strips were conducted in parallel for each experiment. 

The potential difference was maintained for 60 min with 2000 V applied (500 V/cm). 

2.3 Electromigration study of different charged dyes 

As the potential of the PIM to carry charge was unknown, trial experiments were 

performed with fluorescent dyes to allow easy visualisation of the molecules and their feasibility 

for electromigration in the PIM. Neutral Coumarin 334 (10 ppm), anionic Fluorescein (10 ppm) and 

cationic R6G (10 ppm) were selected as they are similarly sized molecules with different charge 

state. Based on this investigation, two observations were concluded as shown in Figure 2.3.  

 

Figure 2.3. Images of migration of different charge fluorescent dyes before applying voltage (top row) and 

after 60 min application of 2000 V (bottom row). Conditions: PIM dimensions: 0.25 cm x 5 cm; length between electrodes: 

4 cm. Voltage: 2000 V. Duration: 60 min.  Sample(s): 10 ppm of each dye in water. Sample volume (spot size): 0.5 µL. 

Drying time (before electrophoresis): 5-10 min.  
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First, electrophoretic migration of small organic molecules can be performed using 

prepared PIM in a lateral strip configuration and simple set-up where both sample and platform 

were in dry state without being submerged in solution tanks or involved with liquid reagents. The 

experiment procedure was also initially performed with R6G where voltage was applied 

immediately after the sample was spotted without drying. However, the electromigration of R6G 

can only be partially observed with severe distortion of R6G band along the length of PIM 

suggesting the possibility of incomplete extraction of dye and that electromigration on PIM is not 

a surface phenomenon. Hence, drying step prior to voltage application is essential in assuring 

complete extraction of analytes. This observation could also indicate that electromigration on PIM 

in this study involves two important steps where sample was firstly extracted vertically into the 

PIM followed by lateral migration under applied electric field.  

 Second, the electromigration was only observed with cationic R6G, while neutral 

Coumarin and anionic Fluorescein did not show any migration, only loss of dye intensity 

presumably due to photobleaching.  This suggested the PIM is cation-selective. At this point, the 

initial hypothesis of this selectivity was based on the that proposed by Gadjourova et al. reporting 

preferential transport of cations dominated by crystalline phase in solid polymer electrolytes (SPEs) 

[9]. SPEs are another type of polymer-based thin film which have been known for more than 3 

decades for their ability to conduct electricity by the movement of ions – typically small inorganic 

cations such as lithium, sodium, and potassium. Lithium has been the focus of much research 

because of its high reduction potential, and consequent use in electrolytic cells in solid-state 

batteries which is the most commonly used batteries around the world due to high power density 

that can be obtained [10-13]. It was illustrated that the polymer chains form tunnel structures 

together with coordination with cations, in this case lithium, inside the hollow space which was 

sufficient for them to migrate through while the anions remained outside of these tunnels and did 

not facilitate in migration and ionic conductivity. This might be applicable to CTA-based PIMs as 

CTA is dominant with crystalline phase as described earlier chapter 1. However, SPEs do not involve 



 

107 
 

the use of carrier while PIM contain both plasticizer and carrier. Therefore, more extensive 

investigations are still needed to explain the selectivity and transport efficiency relationship of both 

plasticizer and carrier towards the target ions, various transport mechanisms between them has 

been proposed for different target analytes [14-19]. 

2.4 Optimization of PIM composition 

After the conclusion of PIM being cation-selective, the influence of PIM composition 

was studied by varying composition of CTA, 2-NPOE, and [EMIM][NTf2] in 8 mL of DCM as indicated 

in Table 2.2 with R6G chosen as model analyte. For each component, four different weights were 

tested leaving the amount weighed of the other components unchanged.  

The PIM performance was evaluated based on the migration distance, spot size and 

spot shape of R6G, as illustrated in table 2.2 A-L. An amount of CTA lower than 0.05 g could not be 

assessed as the PIM did not form with adequate physical strength and was prone to tear. At 0.05 g 

of CTA (33 wt%), migration of R6G was observed to be partially streaking (table 2.2 A). Even though 

the PIM at this concentration was strong enough to be cast into physically stable film, it was 

relatively soft and needed to be handled with care to prevent tearing. It was also possible that the 

matrix environment within the PIM was still more liquid or gel-like because of the higher relative 

proportion of plasticizer. Increasing the amount of CTA decreased the migration of R6G as the 

thickness of the film increased and became more rigid (table 2.2 B-D). The effect of PIM thickness 

has been previously reported to cause restriction of ion diffusive motion [20-23]. 

When varying the content of the plasticizer, no migration was observed in the absence of 2-NPOE 

reflecting tightly packed CTA polymer chains may be blocking the pathway where the ion can be 

transported (table 2.2 E). Increasing the amount of 2-NPOE showed improvement on migration 

distance of R6G presumably because of more space between the polymer chains and the flexibility 

within PIM (table 2.2 F-H) [24, 25]. Even though 0.15 g (54.5 wt%) showed greater migration 

distance of R6G; however, there were traces of liquid droplets on the surface of PIMs overnight 
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that may be from the plasticizers leaking out of the PIM (table 2.2 H) [26]. Therefore, 0.10 g (44.4 

wt%) of 2-NPOE was chosen as an efficient amount to support the migration of R6G in this case.  

Table 2.2. Variation of PIM components for the platform optimization. For each component, four different weights were 

tested leaving the amount weighed of the other components unchanged. The Migration of R6G for each composition 

ratio of PIM component after 60 min of electrophoresis is shown in the last column (A-L). Dashed circle indicates the 

starting position of the dye spot at 0 min. Conditions: PIM dimensions: 0.25 cm x 5 cm; length between electrodes: 4 cm. 

Voltage: 2000 V. Duration: 60 min.  Sample(s): 10 ppm of R6G in water. Sample volume (spot size): 0.5 µL. Drying time 

(before electrophoresis): 5-10 min. 
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Finally, in the absence of carrier, [EMIM][NTf2], migration was observed but with a 

severely distorted spot indicating the migration was permitted due to presence of plasticizer, 2-

NPOE (table 2.2 I). Increasing the amount of [EMIM][NTf2] improved the spot shape implying 

possibility of better specific binding with R6G exhibiting more systematic migration (table 2.2 J and 

K). However, higher amount of [EMIM][NTf2] was found to not only limit the migration of R6G but 

also made the PIM softer with more visible wrinkles. Leftover traces of liquid droplets on the 

surface on the PIM were also observed which could be again the leakage of plasticizers [26], of 

carrier itself [14] or both. As shown in table 2.2 L, the highest amount of [EMIM][NTf2] resulted in 

shorter distance and non-smooth migration of R6G in which could have been a result from 

precipitation of excess carrier within the PIM [27]. Therefore, the optimal PIM composition was 

finalized with 33.3% CTA : 44.4% 2-NPOE : 22.2% [EMIM][NTf2]. 

2.5 Migration studies of different cationic dyes 

To determine the selectivity of PIM towards cations, several cationic dyes were 

separated in the PIM. All non-fluorescent and fluorescent dyes available in the laboratory were 

chosen for the investigation. Textile dyes listed in Table 2.2 with Astrazon tradename were kindly 

supplied for research purpose from Dyechem Industries Ltd. The concentration used was 10 ppm 

for R6G and Rhodamine B (RB) while 1 ppm was used for Rhodamine 123 (R123). For all visible 

textile dyes, a concentration of 1000 ppm was used.  

Electromigration of some selected cationic dyes is shown in figure 2.4 and the result 

showed the potential selectivity of PIM towards cationic dyes as electromigration of all positively 

charged dyes was observed with different migration distance for each dye. With each dye showing 

different migration distances, the estimation of electrophoretic mobility of each dye used in the 

experiment was calculated using equation (2.1) with values displayed in table 2.3. Comparing with 

available data on electrophoretic mobility of R6G in aqueous system performed in capillary 

electrophoresis (CE), the mobility of R6G  on PIM was found to be approximately 160 times lower  
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Figure 2.4. Electromigration of selected cationic fluorescent dyes (black background) and visible textile 

dyes (white background) before and after electrophoresis on optimal PIM platform. Conditions: PIM dimensions: 0.25 

cm x 5 cm; length between electrodes: 4 cm. Voltage: 2000 V. Duration: 60 min.  Sample(s): 10 ppm of fluorescent dyes 

in water and 1000 ppm of visible textile dyes in water. Sample volume (spot size): 0.5 µL (fluorescent dyes) and 0.1 µL 

(visible textile dyes). Drying time (before electrophoresis): 5-10 min. White trace observed along the PIM was the result 

of reflection from the white light camera and was found irrelevant to electromigration result. 
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than that reported in CE [28].  Literature for other dyes were not found and were assumed to be a 

similar order of magnitude.  

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑝ℎ𝑜𝑟𝑒𝑡𝑖𝑐 𝑚𝑜𝑏𝑖𝑙𝑖𝑡𝑦 (𝜇) =
(𝑀𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒) 𝑥 (𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑃𝐼𝑀)

(𝑉𝑜𝑙𝑡𝑎𝑔𝑒) 𝑥 (𝑇𝑖𝑚𝑒)
                 (2.1) 

Table 2.3 Estimation of electrophoretic mobility of cationic dyes on PIM. Calculation parameters:  PIM effective length: 

40 mm (0.04 m), voltage: 2000V, and time: 60 min (3600 s). 

Dyes Alternative name 
Migration distance Electrophoretic migration rate  

(mm ± mm) (x10-11 m2/Vs) 

Brilliant Cresyl Blue Brilliant Blue C 3.9 ± 0.1 2.2 ± 0.1 

Crystal Violet Basic Violet 3 
16.1 ± 0.7 8.9 ± 0.4 

20.6 ± 1.6 11.4 ± 0.9  

Malachite Green Chloride Basic Green 4 18.8 ± 1.2 10.4 ± 0.7 

Methylene Blue Basic Blue 9 16.0 ± 1.2 8.9 ± 0.7 

Nile Blue A perchlorate N/A 3.5 ± 0.4 1.9 ± 0.2 

R123 N/A 1.4 ± 0.2 0.8 ± 0.1 

R6G Basic Red 1 

3.3 ± 0.3 1.8 ± 0.2 

8.8 ± 0.5 4.9 ± 0.3 

15.6 ± 0.8 8.7 ± 0.5 

RB Basic Violet 10 8.1 ± 0.9 4.5 ± 0.5 

Victoria Blue BO Basic Blue 7 10.4 ± 1.2 5.8 ± 0.7 

Astrazon Blue FGRL 200 
Basic Blue 159 15.2 ± 0.5 8.4 ± 0.3 

Basic Blue 3 17.2 ± 0.5 9.6 ± 0.3 

Astrazon Yellow GRL Basic Yellow 29 11.1 ± 1 6.2 ± 0.5 

Astrazon Yellow 8GL 200 Basic Yellow 13 3.3 ± 0.9 1.9 ± 0.5 

Astrazon Dark Blue 2RN 
Basic Red 14 4.4 ± 0.4 2.5 ± 0.2 

Basic Green 4 17.1 ± 0.7 9.5 ± 0.4 

Astrazon Red A-FBL Basic Red 46 
2.3 ± 0.5 1.3 ± 0.3 

11.6 ± 0.7 6.5 ± 0.4 

Astrazon Golden Yellow 
A-GL 

Basic Yellow 28 8.7 ± 0.7 4.9 ± 0.4 

Astrazon Blue BG 200 Basic Blue 3 18.4 ± 0.4 10.3 ± 0.3 
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Additionally, and more importantly, we can also observe multiple spots in some of the 

dyes including R6G. These arise from the impurities that might be present. Similarly, some textile 

dyes are simply a mixture of two basic dyes as described in remark for table 2.1. This finding 

revealed that optimal concentration of prepared PIM and experimental conditions are potentially 

suitable as solvent-less electrophoresis platform. 

2.6 Electrophoresis of mixture of cationic dyes 

2.6.1 Electrophoresis of dyes on PIM 

To further explore the hypothesis of PIM of being solvent-platform for separation, 

electrophoresis was performed using a mixture of cationic dyes from the previous section.  

A mixture of fluorescent dyes at a final concentration of 10 ppm for R6G and RB and 1 ppm for 

R123, was prepared  in water. For visible dyes, all Astrazon textile dyes were mixed with another 

commercial cationic visible dye, Crystal violet, and neutral Bismarck brown as initial spot marker at 

a concentration of 500 ppm in DI. The spot size for fluorescent dyes was reduced from 0.5 µL to 

0.1 µL in order to reduce spot elongation which might lead to overlapping bands and incomplete 

separation due to similar mobilities of several dyes. The resulting separation is shown in figure 2.5A 

and B for fluorescent dyes and visible dyes, respectively. The migration order of the dyes is as 

follows: 

Fluorescent dyes : Rhodamine 123 < Rhodamine B < Rhodamine 6G 

Visible dyes : Bismarck brown < Astrazon Yellow 8GL 200 < Basic Red 14 from Astrazon 

Dark Blue 2RN < Astrazon Golden Yellow A-GL < Astrazon Red A-FBL < Astrazon Yellow GRL <  trace 

of Crystal violet < Basic Green 4 from Astrazon Dark Blue 2RN < overlapping spots of Basic Blue 3 

from Astrazon Blue FGRL 200, Astrazon Blue BG 200 and Crystal violet 

As there were only three fluorescent dyes in the mixture together with a large 

difference in electromigration rate of each dye, distinct separation was achieved including traces 
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of R6G (following R123 in spot #1 and overlapping with RB in spot #2). The order of migration 

clearly correlates with the values presented in table 2.3. In Figure 2.5B, the 9 visible dyes showed 

a few inseparable spots due to very close migration distance as well as spot elongation, presumably 

due to diffusion while migrating or possible interaction between dyes themselves; hence, complete 

separation of 9 dyes was not be obtained. However, the migration distance of each dye matched 

well with the distance measured when separated individually. Some faint colour spots (i.e. trace of 

Astrazon Red AFBL and basic blue 3 from Astrazon Blue FGRL 200) were not be detected due to 

limited resolution and lighting of the camera setting.  

 

Figure 2.5. Electrophoretic separation of a mixture of cationic (A) fluorescent dyes with (1) R123, (2) RB 

and (3) R6G and (B) visible dyes with (1) Bismarck brown, (2) Astrazon 8GL 200, (3) Basic red 14 from Astrazon Dark Blue 

2RN, (4) Astrazon Golden Yellow A-GL, (5) Astrazon Red A-FBL, (6) Astrazon Yellow GRL, (7) trace from Crystal violet, (8) 

Basic green 4 from Astrazon Dark Blue 2RN and (9) inseparable Basic blue 3 from Astrazon Blue FGRL 200, Astrazon Blue 

BG 200 and Crystal violet. Top and bottom images are before and after application of 2000 V for 60 min respectively. 

Conditions: PIM dimensions: 0.25 cm x 5 cm; length between electrodes: 4 cm. Sample(s): Fluorescent : 10 ppm of RB 

and R6G, 1 ppm of R123 in mixture, Visible: 500 ppm of commercial textile and visible dyes in mixture. Sample volume 

(spot size): 0.1 µL. Drying time (before electrophoresis): 5-10 min.  
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To understand the elongation and enlargement of dye spots during migration, 

experiments were conducted by spotting the dye (100-1000 ppm) onto the PIM with and without 

applying the voltage (2000V) in which the width of the spot before and after 60 min was measured 

using ImageJ graphic program. The differences in width of the spot before and after 60 min allowed 

for calculation of diffusion coefficients using equation 2.2 where σ is the increase of spot width (in 

mm) from 0 to 60 min and the values are shown in table 2.4. 

                                                𝜎 = √2𝐷𝑡                                                                               (2.2) 

 

Table 2.4. Calculated diffusion coefficient of selected dyes in PIM measured from dye spot broadening with and without 

applying voltage.  

Dye 
σwithout voltage 

(mm) 
Dwithout voltage (x10-10 m2/s) 

σwith voltage 
(mm) 

Dwith voltage (x10-10 m2/s) 

Bismarck Brown 0.039 0.0021 0.111 0.0171 

Brilliant Cresyl Blue 0.308 0.1318 0.375 0.1953 

Brilliant Yellow 0.049 0.0033 0.032 0.0014 

Crystal Violet 0.059 0.0048 0.242 0.1220 

Fluorescein sodium salt 0.062 0.0053 0.128 0.0228 

Malachite Green 0.332 0.1531 0.546 0.6211 

Methylene Blue 0.132 0.0242 0.553 0.5097 

Nile Blue 0.171 0.0406 0.575 0.4592 

Orange G 0.052 0.0038 0.115 0.0184 

R123 0.144 0.0288 0.474 0.3121 

R6G 0.257 0.0917 0.882 1.0805 

RB 0.26 0.0939 0.33 0.1513 
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2.6.2 Capillary electrophoresis of dyes 

Identical groups of dye were also separated using CE to investigate the possible 

mechanism of electromigration of dyes in the PIM. As the dyes are cationic, an acidic background 

electrolyte was used in CE to ensure the dyes were protonated and positively charged.  

Electrophoresis was performed using an Agilent 7100 capillary electrophoresis system 

equipped with a UV-Visible diode-array detector (190-600 nm) (Agilent Technologies, Santa Clara, 

CA, USA). Fused silica capillaries of 50 µm i.d. with 60 cm total length (51 cm effective length) were 

used (Polymicro Technologies, Phoenix, AZ, USA). Capillary temperature was maintained at 25°C 

throughout the experiment. New capillary was preconditioned by flushing 1 M of Sodium hydroxide 

(NaOH) for 20 min, followed by DI for 10 min, then 100 mM formic acid for 1 min, and background 

electrolyte for 5 min. Background electrolytes were 100 mM of ammonium formate with pH 2.7 (in 

DI) for fluorescent dyes and pH 3 (in DI) for visible dyes. Mixtures of three fluorescent dyes (R6G, 

RB, and R123) with final concentration for each dye at 100 ppm and 7 textile dyes (all Astrazon 

label dyes) with final concentration for each dye at 1000 ppm were dissolved in DI and injected 

into CE system by hydrodynamic pressure at 50 mbar for 2 s. The separation voltage was at 19 kV 

and 30 kV for fluorescent dyes and visible dyes, respectively. Detection wavelengths of 254 nm 

with 20 nm bandwidth was chosen for both fluorescent dyes and 200 nm with 20 nm bandwidth 

for visible dyes. Electropherograms were processed through equipped Agilent ChemStation 

software. As shown in figure 2.6, the order of migration in the CE experiments for both fluorescent 

and visible dyes are: 

Fluorescent dyes : RB < R6G < R123 

Visible dyes : Astrazon Blue FGRL 200 < Astrazon Dark Blue 2RN (not specified) < 

Astrazon Yellow GRL < Astrazon Golden Yellow A-GL < Astrazon Yellow 8GL = Astrazon Blue BG 200 

< Astrazon Red FBL < Astrazon Dark Blue 2RN (not specified) 
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Figure 2.6. Electropherograms of three fluorescent dyes (100 ppm in water)  and seven visible dyes (1000 

ppm in water). CE conditions: fused silica capillary, 60 cm x 50 µm id; BGE: fluorescent dyes: 100 mM Ammonium Formate 

pH 2.7, visible dyes: 100 mM Ammonium Formate pH 3 in water; Injection:  50 mbar, 2 s; separation voltage: fluorescent 

dyes: 19 kV, visible dyes: 30 kV.  
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These migration orders are different to that obtained in the PIM.  In aqueous CE, R123 

showed multiple peaks which cannot be detected on PIM presumably due to it having the lowest 

mobility in the PIM preventing the separation. While there are no reports on separation of these 

three dyes with CE/microchip electrophoresis, some literature involving Rhodamine dyes (R6G and 

RB or RB and R123) and the order of migration – based on size, charge, and pKa of dyes –agreed 

with what that observed here [35, 36]. For visible dyes, the migration time of all dyes were quite 

close to each other indicating they exhibit a similar charge and shape/size; hence, the mixture of 

these dyes could not be completely resolved as many of them were overlapping. Since the order 

of migration was a key factor in this experiment, further optimization of CE conditions was not 

performed. Greater selectivity in PIM towards the cationic dyes, more obviously in textile dyes, and 

different order of migration suggested that electromigration within the PIM was not solely 

influenced by size and charged as typically proposed in CE.  

2.7 Membrane extraction of dyes with variation of PIM components 

* Experiments were conducted with identical casting process, platform set-up and electrophoretic procedures 

explained in section 2.2.2 to 2.2.4 

Alongside investigation of cation electromigration through the PIM, conventional 

membrane extraction was also performed by simple immersion of the PIM into a solution of 

individual dyes to understand their significance and contribution to the selectivity of cationic dyes. 

Four different PIMs cast in 8 mL DCM were examined: CTA only (100 wt%), CTA+2-NPOE (42.9 

wt%+57.1 wt%), CTA+[EMIM][NTf2] (60 wt%+40 wt%) and CTA+2-NPOE+[EMIM][NTf2] (33.3 

wt%+44.4 wt%+ 22.2 wt%) with each PIM was used for extraction with Coumarin 334, Fluorescein 

sodium salt, and R6G.  The membrane extraction was performed using a beaker filled with 50 mL 

of 5 ppm of Coumarin 334, Fluorescein sodium salt, and 2 ppm R6G in water. The beaker was 

constantly stirred throughout the experiment. Each PIM was immersed into the stirred solution 

and 1.5 mL of solution was withdrawn at 0, 1, 5, 10, 20, and 30 min then every hour up to 4 hr. 
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After withdrawal, the same volume of fresh dye was added to the solution to replace the taken 

portions to maintain constant concentration. The absorbance of the dye solution at these times 

was measured using a quartz cuvette (1 cm pathlength) in a UV-Vis spectrophotometer (Metertech, 

SP8001, Glen Osmond Australia) with Metertech UVmate software. The absorbance was measured 

at 459.5 nm for Coumarin 334, 490.4 nm for Fluorescein sodium salt, and 525.5 nm for R6G and 

the absorbance was plotted using Microsoft Excel or Origin.  

The results from these extractions are shown in figure 2.7. The PIM containing only CTA 

(figure 2.7A) did not show significant decrease in the absorbance for Fluorescein sodium salt and 

R6G suggesting CTA does not have any capability to extract charged dyes. A gradual decline of 

absorbance and slight colour change on PIM (from transparent) was observed for neutral Coumarin 

334 indicating that it was partially extracted. The explanation of this phenomena is still unsure as 

there has been no report employing PIM with only polymer base for extraction. However, CTA-

based membrane without additives was reported to be highly porous and these pores were then 

fully impregnated with PIM additives [14, 37, 38]. Therefore, the potential extraction observed in 

this experiment (figure 2.7A) could be that neutral Coumarin 334 diffusively penetrated and 

resided within the pores of polymer. The extraction of neutral Coumarin 334 continued to be 

observed in all variants of PIM with the greatest decrease in absorbance observed in the CTA+2-

NPOE system (figure 2.7B). It is believed that further extent of extraction over adsorption on CTA 

could possibly be due to the lipophilicity of Coumarin 334 (logP = 2.78-2.90 [39, 40]) partitioning 

into the hydrophobic 2-NPOE (logP = 4.86-5.8 [40-42]) phase. This partitioning effect could also be 

responsible for the moderate decrease of neutral Coumarin 334 observed in PIM made from 

CTA+[EMIM][NTf2] where it partially distributed into water-immiscible [EMIM][NTf2] (logP = 0.06-

0.44 [43, 44]) phase (figure 2.7C). Similarly, a very small decrease in absorbance was noticed on 

both Fluorescein sodium salt and R6G, in the PIM made from CTA+2-NPOE (figure 2.7B) and this 

could be an influence from their distribution coefficients (logD). In acidic pH, Fluorescein sodium 
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salt and R6G have a logD (pH 1.7) of 3.01 and 0.07 respectively [40] suggesting that small degree 

of extraction of these two species into the organic phase might be allowed.  
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Figure 2.7. UV-Vis absorbance spectra of Coumarin 334 (square), Fluorescein sodium salt (circle) and R6G 

(triangle) after 4 hr of membrane extraction using PIMs composing of (A) CTA only, (B) CTA+2-NPOE, (C) 

CTA+[EMIM][NTf2], and (D) CTA+2-NPOE+[EMIM][NTf2]. Each symbol represents individual collected aliquot. Blank (DI) 

absorbance was 0.126±0.007 (Coumarin 334), 0.079±0.005 (Fluorescein sodium salt) and 0.092±0.01 (R6G). Actual 

photographs of PIM in each variation of components and dyes after 4 hr of extraction were shown next to each plot. 

(*note: phots were manually taken using mobile phones, direct comparison might be inaccurate due to lighting conditions).  
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With the PIM made from CTA+[EMIM][NTf2] (figure 2.7C), a steep drop in absorbance 

was observed for R6G indicating a rapid extraction into the ionic liquid phase suggesting that 

extraction of cationic species into the PIM might not be an effect of lipophilicity and partition 

actions even though there was a report of [EMIM][NTf2] having high partitioning constants towards 

cations [7]. Combined with cationic selectivity reported on optimal PIM from section 2.3 and 2.4, 

it is believed that extraction in this case occurs from ionic interactions between R6G and 

[EMIM][NTf2] by ion-complexing, ionic exchange, or solvation affinity towards cations. Absorbance 

plot of R6G shown for PIM made with all three components (figure 2.7D) displays exactly the same 

trend as that of CTA+[EMIM][NTf2] (figure 2.7C) suggesting that extraction of R6G was largely 

dependent on carrier, [EMIM][NTf2]. Meanwhile, obvious enhancement of dye colour on PIM was 

shown in figure 2.7D in presence of 2-NPOE, especially with R6G, and this was suspected that 2-

NPOE, as an organic solvent in PIM, provide a more mobile environment within the PIM where R6G 

molecules were allowed to move freely and evenly distributed throughout the PIM.   

The membrane extraction experiment does not explain the order of migration of 

cationic dyes, but possible implications can be made regarding the fundamental properties of the 

PIM. Only neutral (Coumarin 334) and cationic (R6G) species can be extracted into the PIM phase 

via partitioning and ionic interaction while anionic species (Fluorescein sodium salt) were not.  This 

means that they possibly remain dried on the surface of PIM. If this is the case, it could explain the 

lack of migration of Fluorescein observed above implying that electromigration occurs only within 

the internal PIM matrix and is not a surface phenomenon.  

2.8 PIM Characterization 

2.8.1 Scanning electron microscopy (SEM) 

PIM morphology was characterized using Scanning Electron Microscopy (SEM). SEM 

images were collected using Hitachi SU-70 field emission analytical scanning electron microscope  
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Figure 2.8. SEM images of cross-sections of PIMs containing only CTA (left), CTA+2-NPOE (middle) and 2-

CTA+2-NPOE+[EMIM][NTf2] (right). *Note: Cross-sections of PIM with CTA only and CTA+2-NPOE were obtained via 

cutting with scissors. 

(Hitachi-Hitech, Tokyo, Japan). The cross-section of PIMs made with CTA+2-NPOE and CTA+2-

NPOE+[EMIM][NTf2] were obtained by immersing PIMs in liquid Nitrogen for 15 s and fractured 

using forceps. Pieces of PIMs were then fixed onto aluminium stubs with carbon tape and sputtered 

with platinum for 15 s. The acceleration voltage used was 1.5 kV and the thickness were also 

measured with measuring feature in SEM software.  

As shown in figure 2.8, PIM containing CTA was observed to be noticeably porous while 

there was a tendency in reduction of porosity with PIM containing CTA+2-NPOE and likely became 

dense with no obvious pores in addition of [EMIM][NTf2]. This was resulting from 2-NPOE and 

[EMIM][NTf2] filling the pores of CTA [14]. The rough surfaces were also observed after the addition 

of plasticizer correlates with literature reports and could be due to their structural arrangements. 

A smoother surface was observed when [EMIM][NTf2] was added with some detectable debris 

resulted from the PIM surface being exposing to the atmosphere and the opposite side was facing 

the glass petri dish [14]. The measurement of optimal PIM thickness was measured to be at 14.9 

µm showing acceptable thickness relatively close to measurements from optical profiler and 

micrometre.  

2.8.2 Fourier transform infrared spectroscopy (FT-IR) 

FT-IR equipped with diamond Attenuated total reflectance (ATR) (Bruker Vector 22, 

Bruker SA, Wissembourg, France) was used to characterize chemical compositions of optimal PIM 
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and possible chemical bonding between each other. Pure components of PIM : CTA, 2-NPOE and 

[EMIM][NTf2] were used as standard references. The optimal PIM was scanned in the range of 

4000-600 cm-1 (absorbance mode) and FT-IR spectrum of optimal standard references and PIMs 

are shown in figure 2.9 and their main peak assignments in table 2.5. In FT-IR spectrum of the 

optimal PIM, the characteristic peaks of three main constituents can still be observed without any 

detectable additional peaks; however, the difference can be noted from the signal intensity. Most 

of the intensity signals from 2-NPOE and [EMIM][NTf2] in the optimal PIM spectra were found to 

decrease slightly compared to those in the standards while the intensity signals from CTA increased 

which could possibly be referred to 2-NPOE or [EMIM][NTf2] successfully attaching or filling the 

pores of CTA. Results from FT-IR indicated that there was no permanent chemical alteration after 

the membrane was cast since the number and positions of the peaks correlates to those in the 

standard samples. It was reported that interaction between three constituents took place with 

weak temporary intermolecular forces (hydrogen, van der Waal, or dipole)  [23, 45, 46].  
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Figure 2.9. FT-IR spectrum of standards (pure CTA, 2-NPOE, and  [EMIM][NTf2]) and PIM (composing of all 

three components with optimal concentration from section 2.4).  
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Table 2.5. FT-IR peak values and assignments of PIM components and final PIM.  

Compound Peak value (cm-1) Assignment Ref(s) 

CTA 3485 O–H [37, 45-48] 

 2942 C–H  

 1740 C=O (acetate)  

 1368 C–H (deformation of CH3)  

 1225 C–O–C (asymmetric)  

 1039 C–O–C (symmetric)  

2-NPOE 2928-2856 –CH2– [37, 45, 46, 48, 49] 

 1609-1583 C=C (aromatic ring)  

 1527 N=O (NO2)  

 1467 –CH3 (octyl)  

 1353 C–N  

 1256 R–O–CH2  

 856 C–N  

 724 –CH2  

[EMIM][NTf2] 3161-2992 C–H (from [EMIM]+) [50-52] 

 1573 N–C–H (from [EMIM]+)  

 1351 –CH2 (from [EMIM]+)  

 1189 CF3 (from [NTf2]-)  

 1139 O=S=O (symmetric, from [NTf2]-)  

 1057 S–N–S (asymmetric, from [NTf2]-)  

  Ring (asymmetric, from [EMIM]+)  

  C–C (from [EMIM]+)  

  N–CH3 (from [EMIM]+)  

 741 CF3 (symmetric, from [NTf2]-)  

 652 S–N–S (symmetric, from [NTf2]-)  

 619 O=S=O (asymmetric, from [NTf2]-)  
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2.8.3 Thermogravimetric Analysis (TGA) 

One of the early hypotheses made regarding the possible migration of dye inside PIM 

was that there was a sufficient amount of water (moisture) present. TGA analysis was performed 

to monitor the water content with Labsys Evo instrument (Setaram, Caluire, France). The optimal 

PIM was chopped into small pieces, weighed (at least 20 mg) and placed in an alumina crucible. 

The instrument was run with flowing N2 at 150 kPa with a heating rate at 5°C/min from 25°C to 

140°C and another repeated experiment was run up to 120°C and held at this temperature for 6 

hours to ensure noticeable weight loss from water evaporation, if any. Pure CTA pallets, 2-NPOE 

plasticizer, and [EMIM][NTf2] ionic liquid was also run in TGA to confirm their thermal properties 

under the same instrument setting but with temperature up to 550°C for CTA, 350°C for 2-NPOE 

and 600°C for [EMIM][NTf2]. The data was collected using system software and the plot was 

constructed using origin.  

TGA profile of optimized PIM showed no sign of weight loss within temperature range 

from 25°C-140°C which was well above the boiling point of water implying that there was no 

significance loss of water or moisture from the PIM (figure 2.10). This result does not mean that 

there was no water, but the amount was well below the sensitivity of TGA at 0.0009% (calculated 

from TGA resolution from LABSYS evo spec sheet). We believe that this amount of water or 

moisture is negligible and shows no consequential impact on PIM performance. In figure 2.10, TGA 

results of raw components of PIM used in the experiments correlated well with those reported 

TGA on PIM components from literatures where the vaporization, degradation, and decomposition 

of substances occur above 200°C [38, 53-56]. 

2.8.4 Nitrogen (N2) adsorption 

PIM porosity and surface area were estimated using N2 adsorption/desorption 

technique with surface area analyser (TriStar II 3020, Micromeritics Gemini, Georgia, USA). The 

optimized PIM was cut into small pieces before being weighed in a test tube. The sample was left 
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Figure 2.10. Zoomed-in TGA profile of optimized PIM where red dashed line represent water boiling points 

at 100°C and full-scale profiles of individual PIM components.  

 

to degas in vacuum for 24 hr at room temperature. The surface area (SBET), total pore volume (Vp), 

and pore diameter of the PIM were reported to be 1.58±0.435 m2/g, 0.0162±0.002 cm3/g and 

42.9±11.09 nm respectively. The adsorption curve of (figure 2.11) shows no obvious hysteresis loop 

in which corresponds to type II isotherms typically found for non-porous materials with weak 

adsorption [57, 58]. This result also correlates well with dense bulk of PIM observed with SEM 

previously indicating PIM being potentially non-porous. The surface area reported here was found 

to be very low with pore size in nanometre range; therefore, expected to have no contributions to 

electromigration in PIM in this case.  
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Figure 2.11. N2 adsorption/desorption BET curve of optimized PIM. Blue and red arrows represent 

adsorption and desorption respectively.  

2.9 Principles of migration in PIM 

Based on the fundamental experiments conducted and the literature reports of PIMs 

mentioned throughout the chapter, the most probable principle for migration is based on those 

proposed by Religa et al. [59]. It is illustrated in figure 2.12 using R6G as a model cation.    

By having only CTA, the polymer chain is tightly packed prohibiting R6G from being 

efficiently extracted into the PIM, hence no changes in the absorbance of the solution as well as 

no electromigration of R6G was observed on the PIM strip. Addition of plasticizers (figure 2.12 top 

right) provide extra space between the chains through weak physical bonding with CTA frameworks 

allowing R6G to be extracted into the PIM phase and directionally migrate under electric field; 

hence appearing as streaks and a distorted spot . A slow and gradual decrease in R6G absorbance 

observed in CTA+2-NPOE indicates that R6G was partially extracted into the PIM phase. This 

suggests that 2-NPOE behaves similarly to organic phase within CTA matrix improving affinity for 

extraction of organic R6G. This finding also supports electromigration observed for R6G on PIM 



 

129 
 

strip in an absence of carrier shown in table 2.2 I. With CTA+[EMIM][NTf2], extraction of R6G into 

the PIM improved, but the absence of plasticizer meant that the space between the polymer chains 

may be reduced. The lack of electromigration then could be explained by [EMIM][NTf2] plating 

themselves onto CTA chains similar to 2-NPOE but without flexible movement. As for the optimized 

system when PIM are composed of three components, it could be possible that 2-NPOE and 

[EMIM][NTf2] weakly interact into a unit then being attached onto the CTA chains as proposed by 

Religa et al. [59] in which has been adapted in a figure below for our research. This postulation 

strongly supported the well-structured electromigration in the PIM where [EMIM][NTf2] could be 

semi-mobile to the extent of 2-NPOE branches providing the migration of dye spot in a controlled 

manner.   

This theory accounts for the PIM specific features observed in the current experiments.  

However, no solid confirmation was drawn as the focus was primarily on the use of the PIM as a 

lateral solvent-less platform for electrophoresis of positively-charged organic. Therefore, more in-

depth investigation of PIM fundamentals will have to be further explored.  

 

Figure 2.12. Illustration of possible mechanism for selective electrophoretic migration (transport) in PIM 

formulated in this research. The drawing was modified based on original scheme by ref. [59].  
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2.10 Conclusion 

In summary, a PIM-based thin film constructed as a strip was successfully utilized for 

electrophoretic separation of cationic dyes in absence of liquid solvents. The PIM consists of three 

components CTA, 2-NPOE, and [EMIM][NTf2] in which each component specifically contributed to 

physical strength, flexibility, and selectivity of the PIM. Electrophoretic migration and separation 

were performed under the potential of 500 V/ cm and monitored using portable fluorescent 

microscope. Electrophoretic migration was observed only with cationic dyes while no migration 

was observed with anionic and neutral dyes indicating the PIM was selective towards cations. With 

each cationic dye exhibiting different electrophoretic mobilities, separation of several cationic dyes 

was also successfully performed. The investigations showed that electrophoretic separation on 

PIM may occur through combined mechanisms even though further confirmation is still required. 

However, PIM capability for cationic dye electrophoresis together with low diffusion/dispersion 

coefficients displayed strong possibility for electrophoretic migration and separation to be 

operated at lower voltage leading for PIM to be employed in prospective applications concerning 

rapid analysis and portable platform or devices.  
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Chapter 3 

In-Transit electroextraction of small molecule pharmaceuticals from blood  

Declaration: Main context and supporting information in this chapter has been published as an original 

paper in Angewandte Chemie International Edition [1] with the contribution for the published works listed in the 

statement of co-authorship. Changes including paragraph layouts, figure/table arrangements, numbering, and fonts are 

modified from original published paper to fit the format of this thesis and to minimize repetition (if any).  

In chapter 2, a PIM composed of CTA, 2-NPOE and [EMIM][NTf2] was prepared, 

optimized, and successfully employed as a “dry” electrophoretic platform for several cationic 

molecules. To exploit the capability of PIM for personalized medicine and point-of-care diagnostics 

as expressed in Chapter 1, a portable device featuring the PIM and commercial batteries was 

designed and used to demonstrate the separation of the plant-derived alkaloid, Berberine Chloride 

(BC), from a drop of blood dried on the PIM while it was being transported in the mail. BC is used 

in traditional Chinese herbal medicine and as a dietary supplement [2, 3]. It has reported 

therapeutic use in the treatment of cancer [4, 5], inflammation [6, 7], diabetic [8, 9], Alzheimer’s 

disease [10, 11] and cardiovascular disorders [12, 13]. BC was selected here as a model compound 

for small molecule pharmaceuticals also due to its native fluorescence eliminating any 

derivatization step to make it fluorescent.  

3.1 Abstract 

An electrokinetic platform was developed for extracting small molecule 

pharmaceuticals from a dried drop of blood. Through the exclusion of liquid reagents and use of 

low field strength (6 V/cm), the electroextraction of a drug from a dried drop of blood, deposited 

on a PIM, could be realised while in transit in the mail. In transit sample preparation provides a 

potential solution to in-situ sample degradation and may accelerate the workflow upon arrival of 

a patient sample at the analytical facility. The electroextraction method was enabled through our 

discovery of the use of 15-20 µm thin PIMs as electrophoretic separation medium in absence of 

liquid reagents. Here, a PIM consisting of CTA as polymer base, 2-NPOE as plasticizer and 
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[EMIM][NTf2] as carrier was used. The PIM was packaged with two 12 V batteries to supply the 

separation voltage. A blood spot containing BC was deposited and dried before applying the 

separation potential, allowing for the electroextraction while the packaged device was sent 

through the mail. Upon arrival in the laboratory, the PIM was scanned using a fluorescence 

microscope with a photon multiplier tube, quantifying the BC extracted away from the sample 

matrix. This platform represents a new opportunity for processing clinical samples during transport 

to the laboratory, saving time and manual handling to accelerate the time to result. 

3.2 In-Transit electroextraction of small molecule pharmaceuticals from blood  

Personalised medicine, which aims to treat every patient as an individual has been 

shown to be highly effective with diabetes but expanding the analytical target range is one of the 

most important challenges of the forthcoming century [14-21]. A holistic approach to personalised 

medicine requires the ability to detect and quantify a significant and diverse range of 

pharmaceuticals and their metabolites. The gold standard for point-of-collection testing is the use 

of immunoassays, however, these frequently suffer from high cross-reactivity given the structural 

similarity of many pharmaceuticals and their metabolites, hence few have been accepted for drug 

monitoring [22-24]. Despite recent achievements in Lab on a Chip devices for Point of Care 

diagnostics [25, 26], significant advances in chemical resolution and sensitivity are required before 

their widespread use for routine monitoring of pharmaceuticals and their metabolites.  As such, 

the capability to detect and quantify a significant and diverse range of pharmaceuticals and their 

metabolites can be anticipated to remain with centralised laboratories and the use of high-

resolution analytical instrumentation [27] and this requires the blood and/or urine sample to be 

sent off for analysis. Upon arrival at the laboratory, the sample is processed by wet-chemistry 

techniques - manual or with automated instrumentation - and analysed by any number of 

instruments, with the sample preparation typically the most time- and labour-intensive process.  

The data is then sent back to the managing clinician and/or the patient [28-30]. To mitigate sample 
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transport risk and hence cost, blood samples can be sent as dried spots, which are considered to 

be of low biological risk and exempt from classification as UN3373 Biological Substance Category B  

[31-34], but there are additional complications with quantitative measurement of pharmaceuticals 

in DBS. 

Here, we demonstrate a novel electrophoresis concept, where small molecule 

pharmaceuticals can be separated away from a dried drop of blood in an environment free of liquid 

reagents. Owing to the low diffusion in the solid substrate, this electroextraction can be realised at 

a field strength of only 6 V/cm, supplied by two A23 12V batteries. The set-up, packaged in a box 

to provide ruggedness during transport, was used for in-transit extraction from a complex 

biological matrix and is illustrated in Figure 3.1.   

Liquid samples and reagents are challenging elements of portable analytical 

instrumentation and point of care diagnostics for reasons including their stability, safety and 

handling [35-39] and their exclusion would significantly simplify the development of field-

deployable instrumentation. The demonstrated transport of lithium ions in solid polymer 

electrolytes used in rechargeable lithium ion batteries [40, 41] inspired a quest for transport of 

larger ions in solid materials for analytical purposes. PIMs were selected to study their potential as 

a dry medium for electrokinetic ion transport.  PIMs are non-porous membranes used for 

extraction, separation, and pre-concentration, and have been used for the removal and analysis of 

metals and contaminants from environmental sources such as wastewater [42-44].  

The PIM used here was cast from an optimized concentration of CTA, 2-NPOE, and 

[EMIM][NTf2] as finalised in section 2.4 (chapter 2). PIM casting process, PIM dimension and 

electrophoresis set-up were identical to those described in section 2.2.3 (chapter 2). As reported 

in chapter 2, field-induced migration was observed for cationic dyes  together with their differences 

in migration rates allowing separation of cationic dyes and estimation of their diffusion (and 

dispersion) rates and electrophoretic mobilities in the PIM.  
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Figure 3.1. Schematic illustration of thin film electrophoresis for in-transit analyte extraction. A blood spot is deposited and dried onto the membrane in a POC setting and 

connected to two 12 V batteries before being mailed. In transit, the analytes are electrokinetically extracted from matrix components, and can be quantified upon arrival in the laboratory 

with no additional sample processing.   



 

141 
 

The importance of extracting small molecule pharmaceuticals from the matrix can be 

gauged by a recent review of 208 liquid chromatography – mass spectrometry (LC-MS) methods 

for the analysis of pharmaceuticals in clinical samples.  Every method in the review required either 

solid phase or liquid-liquid extraction before analysis by LC-MS, sample processing that imposes a 

significant cost in both time and money [45]. To demonstrate the electrokinetic extraction of the 

BC from a dried drop of blood, fresh blood from a healthy volunteer was spiked with 50 ppm of BC, 

and 0.1 L was spotted onto the PIM; drying yielded a spot size of approximately 1.2 mm.  A voltage 

of 2000 V (500 V/cm) was then applied across the PIM containing the dried drop of blood for 60 

min. As illustrated in figure 3.2A, white light images demonstrate that the red components of blood 

matrix remained stationary, whereas the fluorescent images show the electrokinetic transport of 

BC. Inspection by SEM confirmed the cells from the blood remained located where the blood was 

deposited on top of the PIM (figure 3.3), while confocal imaging suggested impregnation of the BC 

into the membrane (figure 3.4). It must also be noted that there were several times the dried drop 

of blood fell off the PIM strips after 5-10 min of drying, during transport, and while being detached 

from the platform. However, all strips were subjected to fluorescent detection and included in the 

dataset reported in this thesis with no significant deviation. This finding confirmed that dried drop 

of blood was completely dried after 10 min and relatively comparable concentration of free analyte 

was extracted on each PIM without impacting fluorescence signal.   

Experiments with fluorescently derivatised proteins indicate that these also penetrate 

the PIM. Upon application of the electric field, BC migrated along the PIM while no 

electromigration of proteins was observed as shown in figure 3.2. This demonstrates the ability to 

electrokinetically extract BC from matrix components from a dried drop of blood on a PIM. 

Considering this electroextraction takes place in absence of liquid reagents, this technique provides 

a promising alternative to solid and liquid based extraction techniques currently essential for nearly 

every laboratory-based analysis of small molecule metabolites and pharmaceuticals from whole 

blood. 
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Figure 3.2. PIM electrophoresis for analysis of 0, 20, 50, and 80 ppm of BC from dried drop of blood with 

A) 2000 V and B) 24 V was applied across the membrane. Images recorded using white light (top) show the position of 

the dried drop of blood whereas images recorded using blue LED induced fluorescence (bottom) show the position of 

BC. *Note: dashed yellow circle is used to mark the BC where the fluorescence intensity is very low and cannot be clearly 

visualized in the image. Conditions: Membrane 0.25 cm x 5 cm; length between electrodes 4 cm. Voltage: (A) 2000 V and 

(B) 24V. Duration: (A) 60 min and (B) 24 hr. Sample(s): 0, 20, 50, and 80 ppm of BC in whole blood. Sample volume (spot 

size): 0.1 µL. Drying time (before electrophoresis): 5-10 min.  
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Figure 3.3. SEM image of a dried drop of blood on the PIM after electrophoresis. Each zoomed in image 

shows blood cells and the bottom right image shows a size blood cell on the PIM surface.  

 

Figure 3.4. Confocal spinning disk images of R6G where each image represents the depth (Z-plane) of the 

PIM at 5, 10, 15 and 20 µm from the top surface.  

The PIM-based electrokinetic platform has eliminated the need for liquid reagents, 

thereby simplifying the analytical process, but the use of 2000 V to drive the electrophoretic 

separations, however, limits the safety and hence usability of the instrumentation. Since both 

diffusion and electrokinetic transport in the PIM are 100 times lower than in aqueous media, the 

separation force can theoretically be decreased by the same order of magnitude. Using diffusion 

constants, dispersion estimates and mobilities obtained at 2000 V, the position and theoretical 

spot size was estimated for voltages ranging from 9-24 V applied across the 4 cm PIM.  Figure 3.5 
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shows that a voltage above 18 V would be required to extract BC from the matrix spot within 24 

hr. Experimental data using a potential difference of 24 V supplied using two 12 V batteries (A23) 

confirmed 6 V/cm was indeed sufficient to separate BC away from the matrix, as illustrated in 

Figure 3.2B. This represents the lowest electric field strength reported for electrophoretic 

separations in the published literature –lower than the field strength of 43 V/cm achieved using a 

9 V battery over 2 mm for the polyacrylamide gel electrophoresis separations of proteins [46]. 

The battery-powered set-up shown in Figure 3.1 was used for extraction in the mail. A 

0.1 µL drop of freshly drawn whole blood spiked with 60 ppm BC was deposited onto the PIM and 

allowed to dry for 5 min. Dried blood spots are known for their ease in handing and transportation 

because the components remain stable and the infectious risks are low [31, 32]. The PIM was 

pinned in place using syringe needles and connected to the batteries before placing the packaged 

device in an envelope. Recognising international restrictions on mailing dry cell batteries (IATA, 

Special Provision A123), the universities internal mail was used to send the PIM-based 

electrokinetic platform to another campus and back. In the laboratory, standards containing 0-100 

ppm BC were separated as control, also using two batteries to supply 24 V. Based on the low 

current during separation, the two 12 V batteries are calculated to last for approximately 633 years 

of continuous use, not affecting the device’s usable lifetime. The mailed device returned to the 

laboratory 34 hrs later and after unpackaging, fluorescence intensity of the spots (Figure 3.2) was 

determined using a confocal fluorescent microscope equipped with a PMT (Figure 3.6A). The 

mailed and control membranes were analysed three times by manually passing them through the 

focused light source on a confocal microscope, recording the fluorescence intensity with a PMT.  

Data from three passes through the membrane approximately 0.1 mm apart were averaged to 

reduce the impact of wrinkles, dust and small debris. Using the calibration curve constructed using 

standards (figure 3.6B), the concentration of BC in the blood spot was calculated to be 57.8 ± 4.5 

ppm, which is well within acceptable measurement error and confirms quantitative extraction of 

BC from the blood spot. The migration distance and spot dispersion also found to be within the 



 

145 
 

range predicted in figure 3.5 at 34 hr suggesting good correlation between experimental result and 

theoretical calculation.  

Considering the reported values of BC in blood and plasma are typically 10,000 times 

lower than the limit of detection (LOD) of 10 ppm, the presented set-up using fluorescence 

detection does not provide the sensitivity required for clinical analysis. It does, however, 

demonstrate a novel approach to sample treatment for the extraction of small molecules from 

biological fluids. The simple set-up combined with low safety risks using dried drops of blood and 

low voltage allow for the extraction of the target analytes in the mail, effectively using the transit 

time required to send a remotely collected sample to a central laboratory thereby reducing manual 

processing upon receipt. Delays in transportation to the laboratory would not compromise the 

resolution of the separation but would influence the sensitivity given the additional dispersion that 

would occur while the molecules are being separated.  

 

Figure 3.5. Migrated distance (horizontal marker) and dispersion (bar) of BC in the PIM at 0, 9, 18 and 24 

V.  The distance BC electromigrated was calculated from its electrophoretic mobility and the electric field strength, while 

the width of the spot was estimated from the diffusion constant in the PIM, the time, and then multiplied by 1.15 to 

account for dispersion through the PIM. 
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Figure 3.6. Fluorescent signal of BC in standards and dried drop of blood. A) Fluorescence intensity along 

the PIM following a 34-hr electrophoretic separation of spiked BC from a dried drop of blood. The dried drop of blood 

for the mailed sample (right column) contained 60 ppm BC while that on the left column were separated at 24 V in the 

laboratory containing 10, 20, 40, 60, 80 and 100 ppm BC. This trace was constructed by moving the PIM through a 

confocal microscope system equipped with a PMT to obtain quantitative fluorescent data. B) Calibration curve 

constructed using the fluorescence intensity from each scan. Conditions: Membrane 0.25 cm x 5 cm; length between 

electrodes 4 cm. Voltage: 24 V (Batteries). Duration: 34 hr. Sample(s): (A) 60 ppm of BC in blood and (B) 0-100 ppm BC 

standards in blood. Sample volume (spot size): 0.1 uL. Drying time (before electrophoresis): 5-10 min. Repetition: (A) 4, 

and (B) 3. 
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In summary, a new electrokinetic platform has been developed for the extraction of 

small molecules from matrix components in a dried drop of blood while in transit. The 

electrokinetic extraction is conducted in a thin membrane in absence of liquid reagents, with low 

diffusion rates allowing the separation to be powered by two A23 12 V batteries. Combined with 

the established safety of transporting dried drop of blood, this unique and novel approach is 

anticipated to improve efficiency in clinical analysis, using the time required to transport clinical 

samples from the point of collection to a centralised laboratory for extracting the target analytes 

from matrix interferences in a simple low-cost manner. With PIM platform being non-porous media 

restricting dried drop of blood absorption, our approach differs from that of typical DBS collection 

card where the sample extraction was performed during the transit and ready for detection upon 

arrival; hence, completely eliminate time-consuming sample preparation steps involved.  

In a practical point of view, more than three strips might be required as a calibration 

within a device to improve liability of the quantitative test readouts. Furthermore, the longest 

transit time predicted for portable electrokinetic platform in this thesis corresponding analyte 

migration distance and dispersion was at 72 hr as shown in figure 3.5. However, actual transit time 

may delay from days to weeks and electromigration of analyte could exceed that predicted. To 

prevent this issue, improvement of the portable platform could include incorporation of single use, 

short-life battery or pre-set timer so that the voltage could be deactivated and stop the migration 

of the analyte. Another issue the system could encounter from this integration would then be the 

significance of dispersion impacting the sensitivity in detection as mentioned previously. Hence, 

future combination with advanced chemical imaging instrumentation, such as MALDI imaging MS, 

may create a simple and powerful workflow for the analysis of clinical samples, freeing up capacity 

to realise the throughput required to realise a more personalised approach in medicine. A more 

advanced alternative could also include the step of simultaneous pre-concentration of analyte after 

electrophoresis, i.e. ITP, and this could allow a lower LOD resulting for portable PIM resulting in a 

closer step towards practical clinical analysis.  
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3.3 Experimental materials and methods and supporting information 

3.3.1 PIM preparation 

PIM preparation process for this chapter is illustrated in figure 2.1 and is identical to 

that described in section 2.2.2 (chapter 2).  

3.3.2 Components and set-up of electrophoresis platform 

The electrokinetic separation platform is illustrated in figure 2.2 (chapter 2). 

Electrophoretic procedures for this chapter are identical to those described in section 2.2.4 

(chapter 2).  

3.3.3 Electrophoresis procedures and chemicals 

All laboratory-based electrophoresis experiments were performed according to the 

following procedures. Sample solution in DI (0.5 µL for all fluorescent dyes and 0.1 µL for BC and 

blood samples) was spotted using an auto-pipette (0.5 µL) or syringe (0.1µL) close to the anode 

(left side of the strip in this case) and left to dry for approximately 5-10 min. Only after the spot 

was completely dried, the electrodes were connected, and voltage was applied. At least three 

replicates on separate strips were conducted in parallel for each experiment. The potential 

difference was maintained for 60 min when 2000 V was applied (500 V/cm) and for at least 24 hr 

when 24 V (6 V/cm) was applied. Chemicals used in each experiment are listed below. 

3.3.3.1 Migration studies of different charge dyes.  

Coumarin 334 (Sigma-Aldrich, 99%, 283.32 g/mol), Fluorescein sodium salt (Sigma-

Aldrich, fluorescent tracer, 376.27 g/mol), and R6G (Sigma-Aldrich, 95%, 479.01 g/mol) were used 

as neutral, anionic, and cationic species respectively, to determine the electrokinetic transport of 

different charged molecules on PIM. Stock solutions of each dye at 1000 ppm in DI were diluted to 

10 ppm with DI for all experiments.  
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3.3.3.2 Electrophoretic separation of three cationic dyes.  

Stock solutions 1000 ppm of R6G and RB (BDH, 479.02 g/mol) in DI, and R123 in ethanol 

(Sigma-Aldrich, mitochondrial specific fluorescent dye, 380.82 g/mol) were diluted to 10 ppm for 

R6G and RB and 1 ppm for R123, all with DI. These were prepared as individual samples as well as 

a mixture of the three fluorescent dyes.  

3.3.3.3 Migration of BC and its separation from blood matrix.  

Three stock solutions of BC (Sigma-Aldrich, 371.81 g/mol) were made in DI; a 1000 ppm 

stock solution was made for the pure drug experiment, a 6000 ppm stock solution was made to 

spike the blood sample and a 10000 ppm stock solution was made to construct the calibration 

curves for BC in blood. Stock solution of 1000 ppm was diluted to 50 ppm before performing 

electrophoresis. 1% of 6000 ppm stock was added and mixed into fresh blood, yielding a final 

concentration of 60 ppm of BC in blood. For calibration of BC from blood, 10000 ppm stock solution 

was further diluted to 8000, 6000, 4000, 2000, and 1000 ppm with DI and 1% of each concentration 

was added into fresh blood yielding final concentrations of 100, 80, 60, 40, 20, and 10 ppm of BC 

in blood.  

3.3.4 Optimization of PIM composition 

R6G was chosen as model analyte to investigate the PIM optimization. Migration was 

studied using PIMs using varying composition of CTA, 2-NPOE, and [EMIM][NTf2] as indicated in 

Table 2.2 (chapter 2) under applied electric field. The optimum performance was assessed based 

on migration distance, spot size and spot shape, with the optimal PIM made with 0.075 g CTA, 0.1 

g 2-NPOE and 0.05 g [EMIM][NTf2]. No migration was observed in absence of the plasticizer 2-

NPOE, and in absence of [EMIM][NTf2] migration was observed but with severely distorted the 

spot. Increasing the amount of CTA deteriorated the migration of R6G assuming the thickness of 

the film increased and became very stiff. Increasing the amount of [EMIM][NTf2] also limited the 

migration of R6G but made the PIM softer with more visible wrinkles and leftover traces of liquid 
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droplets on the surface on the PIM after overnight casting. Increasing the amount of 2-NPOE 

showed improvement on migration of R6G; however, 0.10 g was chosen as an efficient amount to 

support the migration of R6G. 

3.3.5 Migration of different charge fluorescent dyes and separation of cationic 

fluorescent dyes 

Fluorescein, Coumarin 334, and R6G, were used as anionic, neutral, and cationic 

analytes to determine PIM selectivity. Figure 2.3 (chapter 2) shows only electrophoretic transport 

of the cationic R6G and no migration of anionic Fluorescein and neutral Coumarin 334 suggesting 

the PIM being specific to cations. Additional cationic fluorescent dyes including R6G, RB, and R123 

were investigated, with Figure 2.5A (chapter 2), showing differential migration of these dyes 

allowing successful separation on PIM.  

3.3.6 Blood sample handing 

Research using blood was performed under the ethic approval (H0016575) approved 

by The Tasmanian Health and Medical Human Research Ethics Committee.  All blood samples were 

handled under Biosafety Level-2 hood in PC-2 facility until the blood spot was completely dry 

before being taken out of the facility. Blood was taken from a healthy volunteer using a single-use 

lancet from commercial lancing device (Accu-Chek® FastClix). Excess blood after depositing the 

sample on the PIM, contaminated tubes, pipette tips, and all materials in contact with blood was 

immediately disinfected using 10% bleach solution overnight and discarded in biohazard bin.  

3.3.7 Portable platform: electrokinetic procedures, and detection 

The portable device to send the PIM through the mail was designed using DraftSight™ 

Professional software made by laser cutting the several PMMA plastic pieces using Laser Engraver 

(Hobby laser engraver, MLE-40) and assembled using glue and tape (Figure 3.7). A soldered wire 

connected the batteries (A23) with the needles, which were used to pin the PIM in a block of 

Styrofoam covered with black paper to facilitate detection. The batteries and ruler were fitted into 
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the allocated spaces. The mail package included two portable devices, “device 1” containing the 

single concentration of spiked BC (60 ppm) in blood sample and “device 2” containing replicates of 

the same concentration of BC in blood for control. The devices were placed in bubble wrap-padded 

postal envelope and was sent through internal university mail. A benchtop control was also 

conducted in parallel, using an identical set-up on the bench, started and stopped at the same 

times as the mailed devices. The duration of the electrophoretic separation was determined by the 

mail schedule on each transit and as such not controlled. Upon arrival of the package by return 

mail, the strips were detached from their separation platform and placed on a glass slide, attached 

with tape at both ends of the strips before fluorescence detection using a fluorescence microscope 

(Nikon Eclipse Ti) with photomultiplier tube (PMT, Hamamatsu Photonics KK, Hamamatsu, Japan). 

A mercury light source and blue light filter (λEx/Em 488/525 nm) were used for excitation/emission, 

and the microscopes stage was operated manually to scan all the strips at the magnification power 

of 10X. Each strip was scanned three times along the migration direction. Data acquisition was 

performed using an Agilent interface (35900E) and the calibration curve was plotted from the 

average values of maximum height of the peaks.  

 

Figure 3.7. 3D design and dimensions of the through-mail portable device.  The 3D layers were designed 

to fit actual batteries and true-to-size Styrofoam base for PIM pinning (left). Identical size of soft foam was attached to 

the lid in actual device to allow more space for the wire cords from the battery and expect to help reduce the collision 

during transportation.  
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3.3.8 Scanning Electron Microscope (SEM) characterization of blood spot on PIM 

SEM images of blood spot on PIM were performed with a Hitachi SU-70 field emission 

analytical scanning electron microscope (FESEM) instrument with 1.5 kV operating voltage. The 

dried drop of blood on PIM section was sputtered with Platinum prior to imaging. As shown in 

figure 3.2, electrophoretic migration of dried drop of blood was not observed. This was assumed 

to be due to the large size of blood cells restricting their extraction into the PIM. The images in 

Figure 3.3 of a dried drop (0.1 μL) of blood on the PIM confirm the accumulation of cells on the 

surface of the PIM, suggesting that only small molecules like BC can be extracted into PIM matrix 

before migration. The measured cell size of 8.3 μm correlates well with average size of human red 

blood cells [47-49]. 

3.3.9 Spinning disk confocal microscope for depth analysis of PIM 

The Z-plane images of R6G after electrophoretic migration (2000 V, 60 min) on PIM strip 

were captured using an UltraVIEW Vox upright spinning disk confocal microscope equipped with 

running Velocity Software (PerkinElmer Australia Pty Ltd, VIC Australia) and a Plan Apo 20×/0.345 

air objective (Nikon, New York USA). Four slices of image of R6G spot after field-induced separation 

at 2000 V for 60 min were collected corresponding to 5, 10, 15, and 20 µm from the top of PIM 

(figure 3.4). Intensity of R6G can be observed intensely at the depth of 5 and 10 µm suggesting that 

the dye penetrated into the PIM.  

3.3.10 Electrophoretic mobility and diffusion coefficient of cationic dyes 

As shown in Figure 2.5A (chapter 2), three cationic dyes could be separated and the 

apparent electrophoretic mobility for R6G, RB, and R123 in the PIM were calculated to be 8.9 x10-

11, 4.4 x10-11 and 0.56 x10-11 m2/Vs, respectively with an applied voltage of 2000 V. The mobility of 

fastest analyte, of R6G was approximately 160 times lower in the PIM than then value reported in 

aqueous media (14.0 x10-9 m2/Vs) [50]. 
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Based on the reduced electrophoretic mobility, the diffusion rates were calculated the 

diffusion rates of R6G, RB, and R123 are calculated to be 9.17 x10-12 m2/s, 9.39 x10-12 m2/s and 2.88 

x10-12 m2/s respectively. The diffusion rate of BC was found to be 3.47 x10-11 m2/s. The 

electrophoretic mobility of BC  in the PIM was calculated to be 3.88 x 10-11 m2/Vs from the distance 

the spot moved in 60 min with an applied voltage of 2000 V. Electrophoresis of BC was also 

investigated in laboratory at 9, 18, and 24 V up to 24 hr. Migration distance and width of the spot 

at these voltages were collected. The diffusion constant and electrophoretic mobility were then 

calculated and used to predict the position and width of the spot for longer transit time from 12-

72 hr at voltages from 9 – 24 V. Figure 3.5 shows that a voltage higher than 18 V would be needed 

to resolve the BC spot from the blood matrix spot.  A voltage of 24 V was used experimentally by 

coupling two 12 V batteries. 
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Chapter 4 

Aliquat®336 and common surfactants as selective carriers in Polymer Inclusion Membrane (PIM) 

for anionic analytes  

4.1 Introduction and objectives 

As selectivity of the PIM is mainly influenced and tuned by the nature of the carrier 

(also called extractants and ionophores), a large variety of carriers and ionic liquids have been 

studied and employed by many researchers specific for particular applications [1-9]. The prepared 

PIM used in chapter 2 and 3 involved the use of ionic liquid ([EMIM][NTf2]) as the carrier which was 

found to be cation-selective and the extraction of anions was not observed. Based on the published 

literatures investigated for extraction of anions, Aliquat®336 (trioctylmethyl ammonium chloride) 

was among the most popular ionic liquids used as anion exchangers [10-22], was selected to be 

investigated to see whether it could be used to create a solvent-less PIM for anions. As the 

structure of Aliquat®336 -polar core with long chain non-polar branches (figure 4.1) – is similar to 

typical surfactants, these were also investigated. Another ionic liquid usually employed in 

extraction of heavy metals is a commercially available phosphonium-based CYPHOS® IL [16, 23-26], 

and was also investigated.  

 

Figure 4.1. Structure of Aliquat®336 commonly consisting of mixture between trioctylmethyl ammonium 

chloride (C8, left) and tridecylmethyl ammonium chloride (C10, right) in the ratio of 2:1 [27].  
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4.2 Experimental chemicals, equipment, and methods 

4.2.1 Chemicals and equipment 

The ionic liquids, surfactants, and dyes introduced in this chapter are presented in table 

4.1 while chemicals for PIM is listed in table 2.1 (chapter 2). Equipment for electrophoresis 

experiment was described in section 2.2.1 (chapter 2). 

4.2.2 PIM preparation 

PIM preparation and casting process is identical to that described in section 2.2.2 

(chapter 2) with few modifications where PIM was made by weighing 0.075 g of CTA, 0.10 g of 2-

NPOE, and 0.05g or 0.10 g of carrier or surfactant into a vial and dissolved in 8 mL of DCM.  

4.2.3 Set-up of electrophoresis platform and electrophoresis procedure 

The electrokinetic separation platform is illustrated in figure 2.2 (chapter 2). 

Electrophoretic procedures for this chapter are identical to those described in section 2.2.4 

(chapter 2).  

4.3 Electromigration study of different charged dyes with PIM containing Aliquat®336 as a 

carrier 

Similar to chapter 2, initial investigation was to determine whether the 

electromigration of specific charged dyes can be observed on the prepared PIM. Coumarin 334 

(500 ppm), Fluorescein sodium salt (1000 ppm), and R6G (10 ppm) were used as neutral, negatively 

charged and positively charged dyes, respectively, and the result of these dyes on the PIM strips 

(thickness approximately 24-29 µm) containing 0.10 g of Aliquat®336 is shown in figure 4.2. As 

anticipated, electromigration of Fluorescein was observed while R6G showed no migration. 

Migration of Coumarin 334, together with a loss of intensity, was also observed, possibly due to 

Coumarin 334 forming a conjugate with chloride (Clˉ) counter-anion of Aliquat®336 resulting in 

Coumarin bearing a potential negative charge.  
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Table 4.1. List of PIM constituents, dyes, and surfactants used in chapter 4 

Chemicals/Dyes CAS# Formula Structure MW (g/mol) Grade/Purity Supplier 

5(6)-Carboxynaphthofluorescein 
(CNF) 

128724-35-6 C29H16O7 

 

476.43 ≥90% (HPLC) Sigma-Aldrich 

Aliquat®336 (Trioctyl methyl 
ammonium chloride) 

63393-96-4 C25H54ClN 

 

404.16 88.2-93% Sigma-Aldrich 

Bisoctyl Dimethyl Ammonium 
Chloride (BDAC) 

5538-94-3 C₁₈H₄₀ClN 

 

305.97 80-82% 
Toronto Research 

Chemicals 

Butyl trimethyl ammonium 
bromide (BTAB) 

2650-51-3 C7H18BrN 

 

 

 

196.13 >97% TCI Chemicals 
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Chemicals/Dyes CAS# Formula Structure MW (g/mol) Grade/Purity Supplier 

Butyl trimethyl ammonium 
chloride (BTAC) 

14251-72-0 C₇H₁₈ClN 

 

151.68 98% 
Combi Blocks 

(Aksci) 

Cetyltrimethylammonium 
bromide (CTAB) 

57-09-0 C19H42BrN 

 

364.45 ≥99% Sigma-Aldrich 

Coumarin 334 55804-67-6 C17H17NO3 

 

 

 

283.32 99% Sigma-Aldrich 

CYPHOS® IL 104 
(Trihexyl(tetradecyl)phosphonium 

bis(2,4,4-
trimethylpentyl)phosphinate) 

465527-59-7 C48H102O2P2 

 

 

 

773.27 93% Strem Chemicals 
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Chemicals/Dyes CAS# Formula Structure MW (g/mol) Grade/Purity Supplier 

Decyl trimethyl ammonium 
bromide (DTAB) 

2082-84-0 C13H30BrN 

 

280.29 ≥98% Sigma-Aldrich 

Decyl trimethyl ammonium 
chloride (DTAC) 

10108-87-9 C13H30ClN 

 

235.84 >98% TCI Chemicals 

Didecyl dimethyl ammonium 
chloride (DDAC) 

7173-51-5 C22H48ClN 

 

362.08 
analytical 
standard 

Sigma-Aldrich 

Dodecyltrimethylammonium 
Chloride (DoTAC) 

112-00-5 C15H34ClN 

 

 

 

263.89 >97% TCI Chemicals 

Fluorescein Isothiocyanate (FITC) 3326-32-7 C21H11NO5S 

 

 

 

389.38 ≥90% Sigma-Aldrich 
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Chemicals/Dyes CAS# Formula Structure MW (g/mol) Grade/Purity Supplier 

Fluorescein Sodium Salt 518-47-8 C20H10O5Na2 

 

376.275 
fluorescent 

tracer 
Sigma-Aldrich 

Octyl trimethyl ammonium 
bromide (OTAB) 

2083-68-3 C11H26BrN 

 

252.23 ≥98% Sigma-Aldrich 

Octyl trimethyl ammonium 
chloride (OTAC) 

10108-86-8 C11H26ClN 

 

207.78 ≥97% Sigma-Aldrich 

Oregon green 488 195136-52-8 C20H10F2O5 

 

368.29 ≥98% (HPLC) Invitrogen 

Rhodamine 6G (R6G) 989-38-8 C28H31ClN2O3 

 

479.01 approx. 95% Sigma-Aldrich 
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Chemicals/Dyes CAS# Formula Structure MW (g/mol) Grade/Purity Supplier 

Sodium decyl sulfate (SDCS) 142-87-0 C10H21NaO4S 

 
 

 

260.324 ≥99% Sigma-Aldrich 

Sodium decyl sulfonate (SDCSF) 13419-61-9 C10H21NaO3S 

 

244.32 >98% TCI Chemicals 

Sodium dodecyl sulfate (SDS) 151-21-3 C12H25SO4Na 
 

288.38 ≥98.5% Sigma-Aldrich 

Sodium Laurate (SLC) 629-25-4 C12H23NaO2 

 

 

 

222.3 >97% TCI Chemicals 

Sodium Nonanoate (SN) 14047-60-0 C9H17NaO2 

 

180.22 >98% TCI Chemicals 
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Chemicals/Dyes CAS# Formula Structure MW (g/mol) Grade/Purity Supplier 

Sodium octyl sulfate (SOS) 142-31-4 C8H17O4SNa 

 

232.27 ≥99% Chem-Impex 

Triton™ X-100 9002-93-1 C16H26O2 

 
 

 

~625 
Laboratory 

grade 
Sigma-Aldrich 

Tween® 20 9005-64-5 C26H50O10 

 

~1228 
Molecular 

biology 
Sigma-Aldrich 
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Figure 4.2. Images of migration of different charge fluorescent dyes before applying voltage (top row) and 

after 60 min application of 2000 V (bottom row). Conditions: PIM dimensions: 0.25 cm x 5 cm; length between electrodes: 

4 cm. Voltage: 2000 V. Duration: 60 min.  Sample(s): 500 ppm of Coumarin 334, 1000 ppm of Fluorescein sodium salt and 

10 ppm of R6G in DI. Sample volume (spot size): 0.5 µL. Drying time (before electrophoresis): 5-10 min. 

This movement of neutral species has also been reported in several investigations of 

PIM extraction involving Aliquat®336 as a carrier. Kolev’s group employed Aliquat®336 PIM for 

extraction of Gold (III) from acidic solutions with thiourea added to enhance the speed and 

transport efficiency [28-30]. However, the gold was not effectively transported into the receiving 

phase, but thiourea was found to be competitively transported back into the feed phase and 

complexed with gold (III) inhibiting further transportation. The explanation to this extraction was 

the hydrogen bonding between thiourea and the Clˉ anion of Aliquat®336 forming heteroconjugate 

anion capable of complexing with gold (III). Riggs and Smith also reported using Aliquat®336, 

referred to as TOMA-Cl in their works, directly for extraction and transportation of neutral 

saccharides based on their hydrogen bonding and heteroconjugation of sugar hydroxyl groups with 

Clˉ anions [31]. The migration of Coumarin 334 which is also susceptible to form hydrogen bonding, 

may be explained from this theory.  

4.4 Effect of PIM composition 

Since Aliquat®336 was also reported to exhibit degree of plasticizing effect and some 

of the PIM was utilized for extraction without the addition of plasticizer [13, 14, 32-34], a PIM 

containing Aliquat®336 without adding plasticizers was also investigated (figure 4.3). No migration 

was observed for any charged dyes and this could be related to the mechanism proposed in chapter 

2 suggesting the presence of plasticizer, 2-NPOE, is essential for transportation in the solvent-less 
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PIM. This was confirmed by further optimization shown in figure 4.4B where increasing amount of 

2-NPOE allowed better migration of Fluorescein. Even though the amount of 2-NPOE at 0.15 g (54.5 

wt%) showed a better migration distance, the PIM at this ratio was found to have noticeable liquid 

stain on Kimwipe while being stored assuming from the leakage of 2-NPOE; hence, 0.10 g was 

chosen optimum.  

Further investigation of electromigration was undertaken using the negatively charged 

Fluorescein sodium salt. Variation and mass ratio of 2-NPOE and Aliquat®336 is listed in table 4.2 

with the result shown in figure 4.3. The amount of CTA was not varied and kept constant at 0.075 

g based on optimization in chapter 2 where the PIM at this concentration of CTA provided adequate 

thickness and was able to prevent leakage of the other components. Increasing the amount of 

Aliquat®336 improved the electromigration of Fluorescein showing a similar trend to that observed 

with R6G and [EMIM][NTf2] in chapter 2 suggesting the possibility of similar interaction between 

the dye and carrier in both cases.  

 

 

Figure 4.3. Images of migration of different charge fluorescent dyes before applying voltage (top row) and 

after 60 min application of 2000 V (bottom row) on PIM without 2-NPOE (plasticizer). Conditions: PIM dimensions: 0.25 

cm x 5 cm; length between electrodes: 4 cm. Voltage: 2000 V. Duration: 60 min.  Sample(s): 500 ppm of Coumarin 334, 

1000 ppm of Fluorescein sodium salt and 10 ppm of R6G in DI. Sample volume (spot size): 0.5 µL. Drying time (before 

electrophoresis): 5-10 min. 
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However, without Aliquat®336 (figure 4.4B), Fluorescein did not move while streaking 

of R6G was observed previously with this composition. This could be supporting evidence for 

fluorescein not being extracted into the PIM with 2-NPOE, as presented in the membrane 

extraction experiment presented in chapter 2 (figure 2.9). It is then expected that both extraction 

and electromigration of Fluorescein occurs based on the its ionic interaction with Aliquat®336 

while 2-NPOE creates a mobile environment. In this case, the final concentration of PIM 

components based on the electromigration of Fluorescein sodium salt was chosen at 27.3% CTA : 

36.4% 2-NPOE : 36.4% Aliquat®336.   

 

Table 4.2. Variation of PIM components for the platform optimization tested with four different weights leaving the 

amount weighed of the other components unchanged. Amount of CTA in this investigation was kept constant at 0.075 g 

based on the physical observation and its variation was not studied.  

  CTA (g) 2-NPOE (g) Aliquat®336 (g) 
Mass ratio (weight%) 

 (CTA : 2-NPOE : Aliquat®336) 

Variation of 2-NPOE 

 
 
 

0.075 
 
  

0 

0.05 

60 : 0 : 40 

0.05 42.9 : 28.6 : 28.6 

0.1 33.3 : 44.4 : 22.2 

0.15 27.3 : 54.5 : 18.2  

Variation of Aliquat®336 

 
 

0.075 
  
  

  

0.1 
  

0 42.9 : 57.1 : 0 

0.05 33.3 : 44.4 : 22.2 

0.075 30 : 40 : 30 

0.1 27.3 : 36.4 : 36.4 
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Figure 4.4. Migration of Fluorescein sodium salt with various composition ratio of PIM components. PIM 

compositions as displayed in Table 4.2 with migration of  Fluorescein after 60 min of electrophoresis at 2000 V with 0.075 

g of CTA, variation of 2-NPOE in column A and variation of Aliquat®336 in column B. Dashed circle indicates the starting 

position of the dye spot at 0 min. Conditions: PIM dimensions: 0.25 cm x 5 cm; length between electrodes: 4 cm. Voltage: 

2000 V. Duration: 60 min.  Sample(s): 1000 ppm of Fluorescein sodium salt in DI. Sample volume (spot size): 0.5 µL. Drying 

time (before electrophoresis): 5-10 min. 

4.5 Membrane extraction of dyes with variation of PIM components 

Membrane extraction was performed using the experimental method mentioned in 

section 2.7 and the results for PIM containing CTA only and CTA+2-NPOE are reported in figure 2.7 

(chapter 2). The anionic PIM cast in this investigation was based on the final concentration (27.3% 

CTA : 36.4% 2-NPOE : 36.4% Aliquat®336) and the results for PIM containing CTA+Aliquat®336 and 

CTA+2-NPOE+Aliquat®336 are presented in figure 4.5.  

A sharp decrease of Fluorescein absorbance was observed with PIM containing only 

CTA+Aliquat®336 which is similar to that of R6G in CTA+[EMIM][NTf2] suggesting a dominating ionic 

interaction leading to the extraction and selectivity of both systems. While the absorbance of 

Fluorescein was observed to be almost identical for both CTA+Aliquat®336 and CTA+2-NPOE+ 

Aliquat®336, the enhancement of fluorescein colour can also be noticed similar to that reported in 
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section 2.7 (chapter 2). Again, this was believed to be due to 2-NPOE allowing molecules to be 

more mobile and evenly distributed throughout the PIM. 

 

 

Figure 4.5. UV-Vis absorbance spectra of Coumarin 334 (square), Fluorescein sodium salt (circle) and R6G 

(triangle) after 4 hours of membrane extraction using PIMs with components variation. Each symbol represents individual 

collected aliquot. Blank (DI) absorbance was 0.126±0.007 (Coumarin 334), 0.079±0.005 (Fluorescein sodium salt) and 

0.092±0.01 (R6G). Actual photographs of PIM in each variation of components and dyes after 4 hr of extraction were 

shown next to each plot. (*note: photos were manually taken using mobile phones, direct comparison might be inaccurate due to 

lighting conditions).  
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Extraction of Coumarin 334was also observed with CTA+Aliquat®336 and was more 

efficient compared to CTA+[EMIM][NTf2] presumably due to partitioning or hydrogen bonding or 

the combination of both. Aliquat®336 is reported to have a log P of 5.33 [35] which is comparable 

with 2-NPOE; hence, there is a possibility of a partitioning effect. The confirmation of Coumarin 

334 forming a heteroconjugate with anion of Aliquat®336 together with electromigration observed 

on our PIM (figure 4.2) leads to a hypothesis of this action cooperatively influencing extraction. The 

extraction of Coumarin 334 was further improved with PIM containing CTA+2-NPOE+Aliquat®336 

implying that 2-NPOE enhanced the extraction of Coumarin 334 as a result of partitioning effect. 

Therefore, it could be possible that extraction of Coumarin 334 in CTA+Aliquat®336 (absence of 2-

NPOE) was influenced by the heteroconjugation rather than partitioning. This heteroconjugation 

concept could perhaps indirectly refer to extraction of Coumarin 334 with CTA+[EMIM][NTf2] 

(figure 2.7) being a result from physical bonding but with a lower bonding affinity of [NTf2]ˉ anion 

comparing to Clˉ anion. In case of R6G, the absorbance of the solution remained unchanged 

throughout the experiment with both systems denoting no extraction and agreeing with the 

observation of no electromigration in the PIM.  

4.6 Electromigration of different anionic dyes 

It could be seen that the Fluorescein did not migrate very far along the PIM in section 

4.4 indicating that it might have a low mobility (0.469 x 10-11 m2/Vs) similar to that of R123 in 

capillary electrophoresis of three Rhodamine dyes reported in chapter 2 (figure 2.5A). Therefore, 

some anionic dyes available in the laboratory detectable with the fluorescence microscope were 

examined. These included 5(6)-Carboxynaphthofluorescein (CNF, 100 ppm), Fluorescein 

isothiocyanate (FITC, 100 ppm), and Oregon green (100 ppm). These three dyes were found to 

migrate a similar distance (with electrophoretic mobilities of 0.931, 0.661, and 1.27 x10-11 m2/Vs 

for CNF, FITC and Oregon green respectively). Streaking of the spot and intensity loss of both CNF 

and FITC (figure 4.6) was also observed. Consequently, electrophoretic separation of these three  
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Figure 4.6. Migration of 5(6)-Carboxynaphthofluorescein (CNF), Fluorescein isothiocyanate (FITC) and 

Oregon green on optimized PIM-AQ after 60 min of electrophoresis at 2000 V. Conditions: PIM dimensions: 0.25 cm x 5 

cm; length between electrodes: 4 cm. Voltage: 2000 V. Duration: 60 min.  Sample(s): 100 ppm of FITC and Oregon green 

in DI and CNF (diluted from 1000 ppm stock in methanol). Sample volume (spot size): 0.5 µL. Drying time (before 

electrophoresis): 5-10 min. 

dyes could not be achieved because of the overlapping spots and poor visualization. Moreover, 

streaking of the dye spots could be due to heterogeneity of PIM resulting from inadequate ratio of 

PIM components similar to distortion of R6G spot reported in chapter 2 (section 2.4).  

4.7 Investigation of using surfactants as carriers in PIM 

In order to better understand the influence and behavior of Aliquat®336 towards the 

electromigration of Fluorescein in PIM, surfactants with similar chemical structures were 

considered to replace Aliquat®336 as the carrier. Surfactants with a different number of carbon 

units and carbon chains with two different counter anions were selected and are listed in table 4.1 

and will be referred to in the section using their abbreviated names in the table. The composition 

for all PIM was used with 27.3% CTA : 36.4% 2-NPOE : 36.4% carrier/surfactant, except for DoTAC 

and SDS in which the composition used was 33.3% CTA : 44.4% 2-NPOE : 22.2% carrier/surfactant 

as this was the maximum concentration that produced a transparent PIM. The experiments were 

performed using Coumarin 334, Fluorescein sodium salt, and R6G as the selectivity of these 

surfactants are not initially known. Electromigration of these dyes were compared with PIM 

containing Aliquat®336 to determine the effect of chemical structure and perhaps elucidate the 

mechanisms of electromigration.  
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Electrophoretic mobilities of these dyes on PIM containing different surfactants were 

calculated using the equation 2.1 and listed in table 4.3 with bar graph representing the migration 

distance of all carriers in figure 4.7A, cationic surfactants in figure 4.7B and anionic and neutral 

surfactants in figure 4.7C. Negative values and positive values represent the migration of dyes 

towards the anode and cathode, respectively. Anionic surfactants including SOS, SDS, and SLC 

would not be dissolved with DCM; therefore, the solution of PIM containing these surfactants 

required up to 30% methanol or ethanol for complete dissolution of all components. PIM 

composing of SOC, SNC, and SDCSF did not form a stable PIM and could not be peeled off from the 

petri dish even with 0.05 g, or they required a large amount of methanol/ethanol leaving other PIM 

components undissolved; hence, no electromigration data was obtained.  

From inspection of the mobilities in table 4.3 and figure 4.7, most of the carriers showed 

affinity towards the cationic dye, R6G, except for Aliquat®336. From the list of carriers, Aliquat®336 

is the only carrier with three carbon chains which was the highest number of repeating aliphatic 

chains.   As such there could be the steric hindrance when compared to the rest of the carriers. The 

possibility of the chains blocking the complexing active site and limiting the diffusive flux within 

the PIM with increasing amount of the Aliquat®336 was reported in the literature, providing one 

explanation why Aliquat®336 did not show movement of R6G in the PIM [36-41].  Electromigration 

of R6G was observed on the PIM containing Aliquat®336 only when less than or 0.05 g was used 

(figure 4.8); although it was not very noticeable after 60 min. The electromigration of R6G 

deteriorated with increasing chain lengths and increasing number of aliphatic chains for cationic 

surfactants and this, again, might be the result for steric hindrance. Surprisingly, electromigration 

of R6G was found to be slightly better with PIM containing CYPHOS®104 IL, which was expected to 

exert greater steric hindrance with four aliphatic chains, when comparing to Aliquat®336 indicating 

that steric hindrance might not be a factor for CYPHOS®104 IL.  
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Figure 4.7. Bar graph displaying electrophoretic mobilities of Coumarin 334 (yellow), Fluorescein sodium salt (green) and R6G (purple) with (A) all carriers in which was further 

grouped into (B) cationic surfactants and ionic liquids and (C) anionic and neutral surfactants. The values are displayed in table 4.3.



 

177 
 

Table 4.3. Estimation of electrophoretic mobility of fluorescent dyes on PIM containing various carriers and surfactants. 

Calculation parameters:  PIM effective length: 40 mm (0.04 m), voltage: 2000V, and time: 60 min (3600 s). Information 

in the parenthesis include number of carbon units, number of branches, and functional groups. 

*spot with distorted shape; x = no migration observed; negative values = migration towards anode.  

Electromigration of R6G was also found to be greater with anionic surfactants even though 

they cannot be compared directly due limited selection of the common functional groups and the 

difficulties in forming a stable PIM. Additionally, anionic surfactants showed similar selectivity 

towards R6G same as that of [EMIM][NTf2], that is, there was no electromigration of Coumarin 334  

Carriers/Surfactants 

Electrophoretic mobilities (x10-11 m2/Vs) 

Coumarin 334 
(neutral) 

Fluorescein sodium salt 
(anionic) 

R6G (cationic) 

no carrier (CTA+2-NPOE) x x 2.65* 

BTAC (C4 single) -0.299 -0.336 0.722 

BTAB (C4 single) -0.636 x 1.380 

OTAC (C8 single) -0.006 -0.079 0.183 

OTAB (C8 single) -0.319 -0.0928 0.472 

DTAC (C10 single) -0.0317 x 0.163 

DTAB (C10 single) -0.146 x 0.469 

DoTAC (C12 double) x x 0.122 

CTAB (C16 single) -0.173 x 0.441 

BDAC (C8 double) -0.0911 -0.0817 0.111 

DDAC (C10 double) -0.457 -0.308 0.259 

AQ336 (C8+C10 triple) -0.52 -0.469 x 

CYPHOS 104 -0.128 -0.169 0.0689 

SOS (C8 sulfate) x x 6.2 

SDS (C12 sulfate) x x 4.95 

SLC (C12 carboxylate) x x 9.67 

Tween® 20 x -0.171 0.683 

Triton™ X-100 x -0.428 3.69 
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Figure 4.8. Migration of R6G on PIM containing (A) 0.025 g, (B) 0.05, (C) 0.075, and (D) 0.10 g of Aliquat®336 

(based on ratio in table 4.2) before (top) and after (bottom) 60 min of electrophoresis at 2000 V. Conditions: PIM 

dimensions: 0.25 cm x 5 cm; length between electrodes: 4 cm. Voltage: 2000 V. Duration: 60 min.  Sample(s): 10 ppm of 

R6G in DI. Sample volume (spot size): 0.5 µL. Drying time (before electrophoresis): 5-10 min. Dashed line marks the 

original location of the spot at 0 min.  

and Fluorescein implying similarity of principles between anionic surfactants and [EMIM][NTf2] 

governing the electromigration of R6G on PIM [42-44]. While only a limited number of neutral 

surfactant was used, which limits the comparisons that can be made, the electromigration of R6G 

suggests that there may be partitioning with Triton™ X-100 (log P = 4.15 [35]) and Tween® 20 (log 

P = 2.39 [35]) as the migration with the spot distorted, similar to the PIM containing only 2-NPOE 

shown in figure 2.4 (chapter 2).  

For neutral and anionic molecules, Coumarin 334 and Fluorescein respectively, their 

electromigration behavior was similar. For single chain surfactants, the electromigration of both 

dyes were greatest at the lower number of carbon units. Increasing the length of the carbon chain 

enhanced the electromigration of both dyes, especially Fluorescein. For surfactants with two 

aliphatic chains, the improvement continued further and was even greater with the triple-chained 

Aliquat®336. Both dyes also showed deterioration in migration distance with 4-braches 

CYPHOS®104 IL. This finding could support the loss in mobility of Coumarin 334 with CYPHOS®104 



 

179 
 

IL as a result of larger anionic heteroconjugate/products combined with steric hindrance with this 

ionic liquid.  

While electromigration of fluorescein directly followed the proposed trend, Coumarin 

334 was found to slightly deviated as seen with BTAC, DTAC, and CTAB. Even though mobilities of 

Coumarin 334 was obviously detected with BTAC and BTAB, the dye was not maintained in the 

shape of the spot and had a similar shape to R6G with PIM containing only 2-NPOE and without 

carrier. Hence, it was assumed to be a result of surfactant with short number of carbon units 

making PIM less hydrophobic and possibly leading to more mobile environment within the PIM. 

However, since the mobility of Coumarin 334 in all cationic surfactants are directional (towards the 

anode) this suggests that there must be anionic adducts formed with Coumarin 334 and Clˉ and 

Brˉ. The spot shape of Coumarin 334 was better retained with higher number of carbon units, such 

as CTAB, suggesting that increasing number of carbon units might lead to greater migration as the 

PIM is more hydrophobic. Alternatively, there could be higher number of Cl- or Br- allowing more 

capacity to complex with dyes; thus, preserve the spot shape. No migration can be seen with 

Coumarin 334 with anionic surfactants probably due to absence of heteroconjugate adducts as 

proposed previously. For neutral surfactants, Fluorescein showed similar findings with those PIM 

containing short-chained cationic surfactant with streaking of dye spots and directional migration 

while electromigration of Coumarin 334 was not noticeable due to severe loss of intensity.  

Another finding observed for all comparable cationic surfactants with two different 

counter anions, chloride and bromide, was that higher electromigration of both Coumarin 334 and 

R6G occurred with those containing bromide anion over chloride. The reason could be the higher 

polarizability of bromide anion indicating a stronger ion-pair formation and binding efficiency due 

to smaller hydration radius [43, 45] and this may contribute to higher mobilities observed on the 

PIM composing of surfactants with bromide counter anion. Unexpectedly, this behavior cannot be 

clearly verified for Fluorescein as electromigration was not detected with BTAB and most of 
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increasing single-chained cationic surfactants. However, this showed evidence that there is an 

impact of counter anion on the electromigration of dyes on PIM.  

4.8 Summary and future approach 

Based on the data obtained from electromigration on PIM with various selection of 

surfactants and ionic liquids, Aliquat®336 was found to provide greatest electrophoretic mobilities 

of Fluorescein which was the focus of this chapter in determining the carriers for anionic molecules. 

With Aliquat®336, the electromigration of Coumarin 334 was also observed and may be due to the 

conjugation with the Clˉ anion of Aliquat®336 allowing mobilities of this neutral molecule. The 

migration of cationic of R6G was not observed as expected. These results were confirmed with 

membrane extraction experiment, and the extraction of Coumarin was observed even with PIM 

containing only Aliquat®336 supporting a theory of Coumarin adducts bearing negative charge and 

the unchanged absorbance of R6G agreeing with no extraction hypothesis made in chapter 2. Due 

to limited selection of anionic dyes with similar mobilities and assumption of PIM not in the best 

optimization, separation of these dye was not investigated. Therefore, more selection of anionic 

dyes would provide a better observation and more conclusive determination on the mobilities and 

electromigration pattern of anionic dyes and whether the concentration of PIM components used 

are the optimal condition for the platform.  

The number of repeating carbon units, number of branches of each surfactant and their 

counter anion are found to have an impact not only on the electromigration but also the 

retainment of the dye spot, and homogeneity of the optimized PIM, in which each charged dye 

showed quite different trend from each other. Since the concentration of surfactants formulating 

PIM was used at the optimized concentration of Aliquat®336, even though some of them was used 

at the lower concentration due to solubility in PIM solution and physical appearances of final PIM, 

it is believed that optimization of PIM components is required for each carrier/surfactant to 

effectively monitor and compare the electromigration of dyes. However, experiment with various 
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surfactants and ionic liquids revealed that electromigration on PIM is likely governed by mixed 

mechanisms contributed by each component and differed with each variation of carrier towards 

each dye. Membrane extraction might also help explaining in more detail on specific mechanism 

how each surfactant and ionic liquid drives the electromigration of dyes; however, the experiments 

have not been carried out in this case due to time limit.   
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Chapter 5 

Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) as 

detection system for portable PIM-based electrokinetic platform 

5.1 Introduction and objective 

In chapter 3, solvent-less PIM-based electrokinetic platform was developed and used 

as platform to collect, extract and separate berberine chloride (BC) from a drop of blood dried on 

the PIM during transit. The BC on the strip was directly analysed without further sample 

preparation using a fluorescence microscope and quantified with calibration curves. Since the 

method relies on the detection of colour and fluorescence intensity, it is applicable only to 

compounds natively exhibiting colour or susceptible to be tagged with colour-generating 

molecules. With the concept of the PIM being capable of rapidly collecting whole blood from home, 

derivatization or staining of the sample were considered unfavourable and intentionally 

eliminated; hence BC with native fluorescence was used as model analyte. However, the majority 

of pharmaceuticals or disease markers, do not bear a self-generating colour or luminescence and 

this is one of the reasons why sample-pre-treatment is often required in conventional clinical 

diagnostic as mentioned in chapter 1. One of the future directions proposed in chapter 3 was an 

attempt to integrate Matrix-assisted laser desorption ionization-time of flight mass spectrometry 

(MALDI-TOF) into the workflow anticipating that its chemical imagining feature and mass/charge-

based detection would allow analysis of non-coloured compounds and expand the applicability of 

the PIM.  

MALDI is one of the variants of MS introduced in 1988 with soft ionization where a large 

target molecule such as a peptide or protein is mixed with solution containing an organic energy-

absorbing compound acting as matrix.  The matrix is added to assist the ionization and to prevent 

direct ionization of the sample which could cause sample destruction [1-3]. Sample and the matrix 

are ionized into singly charged gaseous fractions (by adding or removing proton) by photons from 
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laser sources then they are separated under a magnetic or electric field and their mass/charge 

(m/z) ratio corresponding to the chemical structures identified with a mass analyser [3]. MALDI 

also allows detection with non-liquid samples as the molecules are co-crystallized and dried into 

solid crystals on the conductive platform. Most MALDI analysis involving microbiological detection 

is coupled with time-of-flight (TOF) mass analyser with the m/z of ions measured based on the time 

they travel to the detector at the end of the flight tube [1, 4].  

Organic compounds such as α-Cyano-4-hydroxycinnamic acid (4-HCCA), 2,5-dihydroxy 

benzoic acid (DHB) and 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid) typically dissolved 

in mixture of DI, acetonitrile and trifluoro acetic acid (TFA), are common matrix solutions employed 

in MALDI-TOF for microbiological analysis [1]. Small molecules (<500 Da) are quite uncommon to 

be analysed using MALDI-TOF as there are detectable interference peaks from large amount of the 

low molecular weight matrix [5, 6]. There are several ways to address this issue including the use 

of sample as a matrix, i.e. matrix-free, the use of high molecular weight matrix instead of 

conventional ones, the use of inorganic compounds as matrix, and the use of surfactants and ionic 

liquids to suppress disturbing signals allowing analysis of small molecules [5, 7, 8].  

Since each of our PIM-based electrokinetic strips are made up of ionic liquid and BC is 

the small molecule pharmaceutical model, the possibility to detect it by MALD-TOF simply by 

attaching PIM onto the conductive platform for MALDI, perhaps even a matrix-free approach, was 

investigated. With instrumentation not available at the University of Tasmania (UTAS), 

experiments were undertaken in collaboration with Dr. William Alexander Donald’s group 

(Fundamental and Applied Mass Spectrometry) at Bioanalytical Mass Spectrometry Facility (UNSW 

Mark Wainwright Analytical Centre), University of New South Wales (UNSW).  

5.2 Experimental chemicals, equipment, and methods 

*Some contents and figures in this section are containing identical or similar information with materials and methods 

introduced in chapter 2 and chapter 3.  
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5.2.1 Chemicals and equipment 

Chemicals for MALDI-TOF and dyes used in this chapter are listed in table 5.1 while 

those for the PIM are listed in table 2.1. The acidic solvent for matrix contained 30% Acetonitrile 

(ACN) and 0.1% Trifluoro acetic acid (TFA) in DI, referred to as TA 30. Analysis of fluorescent dyes 

and BC was performed with a Bruker ultrafleXtreme MALDI-TOF/TOF mass spectrometer (Bruker 

Daltonics systems, Bremen, Germany) equipped with a pulsed Nitrogen laser operated at 337 nm 

and 25 kV. The data and mass spectra were acquired using Bruker flexAnalysis software in positive 

reflection ion mode. Ground steel BC targets (MTP 384, Bruker Daltonics systems, Bremen, 

Germany) and indium tin oxide (ITO) coated glass slide (75 x 25 mm, Bruker Pty Limited) fitted in 

the plate adapter (MTP Slide Adapter II, Bruker Daltonics systems, Bremen, Germany) were used 

as target plates for MALDI-TOF.  

5.2.2 PIM preparation 

PIM preparation process for this chapter is illustrated in figure 2.1 and is identical to 

that described in section 2.2.2 (chapter 2).  

5.2.3 Portable electrophoresis platform  

A PIM was cut into a strip with dimension of 0.25 cm x 5.0 cm for all experiments 

described. The portable device used in this chapter was described in section 3.3.7 and shown in 

figure 3.7 (chapter 3). All electrophoresis experiment in this chapter was performed on a portable 

device where the potential was supplied using batteries (24V, 6 V/cm). A handheld blue-light digital 

microscope and image scanner (Super COOLSCAN 4000 ED, Nikon, Sydney, Australia) were used to 

capture the images using DinoCapture 2.0 software and Nikon scanning software respectively. 

Image was then inserted and used as template in MALDI-TOF image profiling. After electrophoresis, 

the strips were detached from their separation platform and taped on a conductive indium tin 

oxide coated glass slide (ITO) prior to analysis with MALDI-TOF.  
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Table 5.1. List of chemicals for MALDI-TOF and dyes used in chapter 5 

Chemicals/Dyes CAS # Formula Structure MW (g/mol) Grade/Purity Supplier 

Acetonitrile (ACN) 75-05-8 C2H3N 

 

41.053 HPLC Sigma-Aldrich 

Berberine chloride (BC) 633-65-8 C20H18ClNO4 

 

371.81 ≥95% Sigma-Aldrich 

Rhodamine 123 (R123) 62669-70-9 C21H17ClN2O3 

 

380.821 
mitochondrial 

specific fluorescent 
dye 

Sigma-Aldrich 

Rhodamine 6G (R6G) 989-38-8 C28H31ClN2O3 

 

479.01 approx. 95% Sigma-Aldrich 
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Chemicals/Dyes CAS # Formula Structure MW (g/mol) Grade/Purity Supplier 

Rhodamine B (RB) 81-88-9 C28H31ClN2O3 

 

479.01 ≥95% BDH 

Trifluoro acetic acid (TFA) 76-05-1 C2HF3O2 

 

 

114.02 

 

HPLC Sigma-Aldrich 

α-Cyano-4-hydroxycinnamic acid 
(HCCA) 

28166-41-8 C10H7NO3 

 

189.17 99% (HPLC) Sigma-Aldrich 
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5.3 MALDI-TOF analysis of dyes and Berberine chloride on MALDI-TOF target plates 

As the samples for this research involve the use of small organic dyes and drug, the first 

investigation was to verify the importance of matrix in contributing to the detection of these small 

molecules in MALDI-TOF and whether a matrix-free approach was possible. Three cationic dyes 

including, Rhodamine 123 (R123), Rhodamine B (RB), Rhodamine 6G (R6G) and drug standard, BC, 

were diluted from 1000 ppm to 50 ppm in DI and a saturated HCCA solution (7 mg/mL in TA 30) 

was used as a matrix without further dilution. PIM components were not involved in this 

experiment. The laser intensity in MALDI-TOF used was approximately 50-70% for sample without 

PIM components. The mass range for spectra collection was set from 200-1500 Da.  

5.3.1 Ground steel BC target MTP 384 

As shown in figure 5.1, one set of dye solutions was spotted (0.5 uL) directly onto the 

allocated wells of MALDI-TOF target plate, without HCCA while another set was immediately 

followed by 0.5 µL of HCCA solution and mixed gently with pipette (the total volume of the spot 

was 1 µL). The spots on the targets were left completely dry before inserting into MALDI-TOF 

instrument for analysis.  

 

Figure 5.1. Graphic illustration showing the experimental procedure for standard solutions with and 

without matrix HCCA (top row and bottom row respectively) on the steel ground target plate. Total volume of each dye 

spot without the matrix is 0.5 uL and with matrix was 1 uL.   
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The spectra of all samples presented in this chapter were the highest signal intensity 

(from approximately more than 5 shots per sample) as the data was manually acquired via random 

firing of laser shots operated by user. Consequently, there was a large variation of intensity 

dependent on the location of the shot resulting from non-uniform distribution of self-clusters, co-

crystallization with matrix, and the drying process corresponding to the abundancy of the 

molecules of interest [9-11].  

Based on the spectra shown in figure 5.2, all analytes could be detected with MALDI-

TOF with and without the matrix with the former giving higher intensity for BC (m/z 336.3 [M + 

H]+), R6G (m/z 443.9 [M + H]+), and RB (m/z 443.9 [M + H]+) while opposite result was observed for 

R123 (m/z 345.6 [M + H]+) suspecting to be a result from random shooting mentioned above. Even 

though the exact position of the wells on the target plate can be precisely located with engraved 

barcode on the plate allowing them to be electronically recognized by MALDI software, clusters or 

crystals on the plate surface cannot be seen with camera software as the plate was inserted into 

the dark vacuum tube. Samples containing HCCA generated slightly visible white grains from co-

crystallization while those without HCCA were almost impossible to visualize and this could possibly 

be another explanation for low intensity signal. This experiment indicated that HCCA could provide 

better fragmentation of the small molecules generating more ions travelling to the detector; 

hence, higher signal intensity. However, detection of these molecules in MALDI-TOF was also 

possible in absence of HCCA presumably with self-fragmentation due to small molecular size and 

inherent charge. 

5.3.2 Indium tin oxide (ITO) coated glass slide 

Another target compatible for MALDI-TOF is conductive ITO glass slide (electrical 

resistance = 70 Ω). Similar experimental design was utilized with slight modification as illustrated 

in figure 5.3. Based on the sample collection on PIM described in chapter 3, whole blood sample 

containing pre-mixed BC was spotted and electrophoresis performed after the sample was  dried. 
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Figure 5.2. Mass spectrum of drug model, BC, and cationic dyes, R6G, RB and R123 with and without matrix 

(HCCA) on MALDI-TOF ground steel target plate.  
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Figure 5.3. Graphic illustration showing the experimental procedure for standard solution of BC with and 

without matrix HCCA on the ITO glass slide. Total volume of each dye spot without the matrix is 0.5 uL and with matrix 

was 1 uL . 

In this practical demonstration, the HCCA solution can only be applied once the device arrives at 

the laboratory prior to instrumental analysis. In the previous section, HCCA was mixed with BC 

before being spotted onto the steel ground, referring as wet mix. In this section, identical 

procedure was applied for ITO glass slide with HCCA added after the BC spot (0.5 µL) was 

completely dry on the ITO glass slide, which is referred to as dry mix, resembling in-transit portable 

device setting.  

The result revealed acceptable signals in all three conditions with and without HCCA 

showing possibility of matrix-free approach on ITO glass slide (figure 5.4). Again, it was assumed 

that presence of HCCA might have assisted ionization of BC together with ease of locating co-

crystalized crystals resulting in higher signal observed. Slight broadening of the MS peak was also 

observed and accumulation of ions at the laser source after multiple continuous shooting with high 

laser intensity was presumed a cause. Broadening was found to diminish after source cleaning.  

5.4 MALDI-TOF analysis of Berberine chloride on PIM strips 

5.4.1 PIM taped on ITO with carbon tape at both ends of the strips 

In last section, successful analysis of small dye and drug standards from solution using 

MALDI-TOF was shown both in the presence and absence of matrix HCCA. However, the hypothesis 
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was made that the detection was possible because of the molecule crystals adhering on the surface 

of the plate; hence, the result might differ when they are extracted into the PIM and do not 

crystalize on the surface. Optimized PIM strips pre-spotted with different concentration with BC 

(10, 50, and 100 ppm) were analysed by MALDI-TOF. The PIM strips were taped at both ends onto 

the ITO glass slide using carbon tape and coated with HCCA solution using commercial electrospray 

coater (Image Prep™, Bruker) followed by scanning with the image scanner (the area of the scanner 

is limited to 20 x 25 mm) to create an image insert for MALDI imaging program as shown in figure 

5.5. The ITO was locked on a plate adapter and inserted into MALDI programmed for imaging 

option where the laser will be automated and continuously shot through the assigned dimension 

with constant step size of 200 µm (horizontally and vertically) over the selected areas. An overall 

average spectrum and intensity profile of selected mass displayed at the end of the run could then 

range from hours to days depending on the area selected and step size.  

A process of mass (m/z) selector will result in colour intensity profile of interested 

analyte in which the area where the analyte was concentrated can be located (figure 5.6). BC (m/z 

336) could not be observed as shown in figure 5.6 A. When the movable mass selector (pink line)  

 

Figure 5.5. Image of optimized PIMs with (a) 10 ppm, (b) 50 ppm, (c) 100 ppm and (d) 0 ppm of BC taken 

with image scanner. Each PIM was containing 3 spots of BC indicated in the dashed circles. Carbon tapes are represented 

by black marks. 
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changed to m/z 379, strong colour gradient was observed (figure 5.6 B) from matrix HCCA coating 

all over the surface. Electrical contact between PIM and ITO was one of the main factors raised 

contributing to undetectable BC on the PIM as it directly correlates to amount of ionized fragments 

being introduced into the mass analyser [12, 13]. Even though PIM is sufficiently conductive for 

electromigration of BC and cations using low voltage demonstrated in chapter 2 and 3, this 

conductivity range (electrical resistance measured to be 4 MΩ) is not high enough for MALDI when 

compared to ITO glass. This issue was expected to be solved when the PIM were taped onto the 

ITO glass slide. However, since only two edges of the PIM were taped, it was further assumed that 

only this area with conductive tape allow direct contact between PIM and ITO while area of interest 

(dashed rectangle) exhibit insufficient or no conductivity during the analysis prohibiting ionization 

if ions.  

 

Figure 5.6. MALDI-TOF imaging result of BC sample on PIM. (A) The intensity profile of BC (m/z 336), (B) 

the intensity profile of HCCA (m/z 379) and (C) the overall average spectrum with mass selector (m/z 379) represented 

with pink line within the detected area was shown. Dashed circles indicate the locations of BC spots identical to that in 

figure 5.5. The scale bar indicates the intensity of the selected mass, where white and black represent 100% and 0% 

intensity respectively. Dashed box indicates the area selected for MALDI imaging. 
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Another possibility that BC was undetectable could be the excess amount of matrix 

HCCA crystals coated on the surface of the ITO prior to analysis. The concentration of HCCA used 

for MALDI is approximately 7000 ppm (7mg/mL), which is almost 100 times more concentrated 

than that of BC spot on the PIM. As the thickness of HCCA coating was not monitored together with 

unknown potential of HCCA, which is uncharged, being uptake by PIM extraction, the m/z detected 

was mainly corresponding with the HCCA crystals settling on the surface of PIM. Additionally, there 

was also a possibility that the thickness of PIM and HCCA layer could have exceeded the vertical 

resolution of MALDI meaning the molecules within the PIM cannot be ionized and detected as the 

laser cannot penetrate far enough into the PIM [14, 15]. 

5.4.2 PIM directly casted and dried on the ITO  

In previous experiment, spots of BC on PIM with two edges being taped onto the ITO 

were unable to be detected with MALDI-TOF possibly due to the inadequate electrical contacts and 

thickness. It was then proposed that the PIM should be cast thinner than the typical thickness 

(which was 15-20 µm) to ensure better contact between PIM and ITO. However, casting and 

peeling PIM with thickness less than 10  µm was challenging as the PIM was prone to tearing. 

Attempts to cast different volume of PIM solution (resulting in different thickness) directly onto 

the ITO glass slide illustrated in figure 5.7A were then tried to maintain both the uniform contact 

between PIM and ITO and eliminate the peeling step allowing PIMs as thin as 5 µm to be made. 

However, casting PIM solution on an edge-less glass slide resulted in a non-uniform PIM as the 

solution did not evenly spread across the surface. There were also some heterogenous sections on 

PIM from uncontrollable drying which left white traces on the glass slide.  

5.4.3 Entire PIM strip taped on ITO with carbon tape 

Despite the positive result confirming the conductivity was the important factor for 

enabling analysis of BC on PIM, this method of casting PIM directly on the ITO was not an ideal 

approach and inapplicable for in-transit electrokinetic platform demonstrated in chapter 3.  
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Figure 5.7. Graphic illustration of (a) MALDI preparation and (b) imaging intensity profile of 24 spots of BC 

with different concentration on the PIM casted directly on the ITO glass slide after 2 days of spotting (top) and 

immediately after the spots are dry (bottom). The scale bar indicates the intensity of the selected mass represented with 

pink line, where white and black represent 100% and 0% intensity respectively. Dashed box indicates the area of MALDI 

imaging. 

Electrophoresis experiments using a PIM casted on the ITO by spotting BC solution on 

the PIM followed by application of voltage (2000 V) indicated no movement of the BC.  It is believed 

that this is due to the electric current moving through the ITO rather than the PIM and that the 

PIM cannot be cast directly on the ITO slide.  This means that the MALDI detection would have to 

be analysed after electrophoresis of BC in a strip format. Therefore, focus shifted to establish more 

uniform contact of the PIM with the ITO. 

Previously, carbon tape was used to fix the PIM strips only through two edges.  In this 

experiment carbon tape was placed along the entire length of PIM such that the entire strip is 

taped to the slide to make sure that all of the PIM is in contact with the ITO. The experiment 

includes investigation both with and without addition of matrix HCCA. BC (0.1 µL, 50 ppm) was 

spotted on two PIM strips: one wet-mixed and another dry-mixed with matrix HCCA and left to 

completely dry before taping with carbon tape. The PIM was gently pressed along its length against 
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the tape ensuring complete contact. The MALDI analysis was performed 1 hr later by manual 

operation and no imaging analysis was carried out.  

As the background behind the strip is now completely opaque from the tape, it was 

more difficult to locate the BC spots, especially those without HCCA crystals. Selecting a large area 

and perform imaging with small step size (i.e. 50 µm) could resolve this problem; however, the 

estimated duration of the automated imaging was several hours. However, since the initial 

investigation was to determine if BC on PIM could be detected with this set-up (figure 5.8), a white 

colour marker pen was used to make the location of the spot on the ITO slide with assistance from 

fluorescence microscope where the green colour could be visualized. The white colour marker pen 

appeared opaque in the MALDI monitor against the translucent ITO so the area for laser shots 

could be roughly located. 

The result spectra were shown in figure 5.8 in which the signal of BC could be clearly 

observed both with and without HCCA suggesting a successful MALDI preparation method for PIM 

strips. This indicate that not only the conductivity on the ITO and PIM can be effectively maintained 

but the thickness of layers (PIM and tape) was shown to be within the spatial resolution range of 

the instrument allowing ionization of molecules residing within the PIM. From a quantitative 

viewpoint, even though the signal intensities cannot be directly comparative due to several 

uncontrolled factors, a loss of signal observed for BC in PIM here may imply that the thickness of 

the PIM does affect the ionization efficiency when comparing to standard BC solution on the target 

plates. In presence of HCCA, the signals of BC observed on the steel ground (figure 5.2) and ITO 

(figure 5.4) were found to be approximately 5X and 40X higher than that observed in PIM 

respectively. On the other hand, the signal intensity of BC observed on steel ground (figure 5.2) 

and ITO (figure 5.4) were approximately 3X and 10X higher than in the PIM without addition of 

HCCA respectively. Nevertheless, this revealed that MALDI-MS might be suitable way to analyse 

the PIM after it is detached from the portable device.  
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Figure 5.8. Graphic illustration of MALDI preparation and spectrum (selected from highest intensity) of BC 

on PIM strips being taped with carbon tape on ITO with and without matrix HCCA.  

5.5 MALDI-TOF analysis of Berberine chloride on PIM strips after electrophoresis 

In all previous experiments, the BC spotted on both target plates and PIM were 

analysed immediately after the sample was dried, 1 hour or 48 hours later; however, they were all 

investigated without a separation in the PIM. The next experiments were to investigate analysis of 

BC on the PIM strip after electrophoresis. The first experiment was to conduct electrophoresis of 

BC on the strip using the portable device at 24 V for 34 hours. Also, to simulate the scenario as if 

the drug model is non-coloured, this investigation with MALDI-TOF (100 µm step size) involved 

imaging feature as the location and migration distance of BC was not known.  
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5.5.1 MALDI imaging analysis of BC standard after its separation via in-transit 

electrokinetic device 

The analysis of BC standard in DI (10 ppm) after electrophoresis on portable device for 

34 hours was investigated. Electrophoretic process was identical to that reported for in-transit 

platform from chapter 3. After 34 hours under 24 V, the PIM was detached from the portable 

device and fixed with carbon tape onto the ITO as shown in grayscale image in figure 5.9. The image 

was taken from fluorescent microscope in this case and the white colour marker pen was used to 

mark location later detected and assigned within MALDI imaging program. A very bright white light 

in the middle of the image was a direct reflection from the fluorescent microscope against the glass 

slide and this has no effect with MALDI imaging.  

In this situation where the spot migration distance and its location are treated as 

unknown, it was impossible to spot HCCA onto the exact position; therefore, HCCA solution was 

sprayed onto the whole surface. Instead of using commercial electrospray, with several parameter 

set-ups and lengthy coating time (based on the method used by Miss Liang Jiang), an off-the-shelf 

spray bottle was used. HCCA solution was loaded into the bottle and the ITO and PIM sprayed from 

approximately a single arm reach. The spraying amount was not controlled but was enough to have 

the whole surface of ITO covered by a small mist observable with the naked eye. The PIM on ITO 

was left to completely dry and automated imaging was initiated.  

Assigned imaging areas were drawn as boxes (dashed yellow) based on the known 

migration distance of BC on PIM under 24V and to give a total scanning time of approximately 2-3 

hours. Graphical illustration of the MALDI preparation, intensity profile after imaging analysis and 

average spectrum were shown in figure 5.9. The intensity profile revealed distribution covering a 

large area of the box displaying traces of detectable BC after its migration. In a typical condition, 

the ion source was programmed for self-cleaning at the end of each run, each dashed box for area 

selected, before starting the run on the area to prevent the ion accumulation from high laser power  
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Figure 5.9. MALDI-TOF imaging result of 3 replicates of standard BC in DI on PIM after 34 hours of 

electrophoresis with 24V (6V/cm). The selection areas for imaging were marked in dashed yellow boxes and white boxes 

for original image (grayscale) and MALDI image (black) respectively. The scale bar indicates the intensity of the selected 

mass (336.5±0.2%) displayed in multi-colour where white and black represents 100% and 0% intensity respectively. An 

average spectrum detected for BC at m/z 336.3 ([M+H]+) while that detected at m/z 379.3 were corresponding to HCCA 

([2M+H]+). 
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stated earlier in the chapter as possible cause of mass shift. In this case, imaging analysis for three 

areas were programmed to run continuously without a source cleaning step to reduce total analysis 

time, and this was believed to contribute to colour intensity deuteriation observed in boxes from 

left to right in figure 5.9. Two highest signals were observed at m/z 336.3 for BC and m/z 379.3 for 

matrix HCCA. 

5.5.2 MALDI imaging analysis of spiked BC in whole blood sample after its separation 

via in-transit electrokinetic device 

After the detection of the BC standard after electrophoresis, the next investigation was 

to perform MALDI analysis after electrophoresis of spiked BC in whole blood sample. The final 

concentration of spiked BC in blood matrix in this case was 10 ppm. Electrophoretic process and 

MALDI-TOF imaging set up were identical to those in section 5.5.1. 

The intensity profile correlating to the location and distribution of BC after the 

electrophoresis and average spectrum were shown in MALDI image in figure 5.10. The BC was 

found to be located near the right end of the box indicating successful separation of molecule away 

from the blood spot. Furthermore, the pattern of electromigration of BC away from the blood spot 

correlates well with that reported in chapter 3 (figure 3.2) with positioning distribution with the 

boxes agreeing well with the simultaneous diffusive enlargement of the molecules observed during 

electromigration.  

Analysis of the spectra (figure 5.10) revealed several peaks within the selected m/z 

range with BC mass peaks at m/z 336.3 and the large contribution from excessive matrix HCCA at 

m/z 379.3 [16, 17]. The overall intensity of BC in this investigation (spiked in blood matrix) was 

found to be about 2X lower than that reported in section 5.5.1 with BC standard (figure 5.9) and 

could possibly be explained by, again, the lower concentration of BC separated from blood. In 

chapter 3, the hypothesis was made from the observation that the actual concentrations of  BC 

observed in blood matrix were substantially lower than that in DI standards presumably due to the 
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Figure 5.10. MALDI-TOF imaging result of 3 replicates of BC in whole blood sample on PIM after 34 hours 

of electrophoresis with 24V (6V/cm). The selection areas for imaging were marked in dashed yellow boxes and white 

boxes for original image (grayscale) and MALDI image (black) respectively. The scale bar indicates the intensity of the 

selected mass (336.5±0.2%) displayed in multi-colour where white and black represents 100% and 0% intensity 

respectively. An average spectrum detected for BC at m/z 336.3 ([M+H]+) while that detected at m/z 379.3 were 

corresponding to HCCA ([2M+H]+). 
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interaction between blood components (i.e. proteins) and BC resulting in drug-protein complex 

[18-21], estimated to be at least 50% based on the loss of MS signal intensity observed (figure 5.10). 

Here, it was also suspected that only unbound BC portions were detected by mass analyser at m/z 

336.3. 

In this case, it could be concluded that amount of BC molecules presented after the 

electrophoresis and to be detected by the mass detector decreased even though quantitative 

approach has not yet been fully investigated but correlates with the signal observed. Another 

possibility could be explained as a result from electromigration. As reported in chapter 2,  

electromigration occurs   together with diffusion and dispersion resulting in molecules being less  

accumulated in concentrated clusters; hence; again, fewer ions to be fragmented and detected. 

Even though there were some issues that require further optimization to validate and effectively 

enhance sensitivity in analysis of BC after separation on portable platform using MALDI imaging, 

the result from this investigation shows the possibility of being a powerful workflow applicable for 

non-coloured products.  

5.6 Summary and future direction 

The imaging result revealed that BC at 10 ppm after separation from whole blood 

sample, together with their migration distance and distribution, can be analysed and detected after 

separation from biological sample on portable PIM platform with very simple preparation with 

carbon tapes and bottle sprayer for matrix solution. This concept of combining MALDI-TOF imaging 

analysis with portable PIM-based electrokinetic platform reported as future direction in chapter 3 

was proven possible and could potentially be applicable for practical clinical diagnostic involving 

non-coloured analytes. Based on this result, it was assumed that expanding m/z range window in 

MALDI-TOF might also allow the detection of small ions, charged electrolytes, amino acids, 

peptides or even proteins typically presented in blood and mainly involved in clinical blood analysis. 

Hence, the platform could become a very useful sample preparation for practical clinical approach. 
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Even though quantitation was not yet fully demonstrated and investigated, these preliminary 

results establish the feasibility for quantitative analysis using MALDI-TOF imaging. Therefore, it is 

believed that with further work, quantitative analysis would enhance sensitivity and accuracy of 

detection resulting in very powerful workflow for in-transit electrokinetic platform.  
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Consecutive summary 

A thin film made of polymer inclusion membrane (PIM) capable of performing 

electromigration and electrophoresis of charged molecules in an absence of electrolytes was 

investigated in this thesis. PIM was successfully designed and utilized as a standalone material for 

clinical diagnostics to address the limitations in conventional analytical techniques and clinical 

diagnostics such as solvent handlings, complicated sample pre-treatment procedures, expensive 

cost of instruments and analysis. The apparatus and application employing PIM in this lateral 

format and solvent-free approach has never been reported before.  

PIM-based thin films were made up of cellulose triacetate (CTA) as physical film former 

and 2-nitrophenyl octyl ether (2-NPOE) as plasticizer enhancing flexibility of the film and ion 

mobility while various carriers including ionic liquids and surfactants were investigated 

corresponding to selectivity of different charged molecules. The “dry-to-touch” PIM was utilized in 

a lateral strip format to perform electromigration and electrophoresis of several dyes with different 

charge under an electric field. Careful optimization of PIM components revealed each constituent 

not only significantly contributed to the electromigration of molecules but was also essential in 

maintaining spot shape during migration. The principle for electromigration and electrophoresis of 

dyes in PIM was proposed to be combination of simultaneous mechanisms in which further 

investigation is still required to be conclusive. It is believed that more variations of carriers/dyes 

together with thorough optimization of PIM components will be able to reveal fundamental nature 

of both components of PIM and dyes in terms of selectivity and separation mechanisms based on 

their chemical structures and properties.  

At the current stage, PIM can only possess single charge selector, either towards anionic 

or cationic molecules, based on the carrier used. A concept of a PIM strip exerting selectivity 

towards both anionic and cationic molecules simultaneously is one of the future perspectives to 

be explored using a single carrier (such as a zwitterionic surfactant) or combining two or more 
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carriers together. After the careful optimization, the PIM is aimed to be utilized in a therapeutic 

area including drug screening for overdose, toxicity, and illicit compounds as well as biomarkers 

and blood metabolites for health and/or disease indicator where either cation-selective or anion-

selective can be selected depending on the charge of the analytes.  

The PIM was successfully used as a low-voltage portable home-collection device ideal 

for clinical analyses where separation of drug model, Berberine Chloride (BC), from whole blood 

was performed while in transit.  The PIM was ready to be analyzed upon arrival at the laboratory 

without additional treatment. This demonstrated the “in-transit electrophoresis” concept; 

however, several steps from PIM casting to fluorescence microscope scanning were manually 

operated by investigator and this sometimes results in variations between runs and reproducibility. 

Automation with consistent repetitive features could possibly provide more accurate and 

comparative results especially with microscope detection in which peak shapes and height directly 

corresponded to quantitative data.  

In attempt to replace previous manual fluorescence intensity scanning to investigate its 

potential as detection aiming for more practical workflow for in-transit electrokinetic platform, 

portable PIM was combined with Matrix-assisted laser desorption ionization-time of flight mass 

spectrometry (MALDI-TOF). The integration of PIM and MALDI system was found to extend the 

analysis to non-colored target molecules by displaying a distribution imaging profile correlating to 

the mass/charge (m/z) ratio. It was suggested that quantitative data could also be obtained 

through MALDI; however, proper procedures for sample preparation and instrument parameters 

are required be able to provide very reliable quantitative data regarding the concentration of the 

target analytes. Since analysis in MALDI-TOF being performed automatically based on the 

instrument system input, the reproducibility of the runs is expected to improve; thus, better 

accuracy and reliable readouts. Furthermore, an in-transit electrokinetic concept coupled with 

MALDI-TOF could also reveal blood components such as amino acids and proteins. This might 
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become helpful for determination, or even quantitation, of suspected blood-binding reaction 

correlating to final concentration of free analyte. We believe that these proposed plans would will 

remarkably improve PIM electrokinetic capability together with a step closer for the platform to 

become applicable for pragmatic clinical analysis. 


