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Design, Development, Characterization, and Validation of A Paper-based Microchip 

Electrophoresis System 

 

Abstract 

By 

MUHAMMAD NOMAN HASAN 

 

Electrophoresis techniques are analytic platforms widely used for analyzing 

complex analytes such as proteins, antibodies, and DNA.  Often a series of analyses of 

these analytes is required for analytical purposes. Thus analytical systems, capable of 

producing accurate, reproducible results are highly desired.  The advent of micro-scale total 

analysis system (µTAS) opened the possibility of miniaturized analytical system which can 

provide qualitative and/or qualitative assessment while analyzing complex analyte.  

MicroChip Electrophoresis (MCE) enables fast, efficient, and reliable analysis 

because of the accelerated sample processing, and increased reaction rate due to the sample 

being analyzed is minute in volume. In addition, the ability to provide high-resolution 

separation of a complex mixture of analytes in a smaller length scale (compared to their 

traditional counterparts) enables them in high throughput applications, which demand 

many disciplines such as biology, chemistry, environmental testing, as well as engineering. 

The effort towards the miniaturization of electrophoresis techniques has yielded a plethora 

of materials, methods, and process development and a vast amount of these efforts have 
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been emphasized in greater portability, cost-reduction and large scale fabrication; thus 

enabling single-use rapid, reliable, high throughput analytical tools for testing in remote 

and/or resource-limited setting. 

The potential of MCE platform prompted a surge in microfluidic implementation 

of miniaturization of electrophoresis, and the majority of the efforts have been concentrated 

on capillary electrophoresis. A great volume of analytical and experimental work has 

enriched the understanding of capillary electrophoresis. This ample understanding of the 

electrokinetic phenomena for capillary electrophoresis has curved the success of the 

capillary-based MCE platforms. The emergence of paper-based microfluidics in the past 

decade has also marked the onset of miniaturization of paper-based MCE platforms. The 

lower material cost (compared to capillary electrophoresis), simpler fabrication approach 

(such as channel fabrication, and electrode integration), ease of sample injection/transfer 

holds the key for a disposable, mass-producible analytical system with long self-life. These 

are the essential factors that govern the feasibility of the translation of lab-based proof-of-

concept technology to a commercial product. The blessings of MCE technologies can only 

be materialized only if successful commercialization of such technologies can be made 

available, not only for state of the art scientific application but also for widespread 

application in various disciplines and different kinds of end-users.   In this doctoral 

dissertation, I describe the design, development, fabrication, mass and thermal transport 

characterization, and clinical validation of the MCE platform for hemoglobin variant 

testing application.
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Chapter 1: Electrophoresis and Its Miniaturization 

1.1 Abstract 

Electrophoresis, by origin, is a century-old technique. However, due to its immense 

potential for diverse applications in numerous disciplines, it is still one of the most widely 

used analytical techniques. Electrophoresis techniques of different kinds have been 

developed and standardized over the decades; it is an essential tool for analyzing relatively 

simple to a complex mixture of analytes. Large scale instrumentation of electrophoretic 

techniques, developed by researchers and commercialized by manufacturers, is the 

standard analysis tools for centralized laboratories and are used in many disciplines 

including but not limited to biology, medicine, and engineering. Since the arrival of 

miniaturized/micro total analysis systems (µTAS), the science of electrophoresis has seen 

new dawn, and the miniaturization of different electrophoresis techniques has flourished. 

Novel miniaturization, material development, fabrication and their application is still an 

active area of research. This chapter presents a comprehensive overview of traditional or 

established electrophoresis techniques, the application of traditional electrophoresis 

techniques, miniaturization of electrophoresis techniques, the role of microfluidics for 

miniaturization of electrophoresis techniques, and last, the paper-based miniaturization of 

electrophoresis techniques. The discussion on the paper-based microfluidic techniques has 

been further elaborated to cover various fabrication techniques and the challenges 

involving the miniaturization. 
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1.2 Introduction 

Electrophoresis is also called as cataphoresis. It is the migration of dispersed 

particles relative to a fluid under the influence of a spatially uniform electric field. This 

electrokinetic phenomenon was observed for the first time in 1807 by Reuss (Moscow State 

University), who noticed that the application of a constant electric field caused clay 

particles dispersed in water to migrate. It is ultimately caused by the presence of a charged 

interface between the particle surface and the surrounding fluid. Electrophoresis, in a 

general term, is a “current-driven” or “voltage-driven” separation of charged entities, most 

often these entities being a complex mixture of biological and/or organic components. As 

this phenomenon is electricity-driven and the action is performed in a charged entity in the 

presence of a certain environment, the inherent factors which govern the phenomena can 

be categorized into three categories: (i) electrical, (ii) mechanical, and (iii) chemical. The 

electrical factors are the charge of the ion, the size of the ion, and the applied 

voltage/current/power. The mechanical factors are the electrolyte viscosity, porosity, and 

the friction properties of separation medium (paper/membrane/gel) and the chemical 

factors are the electrolyte pH and ionic strength. These are the factors that govern the 

migration and the separation of the analyte in an electrophoresis system. In addition to that, 

molecular structure, as well as the electric field characteristics and temperature, has 

significant influence over the migration and separation process that takes place during 

electrophoresis. 

The electrophoretic mobility of the analyte is inversely proportional to the size, i.e., 

the molecular/ionic radius of the analyte since an analyte with larger molecular/ionic radius 
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will have to overcome higher drag (in a liquid medium) and a greater frictional resistance 

(in separation matrix) while migrating under the influence on an applied electric field. 

Thus, an analyte with a smaller molecular/ionic radius will travel faster compared to an 

analyte with a larger molecular/ionic radius, given that the electrophoretic condition (such 

as the applied field parameters, electrolyte pH, viscosity, ionic strength) remain the same 

for both analytes. The drag force faced by the analyte is a function of the size and shape of 

the analyte molecule and the viscous property if the electrolyte. The electrophoretic 

migration is proportional to the applied field strength resulting in increased separation rate 

with sharper separation, so ideally, a higher electric field is desirable for any 

electrophoresis technique. Nonetheless, a higher strength of the applied field will result in 

increased heat generation, which in addition to the high field strength can adversely affect 

the analyte under investigation, and can lead to other undesirable consequences, such as, 

change in the chemical properties of the electrolyte (pH value) and evaporation of 

electrolyte. The pH of an electrolyte is another driving force behind the electrophoretic 

mobility and separation; since it is the pH of the electrolyte that induces the net charge of 

the biological and organic analytes, which then responds to the applied electric field and 

manifest the electrophoretic mobility and separation in combination with electrophoretic 

condition provided for the process. 

1.3 Electrophoresis Techniques 

All electrophoresis techniques revolve around the basics of electrophoretic 

migration of charged analytes. What differs various electrophoresis techniques from each 

other is how the electrophoretic mobility and the separation are facilitated, enhanced, and 
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utilized with application-specific devices, such as the presence of support medium, the 

types of the support medium, uniform pH or pH distribution, the mobilized or immobilized 

pH distribution. Each of these criteria dictates the instrumentation and/or construction of 

the electrophoresis technique. For example, the support medium can provide absorption as 

well as molecular sieving, which significantly influences the electrophoretic separation. 

On the contrary, the matrix-free electrophoresis is not constituted of any support medium 

and can be implemented for the electrophoretic separation of not only cellular components 

but also for separation of complete cells, due to not having the size restriction of the sieving 

medium. 

Arne Tiselius (Arne Wilhelm Kaurin Tiselius) is considered the pioneer of 

electrophoresis. Tiselius’s noble prize-winning work was on free-flow electrophoresis 

(electrophoresis without the supporting medium). However, as the field expanded, the 

adverse effect of free-flow electrophoresis, such as convection current, motivated the 

development of other electrophoresis techniques. A concise review of different 

electrophoresis techniques is presented in the following section. 

1.3.1 Free-Flow Electrophoresis: 

Free-flow electrophoresis (FFE), or carrier-free electrophoresis, is the oldest form 

of electrophoresis which does not implement any supporting medium for the 

electrophoretic separation and analysis. By principle, the free-flow electrophoresis can be 

considered analogous to capillary electrophoresis. The absence of a matrix ensures the 

conservation of protein activity and high-resolution separation of protein complexes, 

protein isoforms, subcellular compartments as well as complete cells. The FFE is also 
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suitable for isoelectric focusing (IEF) based separation, which operates on creating a 

controlled pH gradient (thus controlled distribution of isoelectric points) and separation of 

analytes based on the differences in the isoelectric points of the components of the analyte. 

The FFE is not as widely used, nowadays, as it used to be. However, FFE still plays 

crucial roles for specific applications such as separation of unstable proteins (at low 

temperature), enriching low-abundance proteins, as well as non-biological applications 

such as separation of metal ions, determining colloidal property (zeta potential) of particles 

in dispersion phase, and moving boundary electrophoresis for macromolecules 1. 

1.3.2 Zone Electrophoresis: 

Zone electrophoresis refers to the electrophoretic separation techniques which 

separate the different components present in an analyte due to differences in their 

electrophoretic mobility, therefore creating separate, well-defined zones and well-resolved 

peaks. These peaks at their designated zones, therefore, can be used for both qualitative 

and quantitative analysis of the analytes. Zone electrophoresis typically refers to the 

electrophoretic separation process involving stabilizing (or supporting) medium. The 

capillary zone electrophoresis (CZE) is a FFE method, which is also referred as “zone 

electrophoresis” since CZE techniques also separate the compounds into well-defined and 

well-resolved zones for detection and analysis.  A brief overview of different types of zone 

electrophoresis is given below:  

1. Paper electrophoresis 

2. Cellulose acetate electrophoresis 

3. Capillary electrophoresis 
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4. Gel electrophoresis 

4.1. Agarose gel electrophoresis 

4.2. SDS-PAGE (sodium dodecyl sulfate - polyacrylamide gel 

electrophoresis) 

4.3. PFGE (Pulsed field gel electrophoresis) 

4.4. 2D electrophoresis. 

1.3.2.1 Paper Electrophoresis: 

The paper electrophoresis is performed on a filter paper as a supporting medium 

(typically on a chromatography paper) due to its less absorptivity and uniform porous 

structure. It is particularly suitable for an analyte that is composed of small charged 

molecules (for example, amino acids and proteins of small size). The support medium or 

the filter paper is kept moist with the electrolyte, and the paper ends are kept submerged in 

the electrolyte where the electrodes are also submerged. The electrolyte-soaked filter paper, 

acting as an electrical connection between the electrodes, facilitates the electrophoretic 

separation, resulting in the resolved zones of analyte components. These separated 

components are then detected by post-processing such as chemical staining 2-4. 

1.3.2.2 Cellulose Acetate Electrophoresis: 

Cellulose acetate electrophoresis is a variant of paper-based electrophoresis where, 

a cellulose acetate membrane replaces the filter paper. Cellulose Acetate (CA) paper was 

first presented as a medium of separation by Jaochim Kohn in 1956 5,6. It was proved to be 

effective in immunoassays that focused on the identification of alpha 1, alpha 2, beta, and 
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gamma globulins along with albumin levels in the blood 7-12. It was found that resolution 

so far as band separation, tailing, and the presence of proteins customarily difficult to view 

on filter paper was dramatically improved in cellulose acetate electrophoresis. In their 

immunofixation assays, Kohn et al. 5,6 commenced initial electrophoretic experimentation 

by using a dual agar-cellulose acetate medium but eventually moved towards the use of 

solely the latter due to comparable separation of minor monoclonal bands and similar 

resolution of cellulose acetate and agarose gel electrophoresis. The small-scale cellulose 

acetate electrophoresis system developed in 1958 was proven to be more economical than 

other options such as filter paper and agarose gel alone, due to its less serum and supply 

consumption. The speed of separation of bands on this electrophoretic medium was 

noticeably improved over time and is noticeably superior to filter paper 5,13. A few notable 

advantages of cellulose acetate over filter papers are: 

1. The cellulose acetate strips are chemically pure and free of lignin and 

hemicelluloses and generally act as barriers in free moment of large molecules. 

2. Because of the low content of glucose, cellulose acetate strips are suitable for 

electrophoresis of polysaccharides. 

3. Cellulose acetate is not hydrophilic, and this holds very little buffer, which 

further helps for a better resolution in a short time. 

1.3.2.3 Capillary electrophoresis: 

Capillary electrophoresis (CE), as the name suggests, utilizes capillarity of narrow 

bore tube (typically fused-silica) and separates the compounds of an analyte based on their 

charge to mass ratio. Capillary electrophoresis was developed between 1930 and 1960, as 
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an improved version of the free-flow electrophoresis. The implementation of the capillary 

in free-flow electrophoresis increased the surface to volume ratio, thus improving the 

thermal dissipation. The high filed gradient required for capillary electrophoresis is 

susceptible to overheating, but this capillary induced high surface to volume ratio helped 

improve the free-flow electrophoresis. Capillary electrophoresis widely used due to the 

faster separation of the components of an analyte and its high separation resolution. 

Capillary electrophoresis is a new class of electrophoretic separation compared to gel 

electrophoresis (such as agarose gel, and SDS-PAGE). 

In capillary electrophoresis, the separation of the components of the analyte occurs 

in an electrolyte solution, which is referred as the background electrolyte. The capillary 

ends are connected to inlet and outlet reservoirs, containing electrolyte solution and the 

electrodes. The sample injection for the analysis can be performed either by hydrodynamic 

injection (pressure-driven) or electrokinetic injection (voltage-driven). The ends of the 

capillary are immersed into vials (inlet and outlet) filled with an electrolyte solution, which 

also contains electrodes connected to a high voltage supply. The sample solution is 

introduced in the capillary as a small plug by applying pressure (hydrodynamic injection) 

or voltage (electrokinetic injection). The high field strength causes the development of 

well-defined and well-resolved zones for the components of an analyte, which are detected 

at a designated detection window as the resolved zones of the components of analyte 

migrate through the capillary tube. 

Capillary electrophoresis provides high-resolution separation with greater 

efficiency with a short analysis time while providing a low sample and electrolyte 
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consumption. These attributes of capillary electrophoresis established it as the most widely 

used electrophoresis technique in various applications in many disciplines. However, the 

very reason (small diameter of the capillary and the high surface to volume ratio) that 

established capillary electrophoresis as a superior version of free-flow electrophoresis, also 

introduces an increased level of diffusion (due to enhanced thermal dissipation), which can 

compromise the separation resolution of capillary electrophoresis. 

1.3.2.4 Gel Electrophoresis: 

Gel electrophoresis is a form of electrophoresis where the supporting medium is a 

gel type (such as agarose, polyacrylamide) and is mostly used for separation of RNA, DNA, 

and proteins. The differences in the molecular size play a crucial role in their 

electrophoretic migration and separation as the compounds of the analyte are pushed 

through the gel matrix (through the pores) by the influence of the applied electric field. 

Thus the size of the protein and the length of the DNA and their interaction with the gel 

matrix dictate the electrophoretic separation. Gel electrophoresis is itself a standalone 

analytical platform; however, it can also be used as a preprocessor for a secondary analysis 

such as mass spectrometry, PCR, and DNA sequencing. Gel electrophoresis is highly 

implemented in biotech laboratories. From an instrumentation point of view, gel 

electrophoresis can be vertical gel apparatus electrophoresis or horizontal gel apparatus 

electrophoresis. 

1.3.2.4.1 Agarose Gel Electrophoresis: 

The agarose gel electrophoresis is used for the electrophoresis of nucleic acids 

(DNA and RNA). The separation of DNA and RNA by agarose gel electrophoresis is 
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enacted by utilizing the negative charge of the “phosphate backbone” of these nucleic 

acids, as a net negative charge is evenly spread over the length of their chain 14. The 

electrophoretic separation, once an electric field is applied, is dictated by the molecular 

size, and the components of the analyte electrophoretically migrate towards the electrode, 

while the agarose gel provides the necessary sieving for the size-based separation. 

Agarose is a polysaccharide with a melting temperature of 90C and a gelation 

temperature of 40C, which is extracted from seaweed. The gelation of agar forms the gel 

matrix with varying pore sizes, typically ranging from 50 to 200 nm. The size and 

distribution of the pore define the overall porosity and sieving efficiency of the gelled agar 

matrix. The recipe of the agarose concentration (0.5 - 2.0 %) is tailored to separate nucleic 

acids of different molecular weights. A higher concentrations of agarose provides 

separation of small DNAs, and similarly, a low agarose concentration results in separation 

of DNA of higher molecular weight. By the principle of gel electrophoresis, the gel matrix 

is kept immersed in the electrolyte, and the pH of the electrolyte is assumed to remain 

relatively constant. The electrolyte (or buffer) used for this electrophoresis technique 

depends on its application. TAE (or Tris/Acetate/EDTA) buffer is an electrolyte with low 

buffer capacity and provides better resolution for larger DNA, while TBE 

(Tris/Borate/EDTA) buffer is used for smaller DNA. SB (sodium borate) buffer is another 

type of electrolyte used for agarose gel electrophoresis. The conductivity of these 

electrolytes dictates the maximum allowable voltage for the electrophoretic separation; 

thus, can significantly influence the time required for the electrophoretic separation 

process. The major advantages are the ease of the preparation of the gel matrix and the less 

denaturing of the analyte components. While the gel can melt during the electrophoresis 
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process if the voltage is not set up properly, and the melting of the gel matrix can yield 

unpredictable results. 

1.3.2.4.2 SDS-PAGE: 

The SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) is a 

type of gel electrophoresis with a discontinuous polyacrylamide gel matrix. Unlike the 

charge-based separation, SDS-PAGE separates the analyte compounds by the molecular 

mass. The SDS is a surfactant which serves two important functions: 

(1) Dissociating proteins into their individual polypeptide subunits and giving a 

uniform negative charge along each denatured polypeptides. 

(2) Forcing the polypeptides to extend their conformation, which helps them 

achieve a similar charge to mass ratio. 

Both of these effects combined eliminate the influence of the shape difference from 

the separation process, thus making the chain length (analogous to their molecular mass) 

the governing factor for the electrophoretic process. 

For SDS-PAGE, acrylamide is the base component of the supporting medium. 

SDS-PAGE is a discontinuous gel system, comprised of two different gel systems - a 

resolving gel, and a stacking gel. Both of these gel systems are constituted from acrylamide. 

The concentration of the acrylamide is different for two gel systems, and the concentration 

of acrylamide for each gel type varies (5 - 10% for the resolving gel, and 2 - 5% for the 

stacking gel) depending on the application.  The gel systems also use a different electrolyte 
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where the lower gel (the resolving gel) is maintained at a relatively lower pH compared to 

the upper gel (the stacking gel). 

The SDS-PAGE provides a rapid separation with higher electrophoretic mobility. 

The sensitivity of SDS-PAGE is high and can resolve analyte components with a low mass 

difference. On the contrary, the higher alkaline operating pH can lead to poor band 

resolution, and the gel preparation is laborious and a necessity for multiple gel results at a 

higher cost. 

1.3.2.4.3 Pulse Field Gel Electrophoresis (PFGE): 

Pulsed field gel electrophoresis (PFGE) is a variant of gel electrophoresis where a 

periodic change in the direction of the applied electric field is employed in contrast with 

the constant, unidirectional electric field used for conventional gel electrophoresis. The 

PFGE was invented to overcome the limitation of the conventional gel electrophoresis or 

SDS-PAGE to separation large DNA molecules (> 15 ~ 20 kb). The periodic change in the 

direction of the electric field and the resultant alternating voltage gradient forces the large 

DNA molecules to relax and elongate, therefore improving the range of resolution for DNA 

fragments. 

1.3.2.4.4 2D Electrophoresis: 

The 2D electrophoresis is a two-stage electrophoretic separation process, where one 

stage separates the components of an analyte based on their charge differences, while the 

other stage separated the components based on their differences in molecular mass. The 

first stage, the change-based separation, is typically an IEF separation, and the second stage 
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is typically a SDS-PAGE separation process. The 2D electrophoresis is a highly sensitive 

electrophoretic separation technique that is widely used for purifying complex mixtures of 

polypeptides. 

1.4 Applications of Electrophoresis Systems 

The variety of electrophoresis systems exists in the first place because each 

category of electrophoresis system possesses its own application-specific efficiency and 

superiority compared to other techniques. The paper-based electrophoresis systems are 

widely utilized for serum analysis for diagnosis or clinical purposes. The other widely 

analyzed analyte for paper-based electrophoresis is myosin, albumin, casein as well as 

venoms of various kinds (such as insect and snake venom).  

Cellulose acetate electrophoresis is highly regarded for clinical applications and is 

reliable for clinical investigation of human samples such as lipoprotein, glycoprotein as 

well as hemoglobin. Among all the electrophoretic separation techniques, the capillary 

electrophoresis has, by far, the most versatile application due to the immense degree of 

research effort dedicated to this class of electrophoresis technique. Capillary 

electrophoresis is used for the analysis of, for example, food products, pharmaceutical 

products, and environmental pollutants. 

The agarose gel electrophoresis is the most preferred method for electrophoretic 

separation when the analyte of interest is a nucleic acid. A major application of this 

electrophoresis type is the analysis of the PCR products and the evaluation and assessment 

of the target DNA amplification. Other notable applications of gel electrophoresis include 

the qualitative and quantitative assessment of DNA, DNA separation, and DNA 
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fingerprinting. The SDS-PAGE electrophoresis has diverse applications than agarose gel 

electrophoresis, for example, establishing protein size, protein identification, quantifying 

protein, and determining sample purity. 

1.5 Miniaturization of Electrophoresis System 

Electrophoresis techniques, as described before, are used as an analytic platform, 

and the subject matters of this analysis are often not abundantly available. Micro-scale 

analytical systems have received considerable attention for their ability to analyze small 

sample volumes (a couple of microliters), increase analysis rate, and throughput via 

multiplexing. The reduction in sample volume required reagent volume and faster analysis 

results in a more economical, less hazardous, portable and more environmentally friendly 

system being at our disposal 15 

MCE represents a rapid and efficient separation technique for separating sample 

mixtures. Microchip electrophoresis techniques are able to provide good separation 

resolution on a smaller length scale and have proven to be useful for many disciplines such 

as biology, chemistry, engineering, and medicine 16. 

Among any other electrophoresis techniques, capillary electrophoresis has received 

a significantly higher degree of focus, and effort for miniaturization, preferably because of 

its high separation resolution, and ease of fabrication17. The first reported effort for the 

development of MCE was in the 1990s 18. The term microchip electrophoresis more often 

refers to “microchip capillary electrophoresis” 16.  
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The traditional and conventional capillary electrophoresis systems were comprised 

of fused-silica tubes embedded between two reservoirs, quite the contrary to the 

microfabricated capillary electrophoresis, where the microfabricated capillary utilized the 

advancement of microfluidics and fabricated using channels etched into planar substrates. 

The early microchip CE relied on quarts or glass due to their similarity with fused silica in 

terms of electroosmotic flow (EOF) properties 19-21. Alternative materials such as plastics 

and low-temperature ceramics have been explored for the fabrication of recent microchip 

CE devices 22-24.  

A dominating factor driving the use of planar devices for microchip CE is the ease 

of manufacturing of such planar systems. The fabrication techniques implemented for the 

fabrication of such devices are well-established and reliably used by the semiconductor 

industry, with the exception of handing small volume fluid flow instead of electron flow. 

The two major fabrication methods for the fabrication of such planar devices are 

photolithography and micromolding. The intended application and the choice of suitable 

substrate dictates the choice of fabrication method. Either fabrication method is highly 

capable of providing mass-producibility, as the developed pattern can be used for the 

repetitive fabrication of such devices 25. 

The electrochemical detection is a highly suitable application for microchip CE and 

has recently gained much focus due to the increase in miniaturization effort for such 

systems. The industry standard photolithography techniques can easily be implemented for 

designing µm scale detection electrodes with surgical precision, high reproducibility in a 

cost-effective way. Such attributes ensure the high sensitivity of electrochemical detection 



16 
 
 

in microchip CE format. It is noteworthy that the miniaturization does not compromise the 

analytical performance. Further miniaturization of the electrical components such as power 

supply and potentiostat would enable a true µ-TAS 24,26. 

The miniaturization of analytical separation systems provides numerous 

advantages. The reduced size increases the separation speed, therefore, higher sample 

throughput. The reduced device scale also reduces the fabrication cost, thus enabling cost-

effective disposable systems.  The miniaturization of analytical systems also holds the 

potential for parallel processing in a small working area. The parallel processing is 

extremely attractive for high throughput applications. High throughput analytical systems 

are in high demand in various emerging application fields of life science, especially in the 

fields of genomics and proteomics, as well as pharmaceutical field, where these analytical 

issues play a major role as well with regard to combinatorial chemistry and drug discovery 

22. 

Paper as a supporting medium, or as a substrate, offers numerous advantages, which 

include but not limited to - low-cost, lightweight, ease of manipulation, affordability, and 

biocompatibility. The first reported study of a paper-based analytical separation system 

was published in 1940. The early studies was focused on electrophoretic separation of 

amino acids, proteins and peptides. The instrumentation involved high voltage power 

supply and the separation processes were proceeded using a high concentration of the 

analytes with low resolution and long processing time 27-30.  

These technical difficulties pushed the paper-based system out of scientific focus, 

and the analysis of biomolecules was substituted by techniques which are much 



17 
 
 

sophisticated, such as, high-performance liquid chromatography (HPLC) or gel 

electrophoresis and the use of paper-based system was directed toward conventional 

analytical techniques such as filtration and clinical applications such as pregnancy tests 31.  

The microfluidic paper-based analytical devices (μPADs) was debuted in 2007 by 

George Whitesides’s research group. They developed the μPAD as a bioanalytical platform 

to measure glucose and protein concentration levels 32. μPADs bring the idea of minimum 

reagent waste as well as operational simplicity 33, revealing the necessity of improving the 

portability and reducing the cost of analysis 33-36. 

The advent of μPADs has revived the significance of paper as a substrate for  

electrophoretic separations with an emphasis on low-cost rapid analytical systems 37. 

Another crucial contributing factor behind the revival of paper as a potent substrate for 

electrophoretic separation is the technological advances enabling the availability of paper 

at various thicknesses, porous properties, and chemical modification. The concurrent 

development of high-voltage source and small-scale, robust detector system also paved the 

way for the recent uprising of μPADs. After a long pause, in 2014, another study of a paper-

based separation platform for biomolecules was reported. The separation of biomolecules 

(lysine, serine, and aspartic acid) using an on-column wireless electrogenerated 

chemiluminescence detector, and the separation of fluorescent molecules and serum 

proteins were successfully reported by Ge et al. and Luo et al., respectively 38,39. Though 

these latest studies demonstrated promising improvement for paper-based electrophoresis, 

some of the key aspects, such as robustness, sample injection and injection control, and 

separation performance, still need much attention for making μPADs suitable for everyday 
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use. Xu et al. developed a paper-based electrophoresis device with an electrokinetic 

injection to introduce sample through the floating mode. The separation of two different 

organic dyes was performed within 10 min and monitored using a cell phone camera, but 

it was also possible to accomplish the separation by naked eye 40. After that, Wu and 

coworkers developed a methodology to concentrate and electrokinetically separate bovine 

hemoglobin and cytochrome C using a paper analytical device 36.  

Electrochemical detection integrated with microchip electrophoresis is highly 

desirable due to high sensitivity, and low instrumental cost. The technological 

advancement in electrode fabrication methods, such as hand drawing with graphite pencil, 

sputtering, microwires, and screen printing, is making it much easier to fabricate low-cost 

microchip electrophoresis with electrochemical detection 41-45. Amperometry is one of the 

most sensitive electrochemical detection methods, and it was already explored to monitor 

chromatographic separations on paper devices 43,45. The development of a capacitively 

coupled contactless conductivity detector (C4D) for electrophoresis was first reported in 

1998 46,47, which offers numerous advantages over “contact modes” and prevents problems 

associated with bubble generation electrode fouling and electrical interference when high 

voltage for electrophoresis is applied 44-46,48. 

The recent and past breakthrough in miniaturization of analytical techniques, 

systems, and instrumentation have resulted in highly efficient µTAS and µPADs capable 

of accurate and reliable analysis with low reagent and sample consumption, and quicker 

analysis, which is ideal for the implementation of such miniaturized platforms for point-

of-care testing. According to the World Health Organization (WHO), diabetes mellitus, 
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cardiovascular disease are two of the major causes of death. In addition, there are 

genetically inherited diseases as well as tropical and infectious diseases, which claim a high 

death toll worldwide. The miniaturized analytical platforms can reduce the death toll 

caused by these diseases by enabling point-of-care testing, especially in regions with 

limited resources. 

1.6 Low-cost Microfluidic Platforms for Diagnostic Applications 

The essence of the low-cost platform for diagnostics applications relies on the 

utilization of inexpensive substrates and other assembly materials coupled with cost-

effective manufacturing processes. The combination of these two is crucial for mass 

production of microfluidic devices and making such technologies feasible for routine 

applications, especially in limited-resource settings 34. The use of miniaturized platforms 

for disease detection and screening is gaining much traction in recent years 49,50. The high 

demand for miniaturized systems has spurred the research efforts for microfluidic 

platforms in this application area. This increasing focus on miniaturized platforms has 

nourished the development and evaluation of new substrates, microfabrication techniques, 

and detection methods, resulting in portable, disposable, cost-effective point-of-care (POC) 

diagnostic devices especially suitable for limited resource and remote settings 51. In such 

environments, POC diagnostic devices could provide an adequate solution to be used even 

by untrained personnel under challenging environmental conditions and limited power.  

A crucial aspect of POC technology is its cost, and it is a decisive factor for the 

success of such technologies when intended for low-resource settings 52. The cost-

reduction can only be ensured when inexpensive material, creative, and simplified system 



20 
 
 

design is merged with a cost-effective fabrication process. The low-cost or inexpensive 

choice of material still needs to be able to provide the necessary biocompatibility, good 

analytical performance, acceptable limit of detection, detection accuracy while being easily 

disposable. Typically, the primary choice of materials for laboratory-based proof-of-

concept microfluidic systems are PDMS and glass. These materials provide outstanding 

performance and easy to fabricate on a small scale. However, in terms of mass production, 

the scenario is quite different. The required manufacturing techniques to work with these 

materials, along with the associated cost, renders them less practical. To address this 

challenge, alternative materials such as plastic and paper are slowly but increasingly 

gaining attention, since they are versatile, affordable, and easily disposable 51,53-56.  

Paper is affordable, biocompatible, and easily disposable. Paper-based miniaturized 

systems are relatively simple to fabricate, thus suitable for large-scale production with ease 

and low-cost. For these inherent attributes of paper, the paper-based miniaturized, or 

microfluidic systems are proving to be advantageous as POC systems 32.  

1.7 Resurgence of Electrophoretic Separation on Paper-Based System 

Point-of-care (POC) systems are designed for rapid, on-site detection of an analyte, 

especially for clinical and environmental testing purposes. Microfluidic paper-based 

analytical devices (µPADs), as described in the previous sections, is considered a 

frontrunner in the POC field. From an analytical point of view, “paper” is known as a 

substrate for well-established techniques, such as chromatography. However, paper has not 

been the material of choice for developing electrophoretic separation techniques, until very 

recently.  
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Separation science is a significant aspect of analytical chemistry. The established 

separation techniques are routinely implemented for separation, detection, and 

identification of both known and unknown components within an analyte. Among these 

established techniques, the most widely used techniques are chromatography and 

electrophoresis. Although, historically, capillary and gel-based electrophoresis were the 

centerpieces of the scientific focus for the development of electrophoretic separation 

techniques, one of the earliest and the most cost-effective substrate for electrophoresis has 

been paper 57-59. 

Paper chromatography originated in the 1850s, while Friedlieb Ferdinand Runge, a 

German physicist, observed circular color-forming patterns on filter paper impregnated 

with metal solutions resulting from the difference in the complexation of different dyes 

with the immobilized metals 58,60. This observation triggered a vast interest in the scientific 

community to invest their efforts in understanding the chromatographic separation. After 

years of research, in the early 1900s, Mikhail Semonovich Tswett introduced the 

fundamentals and principles of paper chromatography 60-62. 

The paper chromatography was developed to offer a solution to the limitation of 

silica-gel based chromatography. The silica gel-based chromatography involves a 

complicated process of substrate preparation and often would suffer from detection 

difficulties. The introduction of paper as a substrate of chromatography, which is 

considered as thin-layer chromatography (TLC), eliminated the complicated process of 

substrate preparation, completely 63.  The paper chromatography relies on the capillary 

wicking of the paper substrate, where a small sample volume is placed on the 
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chromatography paper with the sample-end of the paper being dipped into the solvent 

reservoir. The capillary action dragged the components of the analyte (or sample) across 

the paper. The difference in the retention of the components of the analyte resulted in their 

separation. The visualization of the components due to the chromatographic separation was 

carried out by calorimetric, ultraviolet (UV), and fluorescence imaging. Among these, 

colorimetric detection was by far the most widely used technique. 

The filter paper, as a chromatography substrate, was a preferred choice due to the 

fact that it could facilitate direct visualization of analyte components using the calorimetric 

approach. While, in contrast, the silica gel-based chromatography involved complicated 

post-processing, which involved substrate transfer on pre-treated papers for visualization 

64. The identification of the analyte component was based on a mobility of these mobile 

phases, which was the result of the interaction between the mobile phase (the analyte) and 

the stationary phase (the substrate) 58 and the quantitative assessment is provided by the 

color intensity measured by optical instruments such as, transmission densitometer, the 

photoelectric densitometer and the X-ray viewer 58,65-68.  

In the early days of paper-based electrophoresis, it was regarded as a superior 

separation technique compared to the chromatography technique, as the separation time 

was faster due to the application of an external field. The device dimension was smaller, 

and the system would produce a better peak resolution. At the same time, the paper-based 

system was dependent on additional operational instrument, i.e., the power supply in 

contrast to the chromatography system 58. The interest in paper-based electrophoretic 

separation started to fall short as more novel and sophisticated techniques started to 



23 
 
 

emerge, such as gel electrophoresis (agarose and polyacrylamide), capillary 

electrophoresis, 2D electrophoresis and isotachophoresis. These emerging techniques 

outperformed the paper-based electrophoresis of the early days, as they demonstrated better 

separation performance and efficiency in terms of separation resolution and sensitivity 30,69-

71. 

It would take half a century to revitalize “paper-based substrate” in analytical 

research. The paradigm-shifting work published by the Whitesides Research Group 32 

defined a new class of electrophoretic separation platform microfluidic Paper-based 

Analytical Devices or µPADs, which they developed for point-of-care (POC) bioassay. 

The resurgence in research for the paper-based analytical system is the ability to design a 

passive system, which makes the platform more appealing for remote and portable 

applications. As a byproduct of this resurgence of µPADs, the paper-based electrophoretic 

research also gained traction. 

1.8 Commercialization of Low-Cost Microfluidic Devices for Clinical Diagnostics 

Due to the recent advancement of the paper-based analytical platforms (i.e., 

µPADs, paper-based electrophoresis system) and the unique advantages they provide (i.e., 

passive operation capability, ease of fabrication, integration, and portability), there is a 

huge potential land market demand for easy-to-use, reliable, robust, and cost-effective 

platforms for POC application for diagnostics, forensic, and contamination testing ranging 

from natural pollutant to hazardous contamination in industry. In a critical review 

published in 2012 by Chin and colleagues 52, the authors have listed the main companies 
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responsible for the current scenery regarded to the commercialization of POC diagnostic 

devices.  

The paper-based miniaturized tools (i.e., µPADs, paper-based microfluidic and/or 

electrophoretic separation systems) have gained much attention for clinical and diagnostics 

applications. Both government and philanthropic organizations, including but not limited 

to Sentinel Bioactive Paper Network, the Bioresource Processing Research Institute of 

Australia (Biopria), the Program for Appropriate Technology in Health (PATH), 

Diagnostic for All (DFA), and the Bill & Melinda Gates Foundation have been supporting 

the development and commercialization of low-cost diagnostics tools, including paper-

based miniaturized tools  72. 

The other choice of low-cost material for miniaturized or microfluidic devices for 

clinical application is plastic, and the commercialization of plastic-based miniaturized 

systems is much easier due to the fact that the plastic processing and fabrication techniques 

(such as injection molding, hot embossing) are mature and well-established. These plastic 

processing techniques offer easier and larger-scale production of a miniaturized system 

with integrated components, precision sample, and reagent control, 3D device feature, 

excellent optical clarity. Due to these favorable features, successful commercialization of 

plastic made miniaturized clinical devices has been reported for analyzing whole blood, 

and other biofluids such as tear and urine. As plastic materials offer excellent optical 

transparency, optical imaging-based detection, such as fluorescence, absorbance, and 

calorimetric detection methods, are easy to implement, but other detection methods such 

as electrochemical detection are also easy to implement as techniques required for 
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electrode embedding in plastic is well-established. The companies who are considered as 

the leader for commercializing such miniaturized platforms are  

Abaxis, Alere, Focus Diagnostics, Micronics (https://www.micronics.net/), Mbio 

Diagnostics, TearLab, and Zyomyx. Another new approach, toner-based platforms, also 

showed much promise for commercialization 53. 

The commercialization of low-cost, miniaturized diagnostics platforms is still at its 

infancy, and all the above examples comprise a tiny fraction of the diagnostic industry, 

which is dominated by macro-scale equipment and instrumentation, suitable for centralized 

testing requiring hefty resources. The micro-scale or miniaturized diagnostic platforms 

have the potential to revolutionize the health care industry by enabling low-cost 

alternatives for low-resource settings. But for this scenario to be materialized, a strong and 

effective collaborative effort between academic and industry research is imperative. The 

path from the inception to proof-of-concept to the successful commercialization of such 

technologies is long and exhaustive. More often, a lucrative proof-of-concept technology 

fails to see successful commercialization due to technological difficulties, complicated 

operation, lack of user-friendliness, and more. The regulatory requirements for diagnostic 

devices are rigorous and demand extensive field trials and clinical validation. Only a strong 

and effective framework which combine both academic research capability with industrial 

resource will transform the miniaturized diagnostics platforms into the diagnostic tool of 

the future. 
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1.9 Challenges of Electrophoresis on Paper-Based Substrates 

The blessings of miniaturized paper-based analytical systems have provided fast, 

reliable, portable, and low-cost solutions. But, the novel approach for an analytical solution 

does suffer from certain limitations. The increasing scientific efforts in recent times have 

advanced the field, while some technical challenges still need to be overcome. 

The demand for rapid separation and analysis requires higher field strength, and the 

consequence of a higher applied electric field is an increase in in-chip heat generation 73,74. 

Increased heat generation in an electrophoresis system results in increased electrolyte 

evaporation, which affects the electrophoretic separation process. If the heat generation is 

too high, it can lead to damage of the support medium, deviation of the electrophoretic 

condition, and denaturation of the analyte. To overcome these challenges, novel fabrication 

approaches have been developed and implemented 74,75. 

The paper-matrix has physical and chemical properties, such as non-specific 

absorption of analyte components. The surface area for absorption is much higher for the 

porous structure of paper substrates 56,76,77 compared to others, such as capillary-based 

systems. Application-specific surface treatment of paper substrate can reduce these 

undesired effects. 

As the paper-based analytical system is still at an early stage, the interaction 

between the paper substrate and analyte group of interest is still unexplored and not well-

understood. For example, charge density is important for electrochromatography 

separations exploiting ion exchange interactions, but may hinder the purer electrophoretic 

separations. Such phenomena can greatly influence, design, and development of the paper-
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based miniaturized system. Therefore, the selection of the paper substrate and its 

application-specific modification may be necessary for enhanced efficiency in separation 

to different the target components of the analyte 78-80.  

Last but not least, in parallel with the paper-substrate development and 

modification, electrolyte modification and optimization and other aspects of the 

electrophoretic conditions also need to be re-assessed and optimized for balancing the 

demand of miniaturization, separation speed, and separation resolution 81. Fundamental 

studies, such as developing an analytical framework for optimizing and correlating 

electrophoretic conditions and separation resolution, still need to be done to provide greater 

insight and understanding of the separation process in a paper-based system. 

1.10 Discussion and Conclusion 

Paper-based miniaturized device and its application for electrophoretic separation 

(microchip electrophoresis) is a novel field, and the research in this field is at an early stage 

compared to other contemporary technologies. The promise that paper-based microchip 

electrophoresis holds for diagnosis, point-of-care (POC) testing, environmental monitoring 

are waiting to be materialized, but it requires momentous effort from the scientific 

community.  

The clinical application of paper-based analytical systems is not limited to countries 

with limited resources. They hold immense potential for in-field applications such as rapid-

diagnostic tools for first responders, military troops operating in remote and challenging 

environments. The ultimate success of the paper-based analytical system would be to 

transform the healthcare industry by establishing in-house or home-based early 
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diagnosis/screening practices with highly accurate and reliable test results. This capability, 

in time, would reduce the burden of health-related costs for individuals as well as for the 

government. 

Low cost of fabrication, simplicity of the device and the structural and application 

flexibility makes the paper-based analytical system an aspiration for novel exploration and 

low-cost solution for addressing healthcare need in developing and underdeveloped 

countries, where the limited resources make it impossible to address the pressing screening 

and diagnostics needs. The current research trend for paper-based analytical system and/or 

µPADs are aiming to embed: (1) multiplexing of assays, (2) sample and reagent processing 

capability, (3) on-chip sample separation and analysis, (4) automated analysis with 

embedded or external capabilities, and (5) the ability to analyze multiple samples using a 

single device. 

The trending research on the paper-based systems would definitely result in novel 

design and fabrication methods. Decisive factors for evaluating the success of this 

technology are (1) material cost, (2) fabrication complexity and cost, (3) ease/scope of 

mass-production, (4) integration capability of operational accessories, (5) degree of 

dependency on external operational accessories, (6) user-friendliness or ability to be used 

by minimally trained personnel, (7) ease of result interpretation, (8) scope for automated 

result analysis, (9) integration capability with IoT (internet of things) for remote and 

personalized medicine framework, (10) limit of detection (LOD), and above all (11) 

reliability of the test.  
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It is true that the paper-based system has the capability to provide a passive 

operational capability, but the capability is not universal, and especially for electrophoretic 

separation, a passive system may not be archived by principle. Therefore, the 

instrumentation required for the test performance and result analysis will dictate the 

feasibility of remote and portable application of such paper-based systems. Systems that 

would rely on complicated and/or delicate instrumentation still hold promise for 

laboratory-based testing. 

Industries or laboratories with expertise in paper development, processing, and 

manufacturing are expected to play a vital role in the prospect and progress of paper-based 

systems, especially the commercialization of paper-based diagnostics for POC testing, 

screening, and diagnosis. The technology and the cost of application-specific paper 

development and production would directly impact the market price for POC testing 

devices, but this is not the only driving factor for the successful commercialization of 

paper-based systems. The overall design, cartridge/microchip assembly, relevant 

accessories, complexity of the test protocol (sample collection, processing, discarding), and 

user-independent result interpretation would also dictate the successful commercialization 

of paper-based systems. That being said, the role of the supporting medium i.e. the paper, 

will still be the central issue for the successful development of the paper-based system. The 

majority of the reported studies in the literature rely on generic filter paper. Development 

of various grades of paper materials with controlled structure, chemical and surface 

properties would further expand the application and success of paper-based analytical 

systems. 
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The value of a new technique or a new product could only be embodied after it has 

been commercialized and accepted by the potential users. Similarly, paper-based 

microfluidics, as a new platform or system for liquid manipulation and sample detection, 

will also need time to attest its real value to society. 
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Chapter 2: Paper-based MicroChip Electrophoresis (MCE) System for Hemoglobin 

Separation 

2.1 Abstract 

Hemoglobin disorders are among the world's most common monogenic diseases. 

Hemoglobin S, C, and E are the most common and significant hemoglobin variants 

worldwide. Sickle cell disease, caused by hemoglobin S, is highly prevalent in sub-Saharan 

Africa and in tribal populations of Central India. Hemoglobin C is common in West Africa, 

and hemoglobin E is common in Southeast Asia. Screening for significant hemoglobin 

disorders is not currently feasible in many low-income countries with a high disease 

burden. Lack of early diagnosis leads to preventable high morbidity and mortality in 

children born with hemoglobin diseases in low-resource settings. In sub-Saharan African 

countries where SCD is highly prevalent, nearly a quarter of a million babies are born with 

the disease each year. An estimated 50-90% of these babies die before age 5 because they 

are not diagnosed or treated. The WHO estimates that more than 70% of SCD related deaths 

are preventable with simple, cost-efficient interventions, such as early point-of-care (POC) 

screening followed by treatment. Here, the first miniaturized, paper-based, microchip 

electrophoresis platform, for identifying the most common hemoglobin variants easily and 

affordably at the point-of-care in low-resource settings, has been described. HemeChip 

works with a drop of blood. HemeChip system guides the user step-by-step through the 

test procedure with animated on-screen instructions. Hemoglobin identification and 

quantification is automatically performed, and hemoglobin types and percentages are 

displayed in an easily understandable, objective way. HemeChip is a versatile, mass-
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producible microchip electrophoresis platform technology that addresses a major unmet 

need for decentralized hemoglobin analysis in resource-limited settings. 

2.2 Introduction 

Screening for hemoglobin disorders is not currently feasible in many low-income 

countries with high disease burden 82. Hemoglobin S is highly prevalent in sub-Saharan 

Africa 83 and in tribal populations of Central India 84. Hemoglobin C is common in West 

Africa 85, and hemoglobin E is common in Southeast Asia 86. With increasing migration 

and inter-racial marriages, combinations of these hemoglobin variants are expected to be 

encountered more all around the world 87,88. In sub-Saharan African countries 83, and in 

tribal populations of central India 84, where hemoglobinopathies have the highest 

prevalence 82, hundreds of thousands of undiagnosed afflicted babies are born each year 89-

91. For example, in Nigeria, where the occurrence of sickle cell disease (SCD), the most 

common hemoglobin disorder, is the highest in the world. The prevalence of the disease  is 

up to 20-30 per 1000 births, or at least 150,000 children born with the disease every year 

92. An estimated 50-90% of these babies die before age 5, in part because they are not 

diagnosed and hence not treated 89,93-96. It is projected that by 2050, about 400,000 babies 

will be born with SCD annually worldwide 82,97. 

Hemoglobinopathy screening after birth is mandated by all 50 states in the United States 

and in the District of Columbia, as well as in many other developed states, including The 

United Kingdom and France 96,98-101. Newborn screening programs in the United States and 

other developed countries typically involve the collection and shipping of blood samples 

to centralized laboratories 98,102,103. While decentralized blood sample collection and 
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centralized testing work in developed countries, this approach is not practical in resource-

limited regions due to the logistical and infrastructural challenges. Hemoglobinopathy 

screening studies conducted in low-resource settings, using centralized laboratories, have 

reported up to 50% lost to follow-up 104-106. 

In resource-rich countries, standard clinical laboratory tests (high-performance 

liquid chromatography (HPLC) and hemoglobin electrophoresis) are typically used in the 

diagnosis of hemoglobin disorders 107. Additionally, genetic testing, usually polymerase 

chain reaction-based, can be used to precisely identify globin gene mutations 108. However, 

these advanced laboratory techniques require trained personnel and state-of-the-art 

facilities, which are lacking or in short supply in countries where the prevalence of 

hemoglobin disorders is the highest 82. Furthermore, these tests are costly in terms of time, 

labor, and resources 95,109. For example, it may take days to weeks to receive the test results 

from centralized clinical laboratories 109, and when screening is conducted in remote areas, 

locating those who test positive may be difficult or impossible 94,95,109. Therefore, there is 

a need for affordable, portable, easy-to-use, accurate point-of-care tests to facilitate 

decentralized Hb testing in resource-constrained countries 82,110. The realities of resource-

limited environments demand a fundamentally different approach to diagnosis: one that is 

affordable, portable, and easily administered by entry-level healthcare workers in local 

health service settings or in rural areas at the point-of-need 94,95,109. Importantly, test results 

must be available while the patient is still present so that the test result can be given to the 

patient or legal guardian(s) immediately, and the treatment and education can begin without 

losing the patient to follow-up. 
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In this chapter, the design, development, manufacturing, and testing of a novel point-of-

care hemoglobin test, HemeChip has been described. HemeChip is a paper-based, 

microchip electrophoresis technology that helps with the diagnosis of hemoglobin 

disorders in resource-limited settings. HemeChip is single-use and cartridge-based, which 

can be mass-produced at low-cost. HemeChip separates, images, and tracks hemoglobin 

variants in real-time during electrophoresis. The fundamental principle behind the 

HemeChip technology is Hb electrophoresis, in which different variants can be separated 

based on charge differences, when subject to an electric field in the presence of a carrier 

substrate 111,112. The HemeChip test works with a standard finger-prick or a heel-prick 

blood sample. HemeChip test is completed within ten minutes and can be run at the point-

of-care; hence, the results would be available during a patient’s visit. Furthermore, the 

compact design of the HemeChip allows portability for decentralized testing and use at the 

point-of-need, which eliminates blood sample transfer to central laboratories. 

2.3 Methods  

2.3.1 Fully Integrated Mass-Produced Paper-Based Microchip Electrophoresis 

Cartridge 

The HemeChip cellulose acetate paper-based microchip electrophoresis system 

(Figure 2.1) facilities, for the first time, real-time tracking and quantitative analysis of 

hemoglobin electrophoresis process (Figure 2.2). The HemeChip cartridge is composed 

of two injection-molded plastic parts made of Optix® CA-41 Polymethyl Methacrylate 

Acrylic. This single-use, the cartridge-based design was transformed from a proof-of-  
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Figure 2.1. HemeChip: paper-based microchip electrophoresis for hemoglobin 

testing. HemeChip is a miniaturized, fully integrated cartridge-based microchip 

electrophoresis system that can be mass-produced. (A) Top (1) and bottom (5) plastic parts 

are manufactured via injection molding. The cartridge contains a single strip of cellulose 

acetate paper (2), a pair of blotting pads (3), and integrated stainless-steel electrodes (4). 

(B) HemeChip cartridge design is compact, fully integrated, and self-contained, including 

liquid compartments (buffer pools). One corner of the HemeChip cartridge is chamfered to 

restrict orientation and facilitate correct placement during use. (C) A partial section view 

of the internal components of HemeChip, showing the cross-section of an electrode and 

the cellulose acetate paper. (D) A schematic representation of the separation of hemoglobin 

variants in HemeChip: normal hemoglobin (Hb A), fetal hemoglobin (Hb F), sickle 

hemoglobin (Hb S), and hemoglobins C/E/A2 that co-migrate. A blue control marker 

(xylene cyanol) is pre-mixed with blood before sample application into the cartridge. (E) 

A fully assembled injection molded HemeChip is shown after a completed test with 

hemoglobin S and C bands that are visible. 
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concept laboratory prototype to a version that supports low-cost mass-production via 

injecting molding (Figure 3.1), as described in Chapter 3. The top and bottom parts 

(Figure 3.2) were manufactured with a 1+1 injection mold. Cartridge design embodies 

specific geometrical features and a precisely designed energy director (Figure 3.2) for 

rapid ultrasonic welding after assembly. Cellulose acetate paper was chosen because of its  

 

Figure 2.2. Overview of HemeChip operation and hemoglobin variant separation with 

a control marker. (A) Schematic illustration of hemoglobin separation and the blue 

control marker (xylene cyanol) migration in HemeChip. (i) The beginning of the test is 

shown with a blood sample and marker mixture applied. (ii) Hemoglobin bands and the 

control marker start migrating. The migration of the blue control marker is used image 

processing algorithm to confirm that the test is running as expected. (iii) Fully separated 

hemoglobin bands appear at the end of the test. The control marker migrates all the way to 

the end and leaves the field of view, at which time, hemoglobin bands are imaged and 

analyzed in their final positions. (B) Time-lapse images captured during a HemeChip test 

demonstrate the separation of hemoglobin A and S bands and the migration of the control 

marker. 
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stability over environmental conditions 113. Cartridge layout, plastic material selection, and 

injection molding process were engineered to achieve structural integrity, uniform optical 

clarity, and high light transmission (up to 80%) in the visible spectrum (Figure 3.3). The 

injection-molded HemeChip cartridge embodies a pair of round corrosion-resistant 114, 

biomedical grade stainless steel 316 electrodes 115. HemeChip electrodes provide oxidative 

resistance, stability against electrochemical reactions during operation, and reliability 

 

Figure 2.3. Portable reader for HemeChip. (A) The portable HemeChip prototype 

readers were built for research use only in a robust Pelican Protector Case for clinical 

studies worldwide. The reader includes a rechargeable battery, a touch-screen tablet 

computer, and an integrated imaging system. The reader guides the user through the test 

procedure via on-screen instructions, allows real-time imaging, automated data analysis, 

result storage, and wireless transmission of test results. (B) The cartridge chamber in the 

reader houses electrical contacts, an imaging window, and a backlight for imaging in 

transmission mode. The chamber door is equipped with magnetic contacts as a safety 

feature for sensing the door status as open or closed, 
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of electrical connection with the power source (Figure 2.1A). The combination of high 

stability cellulose acetate paper 113, injection-molded Polymethyl Methacrylate Acrylic 

plastic, and corrosion-resistant biomedical grade stainless-steel electrodes 114,115 results in 

shelf life of at least two years. The cartridge also houses a pair of buffer pools that are in 

direct contact with the electrode top surface and the cellulose acetate paper strip (Figure 

2.1B&C). One corner of the HemeChip cartridge is chamfered to facilitate correct 

orientation during use (Figure 2.1A&B). 

2.3.2 HemeChip Portable Reader Design 

One advantage of point-of-care technologies is that they can be used in remote 

locations where the use of existing technologies is not feasible 116-118.  HemeChip has been 

designed as a battery-powered, portable test platform to enable hemoglobin testing in 

remote locations (Figure 2.3). HemeChip reader consists of a rechargeable battery power 

supply, a data acquisition system, and an imaging and image analysis unit (Figure 3.4). 

The portable HemeChip Reader, once fully charged, allows a minimum of ten hours of 

testing, which corresponds to at least 48 tests per charge. The reader is equipped with a 

rechargeable 12V lithium-ion battery with a capacity of 11,000 mAh, yielding 132-Watt 

hours. Each test consumes about 2-Watt hours. The reader enables automated interpretation 

of test results, local and remote test data storage, and includes geolocation (Global 

Positioning System). The user is guided through the test process, and the test result is 

shown on the reader’s display and the reader stores the results.  The reader can link via 

Bluetooth or Wi-Fi to a cell phone or PC to transfer the information for review or retention. 

The data acquisition system is a national instruments data acquisition board (USB-6001) 
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controlled by a custom-built LabVIEW program that records the voltage and current values 

for the duration of the test. The imaging system consists of an ELP video camera (ELP-

USB500W02M) that captures real-time video and the run-time images (Figure 3.4). The  

 

Figure 2.4. Real-time imaging, image analysis, and tracking of control marker and 

hemoglobin bands in HemeChip. The time-lapse images show the real-time tracking of 

the blue control marker and hemoglobin bands. Hemoglobin bands and the control marker 

are imaged, automatically recognized, and identified. The movement of the control marker 

is tracked and used to confirm that the test is running as expected. In this example, 

hemoglobin types S and C were identified by the algorithm. 
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Figure 2.5. Identification of hemoglobin types and quantification of hemoglobin 

percentages by HemeChip. Typical HemeChip results are presented for the main 

hemoglobin variants tested. For each subset, the top image represents the raw image 

captured by the HemeChip reader at the end of the test. The middle black and white image 

are generated by the image analysis software algorithm to produce the HemeChip intensity 

curves (bottom image) for peak identification and Hb % quantification. Hb % values 

displayed were determined by HemeChip, which showed agreement with the reference 

standard method (HPLC). Gray regions indicate the approximate zones in which A, F, S, 

and C/E/A2 bands appear at the end of the test. (A) Normal (no abnormal Hb) with Hb AA 

(>90%). (B) SCD-SS with Hb SS (>90%). (C) SCD Trait with Hb AS (A: 62%, S: 38%). 

(D) SCD-SC with Hb SC (S: 47%, C: 53%). (E) SCD-SS with Hb SF (S: 58%, F: 42%). 

(F) Hb E Trait with Hb AE (A: 66%, E: 34%). 
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imaging system includes 85º wide-angle 5 megapixel HD USB camera, and the camera 

optics are modified with a 3.6 mm, F1.3 megapixel, CCTV Board Lens. The imaging 

system and the developed software are calibrated to correct for the fish-eye effect (due to 

the wide-angle lens) and to normalize the nonlinear pixels-to-distance relation. The power 

supply, imaging system and data acquisition system are assembled inside a rugged Pelican 

1400 case (Figure 2.3A). An embedded tablet computer runs the custom-built software to 

control the Reader as well as to acquire, process, and analyze the run-time data. The 

chamber door houses the backlight used in the imaging system and a magnetic door sensor 

to ensure that the high voltage supply turns on only when the door is closed (Figure 2.3B). 

An array of white light LEDs is used as the light source for the imaging system. The 

HemeChip cartridges are imaged using a transmissive light mode.  

2.3.3 User Interface and Automated Image Analysis 

A user-friendly user interface (UI) has been developed to guide the user through 

the test, perform quality checks, and analyze the results. This UI has the following 

functionalities (Figure 3.5): (i) perform hemoglobin separation with HemeChip by 

controlling the Reader electronic circuit, (ii) collect runtime data for quality checks, (iii) 

guide the user through the test procedure using step-by-step instructions (Figure 3.6), and 

(iii) analyze post-run data analysis from the collected real-time data and images. The UI 

performs the test control and run-time data collection simultaneously and automatically 

without any interference or assistance from the user. The UI is designed to generate the 

data files with a specific file name and format based on the information provided before 

the test, which contains the patient, sample and test identifier. HemeChip tests are 
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monitored in real-time with a custom developed application. The real-time tracking of 

hemoglobin bands (Figure 2.4) and automated image analysis provide necessary 

information for the identification and quantification of the test results. The application is 

configured to automatically detect the sample application point and the separated 

hemoglobin bands. Relative pixel intensities along the paper are used to identify the peaks 

corresponding to each type of hemoglobin band. The area under each peak is calculated to 

obtain the relative hemoglobin percentages. The area under each peak is outlined using the 

valley-to-valley method commonly used in gas chromatography 119. The HemeChip image 

analysis algorithm was developed to find the position and intensity of the single 

hemoglobin band (for homogeneous hemoglobin types) or multiple hemoglobin bands (for 

heterogeneous hemoglobin types) that appear on the cellulose acetate paper strip inside the 

HemeChip after a test has been performed. The captured RGB image is analyzed to 

determine how far the hemoglobin band(s) propagated and the relative percentage of each 

band based on pixel intensity data.  

2.3.4 Blood Sample Acquisition and Testing 

Blood samples used in this study were collected as part of the standard clinical care, 

and only surplus de-identified blood samples were utilized for testing. The whole blood 

samples were tested with both HemeChip and the reference standard HPLC (VARIANT™ 

II, Bio-Rad Laboratories, Inc., Hercules, California) in Cleveland, Ohio. The HemeChip 

reader guides the user step-by-step through the test procedure (Figure 3.6) with animated 

on-screen instructions to minimize user errors. Users were trained to use a custom-designed 

micro-applicator (Figure 3.7), which is included in a kit (Figure 3.8) with graphical 
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instructions for use (Figure 3.9). Hemoglobin identification and quantification is 

automatically performed with custom software on the reader and results are reported to the 

user in a clear and objective way. 

2.4 Results  

2.4.1 HemeChip Separates, Images, and Tracks Hemoglobin Variants Real-Time 

During Electrophoresis 

The fundamental principle behind the HemeChip technology is hemoglobin 

electrophoresis, in which different hemoglobin variants can be separated based on electric 

charge differences when subjected to an electric field in the presence of a carrier substrate 

[30, 31]. The HemeChip test works with a standard finger-prick or a heel-prick blood 

sample that is collected according to the World Health Organization (WHO) guidelines for 

drawing blood [46], which typically yields about 25 µL per drop [47]. For ease of handling, 

20 µL of blood is collected and diluted with 40 µL of lysing solution. Next, less than 1 µL 

(0.56 µL ± 0.17 µL, N=5) of lysed blood sample is transferred into the cartridge for 

electrophoresis (Figure 2.1D). The actual blood volume utilized per test is approximately 

0.2 µL. The HemeChip separates hemoglobins A, F, S, and C/E/A2 on cellulose acetate 

paper, which is subjected to an electric field (Figure 2.1D). Tris/Borate/EDTA (TBE) 

buffer is used to provide the necessary ions for electrical conductivity at a pH of 8.4 in the 

cellulose acetate paper [30, 31]. The pH-induced net negative charges of the hemoglobins 

to cause them to travel from the negative to the positive electrode when placed in an electric 

field (Figure 2.1D). Differences in hemoglobin mobilities due to their negative electrical 

charge allow hemoglobin separation to occur (Figure 2.1D&2.2) with visible results at the 
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end of a HemeChip test (Figure 2.1E). Among the four major hemoglobin types, which 

were tested, hemoglobin C/E/A2 co-migrate and they are the slowest. Hemoglobin A is the 

fastest moving hemoglobin in an alkaline solution. A unique feature of HemeChip is that 

it utilizes a blue control marker (xylene cyanol) that is pre-mixed with the blood sample 

before application into the cartridge (Figure 2.1D&2.2A). Towards the end of the test, the 

blue control marker reaches the end of the cellulose acetate paper strip (Figure 2.2A&B) 

and disappears into the buffer pool, leaving behind the separated hemoglobin variants 

(Figure 2.2B). At this point, the hemoglobin bands are automatically identified by a 

custom software, running in the HemeChip Reader (Figure 2.3) based on their respective 

locations on the cellulose acetate paper strip relative to the sample application point 

(Figure 2.4). Hemoglobin in the blood sample form visible bands at the end of the test due 

to the natural bright red color of the protein (Figure 2.1E&2.2B). This feature of naturally 

red, visible hemoglobin, combined with optically clear HemeChip cartridge (Figure 3.3) 

in transmission imaging mode (Figure 2.2B) within the reader’s imaging chamber (Figure 

2.3A&B), negates the need for picrosirius red staining, which is typically utilized in 

benchtop cellulose acetate  hemoglobin electrophoresis [30, 31].  

2.4.2 HemeChip Automatically Identifies Hemoglobin Variants and Determines 

Their Relative Percentages 

The blue control marker mobility on the cellulose acetate paper strip is tracked in 

real-time by the image processing and decision algorithm (Figure 3.5). The mobility of the 

control marker is then used to confirm that the test is running as expected (Figure 2.4). 

Briefly, the algorithm searches and finds the sample application mark (Figure 2.4, t=0 
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min.), and the intensity curve is generated for the red hemoglobin bands and the blue 

control marker. The intensity curve is evaluated to detect and track the movement of the 

peaks throughout the process (Figure 2.4). The peaks are identified based on their final 

locations at the end of the test (Figure 2.4, t=8 min.). The distance between  each peak and  

the application point and the relative percentage of the areas under the peaks are evaluated 

to determine whether they fit into the categories pre-defined in the software for hemoglobin 

C/E/A2, hemoglobin S, hemoglobin F, and hemoglobin A. The amount of hemoglobin is 

presented as a percentage that is relative to that of the other hemoglobin bands in the 

sample. In the case of a single hemoglobin variant is detected, such as Hb AA (Figure 

2.5A) or Hb SS (Figure 2.5B), the HemeChip software reports a percentage value greater 

of >90%, which agrees with the results reported by the reference standard method (HPLC). 

If there is more than one peak identified, then the areas under each of the peaks are 

calculated and the relative percentages are reported, for example in the cases of Hb AS 

(Figure 2.5C), Hb SC (Figure 2.5D), Hb SS blood containing fetal hemoglobin (Hb F) 

(Figure 2.5E), and Hb AE (Figure 2.5F). Hemoglobin A and hemoglobin S separation is 

significantly greater (p<0.001) than hemoglobin F and hemoglobin S separation (Figure 

5.3), which can be used to distinguish between Hb SF and Hb AS. 

2.5 Discussion and Conclusion 

HemeChip combines the benefits of standard hemoglobin electrophoresis with the 

benefits of a point-of-care test. HemeChip technology has a number of fundamental 

differences and unique features when compared to standard hemoglobin electrophoresis 

techniques. For example, HemeChip replaces the benchtop laboratory setup 111,112 with a 



46 
 
 

portable reader and replaces the hemoglobin controls 111,112 with a blue control marker 

(Figure 2.4). HemeChip provides hemoglobin type identification and quantitative results 

of relative hemoglobin percentages (Figure 2.5). The overall simplicity of the HemeChip 

enables any user to quickly and accurately screen for SCD and other hemoglobin disorders. 

The user is guided through the step-by-step process (Figure 3.5) with on-screen animated 

instructions, which minimizes errors (Figure 3.6). HemeChip does not require a dedicated 

lab environment and battery operation allows use in remote places lacking electrical power. 

These critical features distinguish HemeChip from currently available laboratory methods 

(Table 3.1) and other emerging point-of-care technologies for hemoglobin testing (Table 

3.2). 

Deploying a robust, portable, battery-operated platform as part of a point-of-care 

test has several advantages over alternatives (Table 3.2). For example, the reader includes 

a touchscreen display that guides and helps the user with the test procedure, reduces the 

training time and minimizes user errors. The portable reader also allows digital data entry, 

including patient demographics. The reader also enables secure, encrypted data storage and 

wireless transmission to the cloud, which would enable tracking and follow-up of patients 

using electronic records and mobile networks 82. The reader displays results on the screen 

in a clear and objective way, removing user interpretation errors. In comparison, point-of-

care lateral-flow assays lack a portable reader for objective analysis or electronic record 

keeping (Table 3.2). Therefore, these methods rely on the user to visually interpret the 

results and manually record the clinical data, which is prone to errors. In fact, in clinical 

research databases, user misinterpretation and data entry errors have been reported to range 

between 2.3% to 26.9% 120. 
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Electrophoresis techniques share a common limitation. Some hemoglobin types 

appear in the same electrophoretic window, as they exhibit the same or similar 

electrophoretic mobility in a given condition. For example, in capillary zone 

electrophoresis, it can be challenging to quantify hemoglobin A2 in the presence of 

hemoglobin C, due to partial overlap between the two zones for these two hemoglobin 

types 121,122, which may be improved using curve fitting methods. Hemoglobin G and 

hemoglobin D are difficult to separate because they have identical migration in gel 

electrophoresis, in capillary electrophoresis, and they have overlapping elution times in 

HPLC. This sharing of detection window or peak overlapping is also a challenge for the 

reference standard method, HPLC, as well as its alternatives 121,123,124. For example, in 

HPLC, hemoglobin S elutes in the S window with 28 other hemoglobin variants, including 

10 other β-chain variants 125. A similar issue occurs in the A2 window for HPLC, where 

hemoglobin E and 18 other hemoglobin variants elude in the same window, and 13 of these 

18 variants are β-chain variants 125. hemoglobins C, E, and A2, co-migrate in paper-based 

hemoglobin electrophoresis 111,112. Hemoglobins C, A2, and E are all detectable, but it is 

not possible to differentiate them 111,112. Therefore, instead of reporting Hb C or E or A2 

individually, HemeChip reports hemoglobin C/E/A2.  

In summary, HemeChip enables, for the first time, cost-effective identification of 

hemoglobin variants at the point-of-need. The HemeChip reader guides the user step-by-

step through the test procedure with animated on-screen instructions to minimize user 

errors. Hb identification and quantification is automatically performed, and Hb types and 

percentages are displayed in an easily understandable, objective, and quantitative way. 

HemeChip is a versatile, mass-producible microchip electrophoresis platform technology 
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that may address unmet needs in biology and medicine when rapid, decentralized 

hemoglobin or protein analysis is needed. 
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Chapter 3: System and Process Development for Paper-based MicroChip 

Electrophoresis (MCE) System 

3.1 Abstract 

The journey from the inception of a miniaturized system to the proof-of-concept 

prototyping and its transformation to a mass-producible version of the concept is an 

excruciating and difficult process. The vast majority of the reported literature in the field 

of miniaturized analytical systems are focused on the design and development of the proof-

of-concept prototype and their performance evaluation, while the transformation of the 

proof-of-concept prototype to a fully functional mass-producible commercial prototype is 

close to non-existence in the literature. The successful transformation of the proof-of-

concept prototype into a mass-producible commercial platform demands not only the 

transformation of the miniaturized device, but also the development and optimization of 

operational accessories, and user-friendly test protocol. In this chapter, the transformation 

of the proposed paper-based microchip electrophoresis system into a mass-producible 

system is presented. The scope of this chapter includes the necessary hardware and process 

development for the successful implementation of the system in the field for clinical 

validation of the developed point-of-care (POC) system. 
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3.2 Materials  

HemeChip was originally designed and developed using a lamination approach, 

with Poly (methyl methacrylate) (PMMA) sheets from McMaster-Carr (Elmhurst, IL), and 

ePlastics (San Diego, CA) that were later laser-cut (VersaLASER VLS2.30) and laminated 

with 3M optically clear double-sided adhesive (DSA) purchased from iTapeStore (Scotch 

Plains, NJ). The injection-molded HemeChip was developed in collaboration with Thogus 

Products (Avon Lake, OH). The Poly (methyl methacrylate) (PMMA) resin (Optix CA-41 

FDA) for injection molding was procured from Plaskolite Inc. (Columbus, OH). The blotter 

pads were purchased from Helena Laboratories, Inc. (Beaumont, Texas). 1x 

Tris/Borate/EDTA (TBE) buffer solution (pH 8.3) was made from 10x TBE Buffer solution 

(Invitrogen™, Carlsbad, CA), diluted with deionized (DI) water (MilliQ Academic, 

Billerica, MA). Ultrapure DNase/RNase-free water was purchased from Thermofisher 

Scientific (Waltham, MA). Ultrapure grade Xylene Cyanol and the plastic-backed cellulose 

acetate sheets were purchased from VWR International LLC (Radnor, PA). Individually 

wrapped, sterile, stainless steel, disposable lancets were purchased from Med-Tex 

(Philadelphia, PA).  The USB camera (ELP-USB500W02M) was purchased from eplcctv 

(Guangdong, China).  The HemeChip Reader was developed in collaboration with Hemex 

Health (Portland, OR). The 3D CAD designs of the components developed for HemeChip 

were created using SolidWorks 3D CAD (Waltham, MA). Designs for the laser-machined 

component were created using CorelDRAW Suite X6 (Corel Corporation, Ottawa, 

Ontario). 
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3.3 Design Transformation of HemeChip from Laboratory Prototype to Mass-

Producible Cartridge 

The HemeChip cartridge was previously fabricated by a lamination approach composed of 

five distinct plastic layers and did not incorporate integrated electrodes (Figure 3.1A&B). 

In the injected molded design, the number of plastic parts was reduced to two, a top part, 

and a bottom part, which can be ultrasonically welded to encompass the internal 

components and integrated stainless-steel electrodes (Figure 3.1C&D). This reduction in 

the number of injection-molded parts reduced the final assembly time and effort. The 

current design employs integrated stainless-steel electrodes (Figure 3.1C&D). The choice 

for electrode material was constrained by the cost and the corrosion resistance of the 

electrode material. The use of noble metals and/or their alloys, which are the preferred 

materials for specialized applications 126-129, would have increased the cost of the chips 

significantly. In addition, noble metals can corrode when subjected to electrochemical 

processes 129-132. The 316 stainless steel, which was employed, is known for its high 

corrosion resistance 115. It is inexpensive and is available in a variety of stock shapes that 

are easily machined or processed into the required dimensions. Although the design is 

complicated in view of all the delicate interior features, this adaptation provided more 

control over the design of the complex interior features, which were unattainable with the 

lamination-based fabrication approach (Figure 3.1A). These interior features include 

custom-designed buffer pools, buffer basin ribs, metal electrode enclosures, alignment and 

positioning features for the cellulose acetate paper strips, sample and buffer ports, fiducial 

markers, and product artwork (Figure 2.2A&B). Another improvement to the HemeChip 

design was the inclusion of the in-chip blotting mechanism (Figure 3.1C). The blotting 
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mechanism is designed to handle any excess TBE buffer that may be applied to the 

cellulose acetate paper. A notable addition to the transformed design is the energy director 

and ultrasonic welding groove for the purpose of ultrasonic welding to fully seal the 

HemeChip cartridge top and bottom pieces (Figure 3.2A&B). 

3.4 Mass-Production of HemeChip Cartridges via Injection Molding 

3.4.1 Injection Mold Design 

The HemeChip prototype design (Figure 3.1A&B) has been transformed into a 

moldable injection design (Figure 3.1C&D) with a plastic bottom and a top part (Figure 

3.2A&B) using a 1+1 mold. A 1+1 mold design is economical as it reduces the production 

cost due to less machine run time with reduced labor cost to produce each part. This is a 

very crucial aspect for mass-producing a point-of-care (POC) single-use cartridge as the 

cost per unit needs to be as low as possible. Optix® CA-41 Polymethyl Methacrylate 

Acrylic (PMMA) material was used in injection molding. The visual clarity of the Optix 

CA-41 is excellent. However, this visual clarity may be greatly impaired after the injection 

molding process due to the surface finish of the mold (Figure 3.3A-C). The visual clarity 

of the HemeChip is crucial since the detection method is based on image acquisition and 

analysis, and any impairment of visual clarity will significantly impact the performance of 

the detection system. Visual clarity and light transmission of the injection molded parts 

significantly improved after the mold underwent aluminum oxide polishing, which 

improved the visual clarity of the finished HemeChip part to its desired level (Figure 3.3B-

D). Optical transmission for HemeChip components with both standard machine finishing 

and aluminum oxide finishing were tested and compared (Figure 3.3B). The optical  
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Figure 3.1. Transforming HemeChip design for injection molded mass production. 
(A) The first proof-of-concept design of the HemeChip utilized a lamination-based 

fabrication approach without integrated electrodes. This proof-of-concept prototype was 

made by laser micromachining and stacking five layers of PMMA sheets (1-3, 5&6) 

encompassing the cellulose acetate paper (4).  (B) This lamination-based design helped us 

establish the proof-of-concept using manually inserted graphite electrodes (pencil leads) 

and an external power source. Separated hemoglobin bands are visible at the end of a proof-

of-concept experiment. (C) Transformed mass-producible design of HemeChip includes a 

top (1) and bottom (5) injection molded Optix® CA-41 Polymethyl Methacrylate Acrylic 

(PMMA) parts, encompassing the cellulose acetate paper (2), blotting pads (3), and 

integrated stainless steel 316 electrodes (4). (D) An injection-molded, assembled, and 

ultrasonic welded HemeChip cartridge at the end of a test run with visible hemoglobin 

bands. 
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transmission for the HemeChip component was tested using the VASE Ellipsometer (J.A. 

Woollam Co., Inc., Lincoln, NE). The optical transmission was measured at an angle of 0 

for wavelengths ranging from 300 ~ 1000 nm. The results showed that the HemeChip 

components produced in the aluminum oxide polished mold have a much higher optical 

transmission (up to 80%) compared to the standard machine polished mold. Optical clarity 

and light transmission significantly improved after the mold underwent aluminum oxide 

polishing (Figure 3.3B-D). 

3.4.2 Injection Molding Process Parameters and Quality Control 

HemeChip parts were manufactured using a Vertical Injection Molding Machine 

(VIMM). For the HemeChip injection molding, the Optix CA-41 was dried with a desiccant 

dryer at 93 °C (200 °F). The top and the bottom parts of the HemeChip were processed 

following different process parameters since the thickness and the design complexity differ 

for these two parts of the HemeChip cartridges. The top part of HemeChip was processed 

at a melt temperature of 241 °C (465 °F), keeping the rate of injection at 3 grams per  

 

Figure 3.2. Injection moldable HemeChip design with bottom and top plastic parts. 
(A) 3D computer-aided design (CAD) illustration of the bottom part. Design embeds the 

metal electrodes as well as the internal features necessary for buffer reserve, cellulose 

acetate paper positioning and aligning ultrasonic weld groove, and a port for the blood 

sample application. (B) 3D CAD design of the top part that contains the product artwork, 

ultrasonic energy director, viewing windows, and buffer loading ports. 
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second. The mold surface temperature was kept at 82 °C (180 °F). Packing pressure was 

established at 71361 kN (10,350 psi) for 8 seconds. The processes then allow the mold to 

cool down for 15 seconds. The total process requires 45 seconds to complete. The bottom 

parts of the HemeChip were processed at a melt temperature of 244 °C (470° F) while 

maintaining an injection rate of 4.5 grams per second. The mold surface temperature was  

 

Figure 3.3. Injection molding of HemeChip and effect of the mold finish on optical 

quality. (A) HemeChip is fabricated using injection molding of general-purpose 

commercial grade PMMA. The figure shows HemeChip body parts just after the injection 

molding process. The metal electrodes are embedded in the bottom part of the HemeChip 

during the injection molding process. (B) Optical transmission comparison between 

HemeChip parts made from the standard machine-finished mold (red line) and aluminum 

(oxide) finished mold (black line). (C) The optical clarity of the HemeChip with two 

different surfaces finished implemented into the mold. The left image shows the visual 

clarity for HemeChip, where the mold was just machine finished. The right image shows 

the improved visual optical clarity after the mold has undergone through aluminum oxide 

polishing. 
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controlled at the same temperature as the top parts of HemeChip. Packing pressure was 

established at 75843 kN (11,000 psi) for 10 seconds. This process was given a cooling 

time of 20 seconds, with the overall cycle time at 70 seconds. The injection-molded 

HemeChip cartridges are sealed via ultrasonic welding. As Optix CA-41 is a thermoplastic 

material, the use of ultrasonic welding was well suited. Ultrasonic welding is one of the 

most preferred welding methods in the industry for joining plastic or polymer components.  

 

Figure 3.4. The electronic circuit design of the HemeChip Reader. HemeChip Reader 

consists of three major parts: : (A) a rechargeable power supply, (B) a data acquisition 

system that collects current and voltage data for the duration of the test, and (C) an imaging 

system that records video and images for the duration of the test, which are transferred into 

an image processing software for analysis. 
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Implementation of ultrasonic welding requires certain design considerations for the parts 

to be welded or joined. The parts to be ultrasonically welded require three main 

components in their design (Figure 3.2A&B): (i) an energy director, usually closest to  

 

Figure 3.5. Software algorithm for the HemeChip Reader user interface. The software 

algorithm guides the step-by-step walkthrough of the test procedure, which is integrated, 

into the designed user interface. 

 

ultrasonic horn that focuses the ultrasonic energy and melts, (ii) a gap or groove that 

accommodate the additional material of the energy director after the energy director melts 

during the welding process, and (iii) a positive stop feature on the parts to be welded. The 

HemeChip cartridges were welded at an ultrasonic frequency of 32 kHz for a time of 0.6 

seconds, keeping the downward horn pressure at 55psi. The total machine cycle time to 

seal a fully assembled single HemeChip cartridge with the above-mentioned process 
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parameters was 12 seconds. The total volume of PMMA material that was melted during 

ultrasonic welding was calculated as 0.0061 ccs. 

 

Figure 3.6. Screen views of the step-by-step instructions provided by the HemeChip 

user interface. The protocol integrated user interface guides the user through the test with 

visual, animated instructions. This step-by-step guidance facilitates rigorous control of the 

test steps and reduces human error. (A–D) The steps of HemeChip cartridge and sample 

preparation are demonstrated. (E–H) The steps for sample application and HemeChip test 

initiation are demonstrated. (I–J) The steps for logging sample information and starting the 

test. (K) A HemeChip test is started. The blue marker and the separating Hb types are 

visible in the frame. (L) The HemeChip test ends. (M) At the end of the test, the detected 

Hb type(s), their relative percentages are displayed on the result screen. 
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Figure 3.7. Micro-applicator design and precise application of blood samples into 

HemeChip. (A) 3D CAD design of the custom-developed capillary micro-applicator. A 

zoomed-in view of the application end is shown in the inset. (B) An illustration showing 

the application end of the micro-applicator. (C) A 3D CAD representation of the blood 

sample application process. The sample loaded micro-applicator in inserted into the 

HemeChip through the sample loading port, located at the bottom of the HemeChip. A 

close-up view shows the application mark after the micro-applicator has applied a blood 

sample on the cellulose acetate strip. (D) The user is shown applying a blood sample into 

HemeChip cartridge. (E) The sample application mark is visible on the cellulose acetate 

paper strip. 
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3.5 Micro-Applicator Design and Operation 

A capillary-based micro-applicator to apply blood samples into HemeChip 

cartridge (Figure 3.7) were developed for sample transfer. This simple, easy-to-use 

component ensures a controlled and repeatable application of whole blood sample and 

facilitates repeatable and reliable test results. The micro-applicator consists of a metal 

lancet and a PMMA sheet attached using a double-sided adhesive (DSA) (Figure 3.7A). 

The spacing between the metal and the PMMA sheet is 150 µm. When the micro-applicator 

is dipped into the blood sample, it loads and retains a specific amount of the sample (Figure 

3.7B). A rectangular opening micro-machined onto the PMMA part of the micro-applicator 

(Figure 3.7B) ensures this controlled amount of sample loading. The sample loading ports, 

located at the bottom of the HemeChip (Figure 3.7C), are designed to provide just enough 

space to insert the micro-applicator (Figure 3.7D), thus ensuring vertical alignment of the 

micro-applicator during the sample application process. This design improves the accuracy 

and consistency of the application of blood samples at the same spot (Figure 3.7E). 

3.6 HemeChip Test Procedure 

3.6.1 HemeChip Test Kit 

The consumables and accessories needed for the sample preparation are as follows 

(Figure 3.8): 

1. A 20 µL capillary blood collection tube, this tube is used to collect exactly 20 µL of 

blood needed for the test, from either a heel or finger prick. 
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2. A 1.5 mL tube containing 40 µL of the lysing solution is premixed with the blue marker 

(Xylene Cyanol). The resulting lysing solution to the blood ratio is 2:1. 

3. A custom made applicator, which is dipped in the lysed blood mixture and applied to 

the surface of the cellulose acetate strip inside the HemeChip. 

4. 50 µL and 200 µL fixed volume pipettes are provided to minimize user error. The 50 

µL pipette is used to wet the cellulose acetate strip in the first step of the HemeChip 

preparation, and the 200 µL is used to load the buffer into the buffer ports just prior to 

starting the test. 

 

Figure 3.8. HemeChip test kit components. (A) Disposable components of the test kit 

are the sample collection tube, blood lysing tube, and the sample applicator, which come 

into contact with the blood sample. (B) A Pipette and a portable vortexer assist the 

HemeChip test procedure. 
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5. A battery-operated mini vortexer that is lightweight and portable, and is powered by 

four AA batteries. 

 

3.6.2 Blood Collection and HemeChip Test Protocol 

1. Pipette 50 µL of the buffer solution onto the paper through the sample loading port, 

located at the bottom of the HemeChip cartridge. Then allow the paper to soak (Figure 

3.9A). 

2. After administering a finger/ heel prick, touch the drop of blood with the capillary 

sample collection tube at a slight angle.  Allow the tube to fill the black line (Figure 

3.9B). 

3. Squeeze the top part of the tube to empty the blood into the tube containing the lysing 

solution (Figure 3.9C). 

4. Place the tube on top of the vortexer to mix the blood and lysing solution for 20 seconds 

(Figure 3.9D). 

5. Invert the tube containing the blood mixture. Tap the tube on a solid surface to allow 

the mixture to reach the cap. Next, keep the tube inverted and open the cap. Dip the tip 

of the applicator into the blood mixture in the cap (Figure 3.9E). 

6. Stamp the blood mixture in the applicator onto the paper through the sample loading 

port by gently touching the paper surface with the applicator, while making sure not to 

puncture the paper with the applicator (Figure 3.9F).  
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Figure 3.9. Blood collection and HemeChip test protocol steps. (A) As a preparation for 

the HemeChip test, the HemeChip cellulose acetate paper in the cartridge is wetted with 

50 µL of 1x TBE buffer. (B) In this step, the blood sample is collected from a person via a 

finger or heel prick. Then the blood sample collection tube is used to collect the blood 

sample (~ 20 µL). (C) The collected blood sample is then poured into the lysing tube. The 

lysing tube contains the lysing solution with the Xylene Cyanol solution (the blue marker). 

(D) The blood is mixed with the lysing solution using a portable battery-powered vortexer 

for effective lysing. (E) Before the sample application into the cartridge, the blood lysing 

tube is flipped upside down and tapped against the workbench, which results in the 

accumulation of lysed blood samples in the tube cap. Then, the tube is opened, keeping the 

tube in the up-side-down position and the lysed blood sample is loaded into the micro-

applicator. (F) The processed blood sample loaded micro-applicator is inserted into the 

HemeChip and the sample is loaded onto the cellulose acetate strip inside the HemeChip. 

Next, the cartridge is placed into the Reader chamber and the test is started. Then the 

Reader takes over, completes the test run and automatically analyzes the results. 
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Table 3.1. Comparison of HemeChip with standard laboratory methods for hemoglobin testing 

 

HemeChip 

(Microchip 

Electrophoresis) 

Electrophoresis 

(IEF) 

HPLC Microscopy-based tests Sickledex –Turbidity 

Test 

Differentiates 

between trait and 

disease 
Yes Yes Yes No No 

Quantification Yes No Yes No No 

Operator skill 

required 
Low High Medium High Medium / Low 

Cost per test $2.00 $5-10 $10-15 $3-$5 $0.50 

Initial equipment 

cost 
<$500 >$10,000 $30-80K $2500 None 

Time to result < 10 minutes 24+ hours 24+ hours 24+ hours 6-10 min 

Sensitivity High High High 
Poor sensitivity; Only 

detects SCD, not a trait or 

other hemoglobinopathies 

Can’t be used on infants 

under 6 months, can’t 

differentiate trait/disease. 

Confounders such as 

severe anemia; Only 

detects Hb S 
Specificity High High High 

Reference This article 111,112 111,112 133,134 135 
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Table 3.2. Comparison of HemeChip with standard laboratory methods for hemoglobin testing 

 HemeChip 

(Microchip 

Electrophoresis) 

Paper-based 

hemoglobin 

solubility 

Density-based red 

cell separation 

SickleSCAN 

(Lateral flow 

immunoassay) 

HemoTypeSC 

(Lateral flow 

immunoassay) 

Hemoglobin 

types identified 
A, F, S, C/E/A2 A, S A, S A, S, C A, S, C 

Hb% 

quantification 
Yes No No No No 

SCD-SC 

identification 
Yes No No Yes Yes 

Sβ-thal 

identification 
Yes  

(as SCD-SS) 

Yes  

(as SCD-SS) 

No  

(as SCD trait) 

Yes  

(as SCD-SS) 

No  

(as SCD trait) 

Differentiates 

between Trait 

and Disease 
Yes No No Yes Yes 

Newborn/infant 

testing 
Yes  

(best > 6 weeks) 
> 6 months only > 6 months only Yes Yes 

Hb F 

identification 

and 

quantification 

Yes No No No No 

Automated 

interpretation of 

results 
Yes No No No No 

Digital test 

result storage 
Yes No No No No 
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 HemeChip 

(Microchip 

Electrophoresis) 

Paper-based 

hemoglobin 

solubility 

Density-based red 

cell separation 

SickleSCAN 

(Lateral flow 

immunoassay) 

HemoTypeSC 

(Lateral flow 

immunoassay) 

Wireless 

connectivity for 

data transfer 
Yes No No No No 

Works without 

uninterrupted 

power 
Yes Yes No Yes Yes 

Biological 

reagents 
No No No 

Yes  

(polyclonal 

antibodies) 

Yes 

(monoclonal 

antibodies) 

Temperature 

range 
5-45°C 15-25°C 4-8°C 2-30°C 15-40°C 

Required blood 

volume 
<1 µL 20 µL 5 µL 5-10 µL 1.5 µL 

Total test time: 

finger stick to 

results reported 
<10 minutes <35 minutes <12 minutes 5-10 minutes 

10 minutes 

(plus sample 

preparation time)  

Cost per test $2.00 $0.70 $0.50 $4.20 $2.00 

References This dissertation 136-138 139 109,140-144 109,145-148 
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Chapter 4: Characterization of the Paper-based MicroChip Electrophoresis (MCE) 

System 

4.1 Abstract 

MCE has the potential and the capability of bringing a laboratory test to the point-

of-care setting, which would provide a quick, reliable, and accurate analysis needed for 

time-sensitive applications. In this chapter, a novel image-based measurement of dynamic 

change in pH and temperature within a paper-based microchip electrophoresis system is 

presented. The paper-based system under investigation is a single-use, mass-produced, 

commercialized platform for detecting hemoglobin variants from whole blood, using an 

alkaline buffer (pH 8.4 - 8.6) based electrophoretic separation. The dynamic measurement 

of pH is based on the calorimetric manifestation of a pH indicator. The electrophoretic 

separation medium is 9.5 mm wide and 30 mm long (end to end). The pH gradient is 

tracked for 22 mm in the middle of the separation medium, which is the length designated 

for electrophoretic separation. The dynamic measurement of the runtime pH change has 

been performed for a range of 50 - 250 volts. A higher pH gradient at the cathode-end of 

the separation medium was observed compared to the anode-end. A treatment process of 

the separation medium, to reduce the runtime pH change, has also been presented. The 

runtime temperature distribution was measured using infrared image analysis, which 

revealed the temperature increase could be as high as 40C during a test. The assessment 

of runtime temperature distribution also showed an asymmetric temperature distribution, 

where the location of the maximum temperature (or hot spot) tends to shift toward the 

anode during the test. The presented pre-treatment of the separation medium has also been 
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proved to impact the temperature and its distribution over the separation medium of the 

paper-based microchip electrophoresis system. 

4.2 Introduction 

Miniaturized total analysis system, later acronym as “µ-TAS” was first introduced 

in 1990 18, as a chemical sensor, which opened up a field of miniaturized devices, especially 

planar devices, for rapid, highly efficient, and reliable analysis of chemical and/or 

biological samples. The most compelling attribute to miniaturized systems that they require 

a tiny fraction of the sample volume compared to their traditional counterparts, yet are able 

to produce accurate and reliable results. For chemical and clinical application 

miniaturization of electrophoretic separation techniques have received much attention due 

to its immense potential for rapid detection and diagnosis capability. 

MCE provides a compact, rapid, and streamlined means for complete diagnostic 

workflow for disease detection, which is the essence of any point-of-care (POC) 

technology 149. The significant advantages electrophoresis or electrochemical detection 

possess over other analytical detection techniques (for example, fluorescence, mass-

spectroscopy) are ease of fabrication and potential of miniaturization along with high 

sensitivity. Capillary electrophoresis (CE) based microchips have been widely 

implemented for various analytical applications, namely for the detection and analysis of 

amino acids, peptides, carbohydrates. The reason for capillary electrophoresis (CE) being 

preferred for MCE is because the high field strength voltages required for achieving 

electrophoretic separation can be used as an advantage for microfluidic flow control 

(electroosmotic flow, EOF) 150. 
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Paper-based microfluidics or microfluidic paper-based analytical device (µPADs) 

was first reported in 2007. Paper-based microfluidics is a growing research field with great 

potential, especially for life science, food industry, and environmental monitoring. 

Moreover, paper-based microfluidic devices are cheaper, chemically compatible, and 

passive 55. The device material for paper-based microfluidics is usually cellulose-based. It 

provides an excellent platform for immobilizing chemical or analytical compounds for 

chemical 151,152, biomedical 153, forensic 154, and life science 32,57,155 applications. Paper-

based microfluidics is highly suitable for designing passive devices, with proper design, 

the capillary force can act as an effective driving force 156,157.  

Paper-based microfluidics (µPADs) were first introduced as an electrophoretic 

separation platform in 2014 38,39. These techniques relied on chemiluminescence and 

fluorescence detectors. Although these reported techniques implemented simple device 

fabrication, there were some major challenges, such as sample integration, device 

robustness and separation performance 158. Efforts have been made to develop simple 

paper-based electrophoretic separation devices with improved sample injection and 

relatively simple detection and analysis process using smartphones 40. The paper-based 

microfluidics reported above are still at a development stage and possess great potential as 

rapid, portable analytical detection devices. 

In previous chapters, a mass-producible, paper-based microchip electrophoresis 

(HemeChip) system, which can detect hemoglobin variant from whole blood, has been 

presented9,159,160. HemeChip is a point-of-care technology that uses a strip of cellulose 

acetate (CA) as the separation medium for the electrophoretic separation process. It 
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performs electrophoretic separation of hemoglobin variants in whole blood; and can detect, 

identify, and quantify the hemoglobin variants present in a blood sample.  

Monitoring pH is an essential task for a large spectrum of applications, especially 

for the food industry, environmental testing (ground, and marine) as well as 

pharmaceuticals and life sciences 161. In traditional microchip systems (mainly CE based), 

extensive studies have been performed on system electrochemical behaviors such as ion 

migration, electrochemical reaction and pH change 24,162,163. Optical methods for dynamic 

measurement of pH for microfluidics have been reported for traditional microchannel 

based microfluidic systems 164-166.  However, this information is missing for paper-based 

microchip systems since they are mostly based on passive capillary flow or pressure-driven 

flow instead of electric or electrochemical driving forces. This knowledge discrepancy may 

affect diagnosis accuracy and precision for a paper-based microchip electrophoresis 

system. Because hemoglobin separation in CA electrophoresis takes place based on charge 

to mass ratio, which can be affected by the pH due to the fact that the charge induced in 

hemoglobin molecules is dependent on the pH of the environment. 

Electrophoretic separation techniques rely on an applied electric field to mobilize 

the mixture of analytes and separate the analytes based on the differences in their 

electrophoretic mobility. Heat generation in the electrophoresis system can greatly 

influence electrophoretic mobility of analytes as well as the performance of the separation. 

Although an elevated temperature would yield faster electrophoretic mobility and quicker 

separation 167-170, increased temperature also introduces undesired consequences, such as 

high-performance variability 167,  Joule-heating-induced zone/sample dispersion 171-173,  
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increased electromigration dispersion 174-176. In addition to these effects, the paper-based 

electrophoresis system also faces high electrolyte evaporation as the temperature increases. 

Moreover, increased temperature also alters the electrolyte pH and electrophoretic mobility 

of analytes 167. Most of the available literature on the undesired effect of temperature 

increase is focused on capillary electrophoresis. The majority of these studies provide an 

analytical framework for the dispersive behavior of capillary electrophoresis. These above-

mentioned nonlinearities (high variation and dispersive behavior) may also present in a 

paper-based electrophoresis system but, not much work is available in the form of 

analytical and experimental work. 

In this chapter, a method to investigate dynamic pH variation and an assessment of 

dynamic temperature distribution within the paper-based microchip electrophoresis system 

is presented. A robust image-based dynamic measurement of pH gradient on the separation 

medium of the paper-based microchip electrophoresis system is demonstrated. In addition 

to these, a treatment method for reducing the runtime pH gradient is presented. The thermal 

response of the paper-based microchip electrophoresis system has been measured using the 

infrared image-based dynamic thermal assessment system. 

4.3 Methods 

4.3.1 Buffer Preparation 

Image-based tracking of dynamics pH change is based on a calorimetric 

manifestation of change in pH in electrophoretic separation medium and the conversion 

and quantification of calorimetric changes into pH values (color-to-pH conversion). The 

electrophoretic running buffers are purchased in a concentrated form (at 10x concentration) 
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from the vendors and then diluted (using ultrapure water) to the required concentration 

(typically to 1x concentration).  These diluted running buffers are then used  

 

 

Figure 4.1. HemeChip technology and dynamic tracking of the run-time pH change 

in the HemeChip cartridge. (A) an injection-molded mass-produced HemeChip 

cartridge. (B) The HemeChip reader contains the hardware, software and a user interface 

to guide the user through the test and display test results at the end of the test. (C) 

Illustration of run-time pH change on a cellulose acetate (CA) paper. (D) Illustration of 

longitudinal pH gradient along the direction of the applied electric field. (E) The imaging 

system for the dynamic tracking of the run-time pH change contains an off-the-shelf 

camera (raspberry pi) for image acquisition and a standard micro color checkerboard for 

color calibration. 
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for the electrophoretic separation of different components of the analyte (Figure 4.1A). 

For the tracking of dynamic pH change and the spatial pH distribution in the paper-based 

MCE, the dilution procedure of the concentrated running buffers was modified to prepare 

a modified running buffer (MRB). The UPI solution was added to the ultrapure water for  

 

Figure 4.2. Comparison between lossy and lossless image compression and 

calorimetric pH calibration curve. (A) Image processing algorithm for with lossy 

compression. (C) Image processing algorithm for loss-less processing. (C) CA paper 

images soaked with standard buffer and universal pH indicator solution. Standard pH 

solution of different values (range: 5 ~ 10) was used, and these images were used to general 

the pH calibration curve, (D) A calibration curve was developed from and image library 

developed in (C). The calibration curve was used for the conversion of the run-time color 

change in the HemeChip into the corresponding pH value. 
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the dilution of the concentrated electrophoresis running buffers. The addition of the UPI 

was maintained in such a way so that the volume of the added UPI and the volume of the 

final diluted MRB has a ratio of 1:2. For generating the calibration curve for color-to-pH 

conversion, a set of buffer was prepared using the UPI and asset of pH standard solutions 

(pH range: 5 - 10). The pH standard solution and the UPI were mixed in a 1:1 volume ratio 

so that the volume ratio of the UPI and the prepared solution is 1:2 (same as the MRB). 

4.3.2 Imaging System 

The run-time pH imaging system implemented to tracking the dynamic pH change 

consists of a HemeChip reader (Figure 4.1B), a RPi, and a standard color checkerboard 

(SCCB) (Figure 4.1E). The HemeChip reader controls the test parameters and executes 

the test, while the pH imaging system is set to acquire image data avoiding a lossy 

compression (Figure 4.2A) rather in an uncompressed raw and linear image data format 

(YUV420) (Figure 4.2B) for the pH tracking analysis. A calibration curve to convert the 

calorimetric change on the separation medium into pH change was developed (Figure 

4.2C&D) using a set of modified buffer (discussed later) using a set of pH standard 

solutions (ranging from pH 5 - 10). The presence of the SCCB in the acquired image data 

ensures the correct white balance and color transformation for the color to pH conversion 

during the post-processing stage (Figure 4.3). 

4.3.3 Experiment Preparation and Procedure 

The test preparation for the image-based tracking of the dynamic pH change and 

the spatial pH distribution is similar to the process described in the above section, except 

the wetting of the CA paper. The CA paper strip is carefully and gradually submerged in 
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the MBR to avoid any uneven wetting and trapping of air in the CA paper strip. The paper 

was kept in the modified running buffer solution for 4 minutes. The MBR soaked CA paper 

is then carefully retrieved and carefully wiped-off/blotted to remove the excess amount of 

MBR. The MBR soaked CA paper is then placed inside a HemeChip cartridge. After the 

test cartridge was assembled with the MRB soaked CA paper, the buffer reservoirs of the 

cartridge were filled with MRB. The cartridge loaded with prepared CA paper and the 

MRB was then placed in the cartridge chamber of the HemeChip reader and a test was run 

(Figure 4.3). 

 

Figure 4.3. Process flow-chart for the dynamic mapping of the runtime pH shift over 

the CA paper during a HemeChip test. The test starts with the cartridge being prepared 

using the modified TBE buffer. The test begins after the test preparation, and the pH 

imaging system acquires image data (raw, YUV420 format) at a regular interval. The 

acquired image data was later post-processed and the color change due to the run-time pH 

change is converted into the corresponding pH using the calibration curve. 
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4.3.4 pH Image Acquisition and Analysis 

The accuracy of the conversion and quantification of calorimetric changes into pH 

values (color-to-pH conversion) is dependent on the image acquisition and compression by 

the image acquisition hardware. A commercial off-the-shelf (COTS) digital camera were 

used as a part of the image acquisition system for the proposed image-based tracking of 

the dynamic pH change. The capability of COTS to produce reliable and high-quality 

images required for research application has been demonstrated in the literature [38, 39]. 

However, it is imperative to understand that these COTS digital cameras are more often 

not optimized for research application but to produce images which are eye-catching and 

attractive to the users [38, 40, 41]. Thus, the careless use of COTS digital cameras for the 

research application can result in unreliable and inconsistent data due to a lack of data 

accuracy and repeatability. The following criteria must be met by an image acquisition 

system to provide accurate, repeatable and device-independent data - (i) unbiased image 

acquisition (linear, or known non-linear relation of images to the scene radiance), and (ii) 

ability to capture data in a lossless (linear) format. Readers can read the referred article 

[38] to know more about the desired and/or required qualities of the image acquisition 

system needed for scientific application. The developed image acquisition system and the 

analysis method was implemented for the assessment of the run-time pH change during the 

HemeChip test (Figure 4.4&4.5). 

4.3.5 Thermal Imaging System and Calibration 

The imaging system consists of a handheld dual-camera (visible and infrared) 

infrared camera (FLiR One) which can be connected with a smartphone and perform  
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Figure 4.4. Run-time longitudinal pH gradient at 0, 2, 4, 6, 8, 10 minutes for 

HemeChip test. (A) time-lapse of a HemeChip test run at 50 volt, (B) pH distribution of a 

HemeChip test run at 50 volt, (C) time-lapse of a HemeChip test run at 150 volt, (D) pH 

distribution of a HemeChip test run at 150 volt, (E) time-lapse of a HemeChip test run at 

250 volt, and (F) pH distribution of a HemeChip test run at 250 volt.  
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Figure 4.5. Pre-Treatment of the CA paper to reduce the run-time pH shift. (A) time-

lapse of a HemeChip test run at 250 volt with an untreated CA paper, (B) pH distribution 

of a HemeChip test run at 250 volt with an untreated CA paper, (C) time-lapse of a 

HemeChip test run at 250 volt with a pre-treated CA paper, (D) pH distribution of a 

HemeChip test run at 250 volt with a pre-treated CA paper and (E) time-averaged pH 

distribution for a untreated and a pre-treated CA paper test (at 250 volt). 
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thermal imaging. For reliable interpretation of the infrared images, the analyzed infrared 

image has been calibrated with a calibration curve (Figure 4.6). 

4.3.6 Cellulose Acetate Pre-treatment 

The purchased CA papers were placed in a container. A diluted hydrochloric acid, HCl (pH 

4.0) were slowly poured into the container. The diluted HCl solution was added until the 

CA sheets are completely submerged into the solution. The CA papers were kept into the 

diluted HCl solution for 30 minutes. After 30 minutes, the CA papers were removed from 

the solution and let dry for overnight. The dry CA paper was then laser-cut into the required 

dimension and used for running the HemeChip test. 

 

4.4 Results 

4.4.1 System Calibration 

To develop the calibration curve for color-to-pH conversion, the separation 

medium (the CA paper) was slowly dripped into the prepared solution (of pH standard 

solution and UPI) and kept in the solution for 4 minutes. After this soaking period, the CA 

paper is retrieved carefully, to avoid any damage to the wet CA paper. The retrieve CA 

paper is then gently tapped by placing it between two blotter pads. The prepared CA paper 

is then placed in the imaging area in the presence of the SCCB and imaged (Figure 4.2C). 

This process was repeated for all the solutions prepared with pH standard solution and the 

UPI. This process generated an image library of the CA paper manifesting a specific color 

for a specific pH. The image library was later processed using a MATLAB code to correlate 
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the color manifested on the CA paper and the corresponding pH value and plotted (Figure 

4.2D) to develop the calibration curve.   

The analysis provided by the infrared imaging software relies on the surface 

emissivity of the object being infrared imaged and the relative humidity of the air. To 

eliminate the contribution of an infrared image calibration setup (Figure 4.6A) and an 

infrared image calibration curve (Figure 4.6B) was developed. In the calibration setup, the 

CA paper was attached on top of a plate heater. The plate heater was used to heat up the 

CA paper at different temperatures within the range of 35-90C. A K-type thermocouple  

 

Figure 4.6. Experiment setup for calibration of the infrared (thermal) imaging. (A) 
Cellulose acetate (CA) paper was heated on a hot plate at different temperatures. A 

thermocouple (k-type) was mounted on the hot plate to collect the thermocouple (TC) 

measurement. A thermal interface material (TIM) was implemented between the hot plate 

surface and the thermocouple probe end.  A PID temperature controller unit was used as a 

monitor for thermocouple reading. An infrared camera was used to image the heated CA 

paper. (B) The infrared images were analyzed using FLiR Studio software and the analyzed 

infrared (IR). The measurement data was potted against the thermocouple data to generate 

the calibration curve. The black line represents the thermocouple reading; the red line 

represents the linear fit for the thermocouple measurement. The blue dash-dot line 

represents an extrapolated range of data based on the linear fit. 
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was attached on the plate heater with TIM placed between the heated surface and the 

thermocouple probe. The reading end of the thermocouple was connected to a PID 

temperature controller feedback port. The PID temperature controller unit functioned as 

the thermocouple reading monitor. The heating surface of the plate heated was gradually 

heated at small steps. At each step of the temperature increment, the temperature reading 

the PID temperature controller was monitored. Once the temperature of the heated surface 

becomes steady, the heated CA paper was thermally imaged and the thermocouple reading 

displayed on the PID temperature controller was recorded. The acquired thermal images 

were later analyzed using FLiR Studio (FLiR systems). The temperature data obtained from 

the thermal imaging calibration setup (Figure 4.6A) was correlated with the temperature 

data recorded using the thermocouple to develop the calibration curve for infrared imaging 

(Figure 4.6B). For calibration of thermal image data below the range of 35-90C, the 

calibration fit line (Figure 4.6B, red line) was extrapolated down to 20C (Figure 4.6B, 

blue line). The thermal image data acquired during the experiment are calibrated using the 

calibration curve (Figure 4.7). 

4.4.2 pH Change in Separation Medium 

Electrophoresis is the process of inducing migration and separation of charged 

entities and this process is set forth by the presence of an external electric field. The electric 

field is applied via two electrodes and the field is established by an electrically conductive 

medium, an electrolyte or buffer. The electrophoretic separation is the result of the 

difference of electrophoretic mobility, the mobility obtained by a charged entity under the 

influence of an electric field. This mobility is a function of the charge, size and shape of 



82 
 
 

the charged entity. The electrophoretic mobility is a property of the charged entity which 

is considered to remain constant as long as the electrophoretic conditions remain stable and 

unaltered. The electrophoretic condition of a system is defined by its electrical, chemical, 

and mechanical properties 177. The pH of the buffer is one of the crucial defining factors 

for electrophoretic mobility especially for protein separation whose net induced charge 

depends on the pH of the buffer. Protein, such as hemoglobin, is charge-neutral in a neutral 

pH environment. In the event of the presence of an acidic or alkaline environment, the net 

charge of the protein is no longer zero. This pH-induced charge and the degree of variation 

in the induction of pH-induced charge for protein variations is the mechanism behind 

electrophoresis.  

Figure 4.4 shows the runtime change in buffer pH for a paper-based microchip 

electrophoresis system (HemeChip). Figure 4.4 shows the pH change for a test run at three 

different applied electric fields: 50 volts (Figure 4.4A&B), 150 volts (Figure 4.4C&D), 

and 250 volts (Figure 4.4E&F). The tests were run for 10 minutes and were imaged in 

real-time and the recorded data was post-processed using a custom image analysis 

algorithm. For each applied voltage, the time-lapse of the runtime pH change, as well as 

the quantified pH distribution over the CA paper, has been presented.  

Anode  

(oxidation) 
: 2H2O(l)      O2(g) + 4H+(aq) +4e  Eo = +1.23V (1) 

Cathode 

(reduction) 
: 2H+(aq) + 2e      H2(g) Eo = 0V (2) 

 : O2 + 2H2O + +4e      4OH  (3) 

    

Water  

equilibrium 
: H+ + OH = H2O Kw = 1014 (4) 
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Figure 4.7. Thermal mapping of the CA paper. (A) time-lapse of a HemeChip test run 

at 250 volt with an untreated CA paper, (B) Temperature distribution of a HemeChip test 

run at 250 volt with an untreated CA paper, (C) time-lapse of a HemeChip test run at 250 

volt with a pre-treated CA paper, (D) temperature distribution of a HemeChip test run at 

250 volt with a pre-treated CA paper, (E) the colormap for the thermal images (range: 20 

~ 70 C), and (F) time-averaged temperature distribution for an untreated and a pre-treated 

CA paper test (at 250 volts). 
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The onset of electrochemical reaction (water hydrolysis) at the electrode surface causes the 

pH to change in the HemeChip buffer stored at the cartridge reservoir (Eqn (1)-(3)). The 

H+ generation at the anode, balanced out by the water equilibrium (Eqn (4)), leads to a 

reduction of OH. Meanwhile, the reduction reaction at cathode reduces the proton 

concentration by converting H+ into H2 (Eqn (2)) and a coupled reaction (Eqn (3)) causes 

the increase in pH thus resulting in a pH shift toward a more alkaline direction. The 

localized pH change at the close vicinity of the cartridge electrode is consequently followed 

by the ionic migration (due to the electro-neutrality), which becomes apparent by the 

change in MRB color across the CA paper. 

4.4.3 Measurement of Runtime pH Change 

The pH change across the CA paper for different applied voltage has been presented 

in Figure 4.4. The length of the CA paper, reported in the pH gradient plots, excludes the 

ends of the paper (4 mm at each side). The mid-section of the CA paper is the region where 

the pH electrophoresis separation occurs, and the runtime pH change has been reported for 

this section only. The length of this window of the separation medium has been relabeled 

from 0 - 22 mm. The presented pH values along the length of the CA paper is averaged 

along the lateral direction. Figure 4.4A shows an example of a HemeChip test run at 50V. 

The rate of electrochemical reaction at the electrode surface is proportional to the applied 

field strength so as the electro-migration of ions. At the beginning of the test, the pH 

distribution over the CA paper is uniform (Figure 4.A, 0 min). As the test progresses, the 

electrochemical reaction introduces the opposite pH shift in anode and cathode. The 

electro-migration of ions makes the cathode-end of the CA paper greener indicating a 
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higher pH at that end compared to the initial pH of the CA paper at the beginning of the 

test. Similarly, the anode-end of the paper changes its color toward a more yellowish hue 

indicating a lower pH at that end compared to the initial pH over the CA paper (Figure 

4.4A, 2-10 min). Figure 4.4B is a quantitative representation of the phenomena described 

above. The quantitative results in Figure 4.4B show the pH change at the cathode-end of 

the paper is significantly higher than the pH change at the anode-end of the CA paper. The 

initial measured pH on the CA paper is approximately 8.5 at the beginning of the test 

(Figure 4.4B, 0 min). After 2 minutes, the pH at the cathode-end pH increases to 9 and an 

average pH gradient of 0.11/mm extending for ~5 mm appears. As the test progresses, the 

cathode-end pH rises to 9.26 - 9.36, while the location of the pH gradient shifts from 0.43 

- 2.34 mm with a pH gradient of 0.18 - 0.23.At the anode-end of the CA paper between 2 

- 10 minutes, the pH drops from 8.28 - 8.11 and the pH gradient shifts from 22 - 17 mm. 

The pH gradient increases from 0.03/mm - 0.07/mm and then drops to 0.05/mm.  

The runtime pH change over the CA paper for 150 volt tests has been illustrated in 

Figure 4.4C&D. The pH shift and the pH gradient changes much faster at 150 volts 

compared to a 50 volt test. After 2 minutes of runtime at the cathode-end, the pH is 9.31 

and the pH gradient shifts at 1.2 mm with an average gradient of 0.17/mm extending over 

4.78 mm. While at the anode-end, the pH drops at 8.22. The pH gradient shifts to 18.1 mm 

with an average gradient of 0.08/mm extending over 3.12 mm. After 4 minutes of runtime, 

the pH at the cathode-end and the anode-end of the CA paper is 9.43 and 8.17, respectively. 

The pH gradient shift at the cathode-end and the anode-end of the CA paper are 2.17 mm 

and 20.23 mm, respectively. However, the nonlinear pH gradient from both ends of the CA 

paper merges at the mid-section of the CA paper. At 6 minutes, a continuous pH gradient 
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with a pH inflection appears on the CA paper with a maximum pH of 9.47 (cathode-end) 

and a minimum pH of 8.07.  The pH inflection appears as a peak of pH and it is located at 

6.67 - 12.13 mm. As the test progresses further, the pH drop at the anode-end remains 

somewhat stable. On the other hand, the pH at the cathode-end drops significantly at 8 and 

10 minutes (compared to 6 minutes), but the pH inflection shifts to 8.57 - 15.07 mm for 8 

minutes and to 11.26 - 18.97 mm for 10 minutes. 

For the applied electric field of 250 volts (Figure 4.4E&F), the pH rises reach 9.28 

and 8.25 at the cathode and anode-end, respectively. A small pH inflection point appears 

between 3.24 - 6.92 mm. By 6 minutes, the pH at the cathode-end of the CA paper drops 

at 8.9, while the pH at the anode-end of the CA paper remains the same. The pH gradient 

is milder at the cathode-end at this point and the pH inflection zone extends between 11.75 

- 21 mm. Moving from 6 to 8 minutes, the pH distribution over nearly half of the CA paper 

(cathode-side) remains the same, but the pH at the anode-end rises to close to 8.5. The pH 

inflection zone shifts very close to the anode-end (15.16 - 19.90 mm) of the CA paper.  At 

the end of 10 minutes runtime, the only observed change in pH distribution that the increase 

in pH of the anode-end to 8.61 and the pH inflection zone is no longer visible. 

4.4.4 Effect of Pre-Treatment 

The treatment process described before (section 2.5) affects the electro-migration 

across the CA paper significantly. Figure 4.5 shows a comparison of the pH distribution 

over the CA paper between a pre-treated and an untreated CA paper.  Figure 4.5A&B 

shows the pH distribution over an untreated CA paper, whereas, Figure 4.5C&D shows 

the pH distribution over a pre-treated CA paper. Test for both cases were run at 250V. The 
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results show that the pH at the cathode-end of the CA paper remains somewhat constant 

over the period of the time. The anode-end of the CA paper shows the usual drop in pH, as 

it was observed for the untreated paper (Figure 4.5C). The quantitative results (Figure 

4.5B&D) reflects this contrast of pH distribution between a pre-treated and untreated CA 

paper (Figure 4.5E).  

At the initial stage of the test, the observed change in pH distribution for a pre-

treated CA paper was a pH increase at the cathode-end (pH 8.8) and a smooth pH gradient 

of 0.10/mm extending over a region of 5 mm. The remaining of the CA paper has an 

average pH of 8.3. After 4 minutes runtime, the pH at both ends (cathode and anode) 

remains the same. However, there is a pH gradient of 0.05/mm extends from the cathode-

end to the mid-section (11.3 mm) of the CA paper, which is followed by a gradual pH 

increase of 0.01/mm extending up to the anode-end of the CA paper. For the remaining of 

the test, the pH at the cathode end of the CA paper remains stable. The pH at the anode-

end of the CA paper slightly drops from 8.2 to 8.1 (from 6 to 8 minutes) and rises back to 

8.2 at 10 minutes of runtime. The pH gradient over the CA paper during 6 to 10 minutes 

shows a somewhat smooth pH gradient. 

4.4.5 Runtime Thermal Assessment 

Electrophoresis being an electrochemical process, the runtime heat generation 

comes as an inherent challenge for any electrophoretic system.  The role of temperature 

increase can be positive and negative at the same time. For electrophoretic separation, 

increased temperature causes an increase in the electrophoretic mobility of the charged 

entities, resulting in a faster separation. On the other hand, when the charged entities are 
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biological samples, the effect of temperature increase can be detrimental due to 

degradation, denaturation of the sample. The electrophoretic mobility of such degraded and 

denatured samples differ from the non-degraded samples, and in addition to the altered 

mobility, the increased temperature also causes distortion of the separated bands. The 

degree of these undesired effects depends on the degree of temperature increase. Figure 

4.7 shows the runtime temperature change and the thermal distribution over the CA paper 

during a test. Figure 4.7A shows the time-lapse of temperature distribution over the CA 

paper for a test (run at 250V). The temperature distribution data, acquired by the thermal 

camera (FLiR One) at an interval of 30 seconds and analyzed by the thermal image analysis 

software (FLiR Studio), was then calibrated using the calibration plot (Figure 4.6B) 

described in the previous section. The analyzed thermal data was plotted for a set of equally 

spaced points (at 2.5, 7.5, 12.5, 17.5, 22.5, and 27.5 mm along with the CA paper) along 

the midline (longitudinal) of the CA paper (Figure 4.7B). The analysis of the thermal 

imaging data revealed there is an initial phase (phase I) during the test when the 

temperature is rising, which is followed by another phase (phase II) where the temperature 

increase reaches its peak and then undergoes a small drop (Figure 4.7B). Following the 

later phase, there is the final phase (phase III) where the temperature of the CA paper shows 

a slowly decaying pattern, and the rate of decay depends on the location of the points. At 

the beginning of the test, the average temperature over the CA paper is 26.3C. After 30 

minutes, the temperature over the CA paper rises to an average of 54.6C (maximum: 

75.3C, and minimum: 48.2C) (Figure 4.7B).  The phase II, where the temperature 

reaches a peak and drops then slightly drops, extends between 1.5 - 2.5 minutes of the 

runtime. The maximum temperature reached during this phase is 65.3C and the minimum 
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temperature is 54.7C. The location of the maximum temperature or the “hot spot” is 

located at the midsection of the CA paper (Figure 4.7A, 2 min). During the final phase, 

the location the hot spot moves closer to the anode-end of the CA paper (Figure 4.7A, 6-

10 min) and the temperature of the hot spot drops from 59.8 to 55.9C (Figure 4.7B).  

The runtime thermal assessment for the test, where pre-treated CA paper was used, 

depicts a slightly different picture (Figure 4.7C&D). The degree of temperature increase 

and the trend of the thermal profile is much smoother for the case of pre-treated CA paper 

(Figure 4.7D). For pre-treated CA paper, the initial phase (phase I) of temperature increase 

is present, but the temperature (average: 36.2C) is less than what has been observed for a 

test performed with untreated CA paper (56.4C). The phase where a distinct peak of 

temperature rise was observed (phase II for untreated CA paper) is not present for in case 

pre-treated CA paper. The initial phase of temperature increase is followed by a phase 

where the temperature over the CA paper shows a location-dependent trend were - (i) a 

slowly rising temperature, (ii) steady temperature, and (iii) steady drop of temperature was 

observed from the anode-end to the cathode-end of the CA paper. The presence of a shifting 

hot spot is observed for the CA paper for pre-treated CA paper as well. But the temperature 

magnitude of the hot spot is lower for pre-treated CA paper compared to the untreated CA 

paper (Figure 4.7F). There a drop in the hot spot temperature for the pre-treated CA paper 

test and the drop in temperature at 2, 3, 4, 5, 6, 7, 8, 9, and 10 minutes are 18.5C, 12.2C, 

9.0C, 8.9 C, 6.8C, 6.5C, 5.3C, 4.8C, and 3.0C, respectively. 
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4.5 Discussion and Conclusion  

A method for image-based dynamic tracking of runtime pH change and another 

method for assessment of runtime temperature distribution on the separation medium for a 

paper-based microchip electrophoresis system has been presented. The presented method 

for dynamic tracking of runtime pH change showed a distinct shifting pH gradient over the 

paper with time. The dynamic tracking of runtime pH shows a greater pH shift toward a 

higher alkaline pH at the cathode-end of the paper compared to the decrease in pH value at 

the anode end of the paper. The source of this dynamic pH shift is the change in the 

concentration of H+ and the OH ions, caused by the electrochemical reaction at the 

electrode surface. The electrode used in the HemeChip cartridge design is large and no 

treatment or preventive measures are embedded in the cartridge design. Thus the large 

exposed electrode surface can significantly change the H+ and the OH ion concentration. 

The effect of the change in the H+ and the OH ion concentration on the separation medium 

i.e. the cellulose acetate paper is manifested due to their ionic migration. The ionic 

migration of these species is also dependent on the applied field strength and the longer the 

process continues, the interaction of the ionic migration of these two species tends to 

alleviate. This is why, after 10 minutes of run-time at 250 volts, the pH distribution over 

the extent of the cellulose acetate paper becomes more uniform. A similar trend is visible 

for the lower voltages (150 and 50 volt); however, it would require longer runtime to 

achieve this state. The runtime pH assessment also validated the effectiveness of a pre-

treatment process, developed for cellulose acetate paper. The pre-treatment of the cellulose 

acetate paper seems to reduce the increase in pH at the cathode-end but, the trend in pH 
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change at the anode-end deemed to be unaltered by the pre-treatment. But the overall 

change in pH across the CA paper decreases due to the pre-treatment of the paper. 

The dynamic assessment of the runtime thermal distribution over the cellulose 

acetate paper also reveals a characteristic trend on the thermal state of the process. The 

temperature variation, mapped across the cellulose acetate paper, demonstrated three 

distinct phases. The initial phase is defined by a sharp rise in temperature, which can go up 

to 50 ~ 50C (at 250 volts). The following phase represents a stabilization of the 

temperature increase, where the temperature increase reaches its peak and then starts to 

drop. The temperature variation at this phase is 15C, approximately. During the last and 

third phase, a spatial dependence in the drop of temperature is apparent. The cathode end 

of the cellulose acetate paper experiences a grated drop in temperature (~10C, at 250 

volts), while the anode-end of the paper barely experiences any drop in temperature. The 

dynamic mapping thus reveals the generation of the anode-biased hot spot on the cellulose 

acetate paper. The pre-treatment of the cellulose acetate paper also shows different 

characteristics in the run-time thermal state across the cellulose acetate paper. In contrast 

to the untreated cellulose acetate paper, the thermal distribution across the pre-treated 

cellulose acetate paper shows two distinct phases, instead of three - the initial rise and the 

spatially dependent temperature variation, or the generation of the anode-biased hot spot. 

The pre-treatment of the cellulose acetate paper also reduces the degree of the initial rise 

in temperature (~15C, at 250 volts). 

The general conclusion of the presented study is the runtime pH change across the 

paper, and its spatial distribution is dependent on the field strength. The pre-treatment of 
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the cellulose acetate paper reduces the shift in pH toward a more alkaline range. The 

runtime thermal assessment demonstrates a characteristic thermal distribution and 

variation (both spatial and temporal), and the pre-treatment noticeably alters the thermal 

distribution and variation across the cellulose acetate paper.  
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Chapter 5: International Multi-Site Testing and Clinical Validation of the Paper-

Based MicroChip Electrophoresis (MCE) System 

5.1 Abstract 

Nearly 7% of the world’s population lives with a hemoglobin variant. Hemoglobins 

S, C, and E are the most common and significant hemoglobin variants worldwide. The 

most prevalent variant, hemoglobin S, when inherited from both parents, results in sickle 

cell disease, chronic hemolytic anemia with significant morbidity and mortality. For 

example, in sub-Saharan Africa, where hemoglobin S is highly prevalent, nearly a quarter 

of a million babies are born with sickle cell disease each year. Less than half of these babies 

survive beyond five years of age due to delays in diagnosis and timely treatment. In this 

chapter, the validation of HemeChip, the first paper-based, microchip electrophoresis 

platform for identifying and quantifying hemoglobin variants easily and affordably at the 

point-of-care, has been described. HemeChip works with a drop of blood, automatically 

analyzes and displays the results, stores the test results, and wirelessly transmits them to 

an electronic database. The feasibility and high accuracy of HemeChip have been shown 

via testing 768 subjects by clinical sites in the United States, Central India, sub-Saharan 

Africa, and Southeast Asia. Validation studies include hemoglobin E testing in Bangkok, 

Thailand, and hemoglobin S testing in Chhattisgarh, India, and in Kano, Nigeria, where the 

sickle cell disease burden is the highest in the world. In this chapter, HemeChip has been 

presented as a versatile, mass-producible, microchip electrophoresis platform that enables 

rapid, affordable, quantitative, accurate, decentralized hemoglobin testing. 
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5.2 Introduction 

Globin gene disorders are among the world's most common inherited diseases. It is 

estimated that more than 7% of the world’s population carries globin gene variants, with 

the most prevalent being the β-globin gene mutations, βS or S, βC or C, and βE or E, taken 

together 178-180. Hemoglobin S is highly prevalent in sub-Saharan Africa 83 and in tribal 

populations of Central India 84. Hemoglobin C is common in West Africa 85, and 

hemoglobin E is common in Southeast Asia 86.  βS, βC, and βE all arise from a single point 

mutation in the β-globin gene 181-183.  

Homozygous sickle cell disease (Hb SS) causes the highest morbidity and mortality 

among hemoglobin disorders 184. Variant SCD arises when these mutations are inherited in 

a heterozygous manner, such as with another β-globin gene mutation, such as Hb SC or Hb 

Sβthal+/0. Approximately 70% of individuals with SCD have homozygous Hb SS, and over 

25% have compound heterozygous Hb SC or Hb Sβthal+/0 181.  

In SCD, abnormal polymerization of deoxygenated hemoglobin S makes red blood 

cells (RBCs) stiff, changes membrane properties, alters the shape, and triggers deleterious 

activation of inflammatory and endothelial cells 185-187. Sickled RBCs are non-deformable 

and adhesive in the microcirculation 95,110,188-191, particularly in parts of the body where the 

oxygen tension is relatively low, such as the kidney or spleen 186,189,192,193. Abnormally 

shaped RBCs result in microvascular occlusion and a vicious cycle of enhanced sickling, 

hemoglobin desaturation, and further vascular occlusion 194-196. In childhood, recurrent 

splenic infarction from sickled RBCs increases the risk for life-threatening infections 

82,183,197-199. In addition, young children with SCD are at risk of life-threatening cerebral 
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vasculopathy 82. Afflicted patients who survive to adulthood can suffer both acute and 

chronic painful crises as well as cumulative organ damage and early mortality 82,200. 

Infections, stroke, and numerous other SCD-related complications can be mitigated by 

newborn/neonatal screening and comprehensive medical care 82,201,202.  

Individuals who inherit one copy of hemoglobin S and one copy of the normal 

hemoglobin A (Hb AS) have sickle cell trait. Individuals who carry one copy of 

hemoglobin S, C, or hemoglobin βthal+/0 may have offspring with a hemoglobin disorder, 

depending upon the Hb composition of their partner 107.  

Hemoglobin E decreases expression of the β-globin gene and results in an increased 

sensitivity to oxidative stress 86,203. Individuals with hemoglobin E trait (Hb AE or Hb E 

Trait) are asymptomatic, and homozygous hemoglobin E (Hb EE or Hb E Disease) causes 

mild microcytic anemia. However, hemoglobin E in combination with βthal (Hb Eβthal+/0) 

causes thalassemia of varying severity 87. Hemoglobin SE disease is clinically similar to 

Hb Sβthal, but rarely seen due to the geographical separation of these variant globin genes 

87,88. However, with increasing migration, these unusual combinations of these globin 

variants are expected to be encountered more frequently 87,88.  

Regardless of their geographic origin, all of these common hemoglobin variants 

need to be screened for, so that individuals with the disease can be diagnosed early and 

managed in a timely manner. Newborn/neonatal screening, currently available in resource-

rich countries, is needed for optimal management of hemoglobinopathies worldwide 204-

206. For example, in high-income countries, which have less than 1% of the global disease 

burden, over 90% of babies born with SCD survive into adulthood due to established 
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national screening programs and comprehensive care 82.  In contrast, in low-income 

countries, due to lack of nationwide screening and comprehensive care programs, up to 

80% of babies born with SCD are undiagnosed and less than half of them survive beyond 

5 years of age 82. 

In resource-rich countries, standard clinical laboratory tests (high-performance 

liquid chromatography (HPLC) and hemoglobin electrophoresis) are typically used to 

establish and confirm the diagnosis of hemoglobin disorders 107. Additionally, genetic 

testing can be used to precisely identify these globin gene mutations. Most of the genetic 

tests are based on polymerase chain reaction assays 108. These advanced laboratory 

techniques require trained personnel and state-of-the-art facilities, which are lacking or in 

short supply in resource-limited countries, where the prevalence of hemoglobin disorders 

is the highest 82. Furthermore, these tests are costly in terms of time, labor, and resources 

95,109. For example, it may take days to weeks to receive the hemoglobin test results from 

centralized clinical laboratories in resource-limited countries 109. Further, when screening 

is conducted in remote areas, locating those who test positive may be challenging to 

impossible 94,95,109. Therefore, there is a need for affordable, portable, easy-to-use, accurate 

point-of-care tests to facilitate decentralized hemoglobin testing in resource-constrained 

countries 82,110. 

In this chapter, the clinical validate HemeChip, for common hemoglobinopathies, 

has been presented and benchmarked against the reference standards in 768 subjects in the 

United States, sub-Saharan Africa, Central India, and Southeast Asia. Tests were 

performed by local users, including healthcare workers and clinical laboratory personnel. 
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Clinical validation studies include hemoglobin E testing in Bangkok, Thailand; and 

hemoglobin S testing in Jagdalpur, Chhattisgarh, India, and in Kano, Nigeria, where the 

SCD burden is the highest in the world 92,207,208. In clinical validation studies, HemeChip 

correctly identified all subjects with SCD-SS, SCD-SC, SCD Trait, hemoglobin E Disease, 

and hemoglobin E Trait with 100% sensitivity. HemeChip displayed an overall diagnostic 

accuracy of 98.4% in comparison to reference standard methods for all hemoglobin 

variants tested. 

5.3 Methods 

5.3.1 Clinical Study Design and Participants 

Clinical study design, study participants, sample size calculation (Table 5.1), and 

details on test methods are described according to the Standards for Reporting Diagnostic 

Accuracy (STARD) 2015 guidelines 209. Institutional Review Board (IRB) approved study 

protocols included the following common objectives: to validate HemeChip technology as 

a point-of-care platform for hemoglobin testing, to compare the screening results obtained 

from HemeChip with that obtained from laboratory electrophoresis and/or HPLC as the 

standard reference methods, to determine the diagnostic accuracy of the test including 

sensitivity and the specificity, and to determine the feasibility of using HemeChip as a 

point-of-care testing platform in low and middle-income countries (results presented in 

Table 5.2-5.4). Approvals were obtained from Institutional Review Boards at University 

Hospitals Cleveland Medical Center (UHCMC IRB# 04-17-15), University of Nebraska 

Medical Center (UNMC IRB# 754-17-CB), Amino Kano Teaching Hospital in Kano, 

Nigeria (AKTH/MAC/SUB/12A/P-3/VI/2102), the Kano State Ministry of Health in 
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Nigeria. (MOH/Off/797/T.I/377). The study was registered in the United States Library of 

Medicine’s ClinicalTrials.gov (Identifier: NCT03948516). The study protocol in India was  

 

Figure 5.1. Flowchart illustrating the clinical study data collection, test rejection, and 

reported result. A total of 768 children and adults were tested for hemoglobin disorders, 

in the US, sub-Saharan Africa, South and Southeast Asia. In Nigeria, 315 subjects (6 weeks 

to 5 years of age), in Thailand, 124 subjects (7 weeks to 63 years old), in India, 298 subjects 

(8 months to 65 years old), and in the US 31 subjects (20 to 59 years old) were tested, after 

obtaining Institutional Review Board approval at each site. Tests were performed by local 

healthcare workers and clinical laboratory personnel. Blood samples were tested with both 

HemeChip and with the locally applicable reference standard method, high-performance 

liquid chromatography or cellulose acetate Hb electrophoresis. Study design, methods, and 

results are presented according to the Standards for Reporting Diagnostic Accuracy 

(STARD). 
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Figure 5.2. HemeChip hemoglobin band separation and quantification. The top row 

are data distribution plots that show the hemoglobin band separation for homozygous 

subjects tested in: (A) the USA (9 HbSS) and Nigeria (13 Hb SS, 212 Hb AA), (B) Thailand 

(15 Hb EE, 50 Hb AA), and (C) India (11 Hb SS, 219 Hb AA). The middle row are data 

distribution plots for heterozygous subjects tested in: (D) the USA (7 Hb AS, 14 Hb SC) 

and Nigeria (60 Hb AS), (E) Thailand (57 Hb AE), and (F) India (60 Hb AS, 7 Hb SF, 1 

Hb AF). The horizontal lines between hemoglobin positions represent statistically 

significant differences based on one-way Analysis of Variance (ANOVA) with Tukey post-

hoc test for multiple comparisons, where applicable. In whisker plots, brackets represent 

the standard deviation of the mean, and boxes represent standard error of the mean. The 

lower row is Bland-Altman analysis plots comparing HemeChip with reference standard 

method (HPLC) for hemoglobin percentage quantification for the heterozygous subjects 

tested in the USA and in Nigeria (G), Thailand (H), and India (I). In Bland-Altman plots, 

the solid line indicated the mean difference and dashed lines indicate 95% limits of the 

agreement defined as mean difference ± 1.96 times standard deviation (SD). 
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Table 5.1: Sample size calculation for clinical studies 

   Nigeria India Thailand 

Prevalence estimate P 0.030 210 0.027 211 0.087 212 

Width of the 95% CI: 10% W 0.10 0.10 0.10 

Sensitivity expected: 98% SN 0.98 0.98 0.98 

Specificity expected: 98% SP 0.98 0.98 0.98 

Statistical constant, 1.96 for 95% CI Zalpha 1.96 1.96 1.96 

 

Number with disease, True Positive + 

False Negative 
TP+FN 8 8 8 

Sample size required for sensitivity 213 N1 251 279 87 

 

Number without disease, False Positive + 

True Negative 
FP+TN 8 8 8 

Sample size required for specificity 213 N2 8 8 8 

Minimum sample size (greater of N1 and N2): 251 279 87 

 

Minimum sample size total: 616 

     

approved by the institutional ethical committee of ICMR (Indian Council of Medical 

Research) National Institute of Research in Tribal Health, Jabalpur, Madhya Pradesh, India 

(Letter vide no. NIRTH/IEC/1153/2017). The study protocol in Thailand was approved by 

the Siriraj Institutional Review Board (SiRB Protocol no. 906/2561(EC1)). 
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Clinical sample size estimation was based on published methods by incorporating 

disease prevalence into sample size calculation 214 with 95% confidence interval and with 

estimated sensitivity and specificity of 98% (Table 5.4). The estimated SCD-SS 

(homozygous S) disease prevalence in the study population in Nigeria was 3% 210, which 

resulted in a minimum sample size of 251. SCD-SS prevalence was estimated at 2.7% in 

Central India 211, which resulted in a minimum sample size of 279 in India. In Bangkok,  

 

Figure 5.3. Hemoglobin F separation and identification in HemeChip. (A) The 

separation between hemoglobins A, F, and S can be used to distinguish Hb AS and Hb SF 

samples. The separation between Hb S and Hb F is significantly less than the separation 

between Hb A and Hb S. (B) A typical Hb SF result with 1.87 mm separation between S 

and F hemoglobin bands. (C) A typical Hb AS result with a 3.88 mm separation between 

A and S hemoglobin bands. 
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Thailand, since homozygous Hb E disease prevalence is low (1.8%), A combined 

homozygous and heterozygous Hb E (with or without α-thalassemia) prevalence estimated 

was 8.7% 212, which resulted in a minimum sample size of 87. 

 Table 5.2: Overview of clinical studies with HemeChip 

 Total Valid tests Uninterpretable 

tests 

Inconclusive 

tests 

Subjects and 

tests 

768 732 24 12 

Percentage 100% 95.3% 3.1% 1.6% 

768 subjects were tested in clinical studies with HemeChip and the reference standard 

method.  

315 subjects (6 weeks to 5 years old) were tested in Kano, Nigeria, by local users.  

124 subjects (7 weeks to 63 years old) were tested in Bangkok, Thailand, by local users.  

298 subjects (8 months to 65 years old) were tested in Jagdalpur, Chhattisgarh, India, by 

local users. 

31 subjects (20 to 59 years old) were tested in Cleveland, Ohio, United States, by the 

research team. 

 

In the first clinical study, 315 children (6 weeks to 5 years of age) were tested in 

Kano, Nigeria. Study participants were enrolled as part of the existing Community-

Acquired Pneumonia, and Invasive Bacteremia Disease study at three government 

hospitals, Amino Kano Teaching Hospital, Murtala Muhammad Specialist Hospital, and 

Hasiya Bayero Pediatric Hospital. Inclusion criteria for the Nigeria study included: 6 weeks 

to 5 years of age, fever or hypothermia and one of the following conditions: prostration, 

excessive crying, poor feeding, altered consciousness, convulsion, difficulty breathing, 

profuse vomiting, diarrhea, and a provision of signed and dated informed consent by the 
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parent or guardian. Exclusion criteria for the Nigeria study included parent or child 

choosing to opt-out of the study after initial consent and blood transfusion within 3 months 

of the study enrollment. In Cleveland, Ohio, 32 adult participants were recruited to the 

study as part of an ongoing clinical trial (ClinicalTrials.gov Identifier: NCT02824471). The 

main purpose of the clinical study in Cleveland was to test SCD-SC blood samples, which 

are rare in Nigeria and India. 

Table 5.3: HemeChip diagnostic accuracy in comparison to reference standard method. 

Category Hemoglobin type Correct Incorrect Accuracy 

SCD-SS  Hb SS 33 0 100% 

SCD-SC Hb SC 14 0 100% 

SCD Trait Hb AS 129 0 100% 

Hb E Disease Hb EE 15 0 100% 

Hb E Trait Hb AE 57 0 100% 

Normal (no abnormal 

Hb) 

Hb AA 472 9* 98.1% 

SCD-Sβ+, SCD-Sβ0 Hb SAA2, Hb SFA2 0 3† - 

All categories - 720 12 98.4% 

*Nine subjects with normal hemoglobin (Hb AA) were identified as SCD by HemeChip. 

†Three subjects with compound heterozygous Sβ-thalassemia+/0 were identified as SCD by 

HemeChip. 

 

In the second clinical study, 124 subjects (7 weeks to 63 years old) were tested in Bangkok, 

Thailand, by local laboratory personnel. Surplus blood samples were obtained from 

patients undergoing clinical laboratory testing at Siriraj Hospital in Bangkok. Hb AA, Hb 

AE, and Hb EE (with or without alpha-thalassemia) samples were identified by laboratory 
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personnel using a combination of complete blood count, low-pressure liquid 

chromatography (LPLC) or HPLC, and clinical history of hemoglobin disorders. Inclusion 

criteria for the Thailand study included: any age or gender, residual blood sample available 

with a known date of collection within 1 month, and predicted hemoglobin types of Hb 

AA, Hb AE, or Hb EE. Exclusion criteria for the Thailand study included: unknown date 

of sample collection, blood sample older than 1 month at the time of use, any findings on 

complete blood count, LPLC or HPLC, or clinical history to suggest the presence of a beta-

globin variant other than Hb E, such as a high quantitative Hb A2 in the range suggestive 

of beta-thalassemia. 

 

Table 5.4: HemeChip diagnostic sensitivity, specificity, positive predictive value (PPV), 

and negative predictive value (NPV) in comparison to reference standard method. 

  
SCD-SS 

vs. others 

SCD-SC 

vs. others 

SCD 

Trait vs. 

others 

Hb E 

Disease 

vs. others 

Hb E 

Trait vs. 

others 

True positive, TP 33 14 129 15 57 

True negative, TN 687 706 591 705 663 

False Positive, FP 9 0 0 0 0 

False negative, FN 0 0 0 0 0 

Sensitivity,  

TP/(TP + FN) 
100.0% 100.0% 100.0% 100.0% 100.0% 

Specificity,  

TN/(TN + FP) 
98.7% 100.0% 100.0% 100.0% 100.0% 

PPV, TP/(TP + FP) 78.6% 100.0% 100.0% 100.0% 100.0% 

NPV, TN/(TN + FN) 100.0% 100.0% 100.0% 100.0% 100.0% 
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In the third clinical study, 298 subjects (8 months to 65 years old) were tested at a 

referral testing facility of ICMR-National Institute of Research in Tribal Health located at 

Late Baliram Kashayap Memorial Medical College, Jagdalpur, Chhattisgarh, India. 

Inclusion criteria included: subjects of 6 weeks or older, with or without the signs and 

symptoms of pallor, jaundice, abdominal pain, joint pain, and provision of a signed 

informed consent (either by the subject or by the parent as appropriate if the subject is a 

minor). Subjects who withdrew their consent after enrolling were excluded from the study. 

5.3.2 Blood Sample Acquisition and Testing 

In all clinical studies, blood samples were collected as part of the standard clinical 

care, and only surplus de-identified blood samples were utilized for testing. The whole 

blood samples were tested with both HemeChip and the reference standard HPLC 

(VARIANT™ II, Bio-Rad Laboratories, Inc., Hercules, California) in Cleveland, Ohio, 

Nigeria, and Thailand. In India, blood samples were tested with both HemeChip and the 

standard laboratory-based reference standard cellulose acetate electrophoresis, followed by 

HPLC testing for discordant results. HPLC and cellulose acetate electrophoresis 

procedures were performed according to manufacturer’s guidelines. HPLC was considered 

to be the reference standard for our comparisons. In any disagreement between HemeChip, 

cellulose acetate electrophoresis and HPLC, HPLC result was considered to be correct. 

HPLC %Hb results were normalized to a total of 100% for the cases in which the 

summation of reported Hb% values were less than 100%. In India, hemoglobin percentage 

values were reported for only Hb S, A2, F by the standard reference laboratory, hence the 

balance percentage was assumed to be Hb A. The HemeChip reader guides the user step-



106 
 
 

by-step through the test procedure (Fig. S6) with animated on-screen instructions to 

minimize user errors. Local users were trained to use a custom-designed micro-applicator 

(Fig. S7), which is included in a kit (Fig. S8) with graphical instructions for use (Fig. S9). 

Hemoglobin identification and quantification is automatically performed with custom 

software on the reader and results are reported to the user in a clear and objective way (Fig. 

S10-S14).  

Clinical information and reference test results were not available to the performers 

of the test or the study team at the time of testing. Similarly, HemeChip test results were 

not available to the performers of the standard reference tests. In Nigeria, HemeChip tests 

were performed on eHealth Africa campus in Kano, Nigeria, by local healthcare workers 

using blood samples collected at the nearby Hasiya Bayero Pediatric Hospital, Murtala 

Muhammad Specialist Hospital, and Aminu Kano Teaching Hospital. Clinical standard 

(HPLC) testing was done independently by the International Foundation Against Infectious 

Disease in Nigeria (IFAIN, Abuja, Nigeria) for the blood samples obtained in Kano. In 

Cleveland, Ohio, HemeChip tests were performed at Case Biomanufacturing and 

Microfabrication laboratory by the research team members. HPLC testing was done 

independently by the University Hospitals Cleveland Medical Center Clinical Laboratories 

(Cleveland, Ohio) for the blood samples obtained in Cleveland. In Thailand, HemeChip 

tests were performed at Siriraj Thalassemia Center by local laboratory personnel. 

Reference standard testing (HPLC) was independently performed at ATGenes Co. Ltd. 

(Bangkok, Thailand). In India, HemeChip tests and standard reference cellulose acetate 

electrophoresis tests were performed by local laboratory personnel at the testing facility of 

ICMR-National Institute of Research in Tribal Health located at Late Baliram Kashyap 
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Memorial Medical College located at Jagdalpur, Chhattisgarh, and HPLC testing was 

performed at the central laboratory of ICMR-National Institute of Research in Tribal 

Health, Jabalpur, Madhya Pradesh, India. 

5.3.3 Statistical Methods 

Hemoglobin band separation data were analyzed statistically using a one-way 

Analysis of Variance (ANOVA) test with p-value set at 0.001 for statistically significant 

difference (Fig. 6A-F). Tukey post-hoc test was used for multiple comparisons, where 

applicable. Hemoglobin percent quantification agreement between HemeChip and the 

reference standard method (HPLC) was assessed by Bland-Altman analysis for 

heterozygous samples tested (Fig. 6G-I). For homozygous samples tested, Bland-Altman 

analysis was not performed, since for such samples, both HemeChip and the reference 

standard method display only one Hb%, which is greater than 90%. The Bland-Altman 

method was used to determine the repeatability of HemeChip quantification using residual 

analysis by comparison to the standard method. The coefficient of repeatability was set as 

1.96 times the standard deviations of the differences between the two measurements. 

Diagnostic accuracy of the HemeChip test in comparison to HPLC was determined as the 

percent ratio of correct test results and summation of correct test results and incorrect test 

results for a hemoglobin variant category (Table 5.3). Sensitivity was determined as the 

ratio of true positive results divided by the summation of true positive results and false 

negative results. Specificity was determined as the ratio of true negative results divided by 

the summation of true negative results and false positive results (Table 5.4). Sensitivity, 

specificity, positive predictive value (PPV), and negative predictive value (NPV) were 
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analyzed and reported for binary pairs of SCD-SS vs. others, SCD-SC vs. others, SCD 

Trait vs. others, Hb E Disease vs. others, Hb E Trait vs. others (Table 5.3).  

5.4 Results 

5.4.1 International Multi-Site Clinical testing of HemeChip  

The clinical study results and HemeChip diagnostic accuracy, performed in the US, 

Nigeria, Thailand, and India has been reported in this chapter (Table 5.3) 209. A detailed 

description of the study design, participants, test methods, in these studies, the HemeChip 

test results included the following: Hb SS, Hb SC, SCT (Hb AS), homozygous Hb E (Hb 

EE), Hb E Trait (Hb AE), and Normal adult Hb (Hb AA). HemeChip identified these Hb 

variants with 100% accuracy (Table 5.3). Nine subjects with no abnormal Hb (Hb AA) 

were misidentified as Hb SS. Three subjects with compound heterozygous S-thalassemias 

(2 subjects with Hb Sβ+, 1 subject with Hb Sβ0) were identified as Hb SS by HemeChip. 

Sensitivity and negative predictive value (NPV) was 100% for all hemoglobin types tested 

(Table 5.4). Specificity was 98.7% for Hb SS vs. others, and 100% for all other types. The 

positive predictive value was 78.6% for Hb SS vs. others, and 100% for all other types.  

‘Valid’, ‘Uninterpretable’, and ‘Inconclusive’ tests were defined according to 

published recommendations in literature 215 and STARD guidelines 209. A ‘Valid’ test was 

defined as a test that performed as expected according to objective standards, such as the 

normal movement of the blue control marker (Figure 2.2&2.4). An ‘Uninterpretable’ test 

was defined as a test that failed to produce any results, and that did not meet the minimum 

set of objective criteria that constitute a valid or adequate test, e.g., poor migration of the 

blue control marker, electrical connectivity issues, or faulty cartridges. An ‘Inconclusive’ 
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test was defined as a test that performed adequately according to an objective set of 

standards, such as the satisfactory movement of the blue control marker and appearance of 

Hb bands, but the test algorithm could not make an identification of Hb types present. 

Reasons for ‘Inconclusive’ tests include the appearance of a band or bands at or close to 

the borderline region between two adjacent detection windows (Figure 5.2A-C). An 

‘Uninterpretable’ or ‘Inconclusive’ test can be recognized by the image analysis algorithm. 

In addition to the ‘Valid’, ‘Uninterpretable’, and ‘Inconclusive’ tests reported here, a 

number of tests were not included in the data analysis due to missing reference standard 

results, sample labeling errors, and the use of samples for training or algorithm 

development.  

Among the total 768 test results reported here, 732 tests were ‘Valid’ (95.3%), 24 

tests were ‘Uninterpretable’ (3.1%), and 12 were ‘Inconclusive’ (1.6%) (Table 5.2). An 

‘Uninterpretable’ or ‘Inconclusive’ test does not result in a diagnostic decision 215. As such, 

when an ‘Uninterpretable’ or ‘Inconclusive’ test is encountered, the test can be repeated, 

or other methods of testing can be utilized, which are common practices in diagnostics 215, 

as well as in hemoglobin testing 111,112. Therefore, based on recommended practices in the 

literature 215 and the STARD guidelines 209, the uninterpretable and inconclusive test results 

were reported separately in this study (Table 5.2).  

For studies reporting diagnostic accuracy, one of the recommendations in the 

published guidelines is that inconclusive results are excluded from binary statistics (i.e., 

sensitivity and specificity analyses), but an additional summary statistic is reported that 

accounts for them 215. Based on these recommendations, if the twelve inconclusive results 
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are considered as incorrect, then the overall diagnostic accuracy of HemeChip is 96.8%. 

When the inconclusive results are reported separately according to the published guidelines 

209,215, the overall diagnostic accuracy of HemeChip is 98.4% in identifying Hb SS, Hb SC, 

Hb AS (SCT), Hb EE, Hb AE, and Hb AA (Table 5.3). 

5.5 Discussion and Conclusion 

Hemoglobinopathy screening after birth is mandated by all 50 states in the United 

States and in the District of Columbia, as well as in many other developed states, including 

The United Kingdom and France 96,98-101. Newborn screening programs in the United States 

and other developed countries typically utilize blood spots collected on special filter paper 

cards for screening. Once the samples are collected, they are shipped to centralized 

laboratories, where eluates from the dried blood spots are used for testing 98,102,103. While 

decentralized blood sample collection and centralized testing work in developed countries, 

this approach is not practical in resource-limited regions due to the logistical and 

infrastructural challenges. Hemoglobinopathy screening studies conducted in low-resource 

settings, using centralized laboratories, have reported up to 50% lost to follow-up 104-106. 

Screening for Hb disorders is not currently feasible in many low-income countries 

with high disease burden 82. In sub-Saharan African countries 83, and in tribal populations 

of central India 84, where hemoglobinopathies have the highest prevalence 82, hundreds of 

thousands of undiagnosed afflicted babies are born each year 89-91. For example, in Nigeria, 

where the occurrence of SCD is the highest in the world, approximately 24% of the 

population carry βS (i.e., SCT, Hb AS) and the prevalence of Hb SS is up to 20-30 per 1000 

births, or at least 150,000 children born with the disease every year 92. An estimated 50-
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90% of these babies die before age 5, in part because they are not diagnosed and hence not 

treated 89,93-96. It is projected that by 2050, about 400,000 babies will be born with SCD 

annually worldwide 82,97.  

In SCD, the WHO estimates that more than 70% of SCD related deaths are 

preventable with early diagnosis and widely available cost-efficient interventions (e.g., 

pneumococcal vaccinations, daily penicillin, hydroxyurea) 82,91,96,198,199,216-220. For 

example, hydroxyurea use has been shown to reduce the vaso-occlusive crises, stroke, 

infections, malaria, transfusions, and death in children with SCD, warranting the need for 

wider access to this treatment 82,217-220. Hydroxyurea treatment has been shown to be 

feasible, safe, and effective in children with SCD living in India 221 and in sub-Saharan 

Africa 82,217,222,223. However, the realities of resource-limited environments demand a 

fundamentally different approach to diagnosis: one that is affordable, portable, and easily 

administered by entry-level healthcare workers in local health service settings or in rural 

areas at the point-of-need 94,95,109. Importantly, test results must be available while the 

patient is still present so that the diagnosis can be given to the patient or legal guardian(s) 

immediately, and the treatment and education can begin without losing the patient to 

follow-up. Standard clinical methods for hemoglobin testing, such as HPLC and bench-top 

electrophoresis, are usually run in batches, which delays the results to patients and requires 

a central laboratory with highly trained personnel. In addition, these tests require 

infrastructure to handle remote patients, which involves collection and transportation of 

blood samples 224 and resources to locate patients, maybe weeks later, to report results 

94,95,109,225. Since a HemeChip test is completed within ten minutes and can be run at the 

point-of-care, the results would be available during a patient’s visit. Furthermore, the 
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compact design of the HemeChip allows portability for decentralized testing and use at the 

point-of-need, which eliminates blood sample transfer to central laboratories.  

HemeChip combines the benefits of standard hemoglobin electrophoresis with the 

benefits of a point-of-care test. HemeChip technology has a number of fundamental 

differences and unique features when compared to standard hemoglobin electrophoresis 

techniques. For example, HemeChip replaces the benchtop laboratory setup 111,112 with a 

portable reader and replaces the hemoglobin controls 111,112 with a blue control marker 

(Figure 2.2&2.4). HemeChip provides hemoglobin type identification and quantitative 

results of relative hemoglobin percentages (Figure 2.5). The overall simplicity of the 

HemeChip enables any user to quickly and accurately screen for SCD and other 

hemoglobin disorders. The user is guided through the step-by-step process with on-screen 

animated instructions, which minimizes errors (Figure 3.6). HemeChip does not require a 

dedicated lab environment and battery operation allows use in remote places lacking 

electrical power. These critical features distinguish HemeChip from currently available 

laboratory methods (Table 3.1) and other emerging point-of-care technologies for 

hemoglobin testing (Table 3.2). 

Clinical studies with HemeChip in the US, sub-Saharan Africa, Central India, and 

Southeast Asia demonstrated high sensitivity and specificity hemoglobin variants S, C, and 

E. Current practice in resource-constrained settings is that all positive Hb variant test 

results (e.g., Hb SS) are confirmed with a secondary method prior to final diagnosis and 

treatment 226. Therefore, all Hb SS tests would undergo secondary confirmation to rule out 

false positive tests. Further, with lessons learned in the first clinical studies in the US and 
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Nigeria, we significantly improved the test accuracy, specificity, and reduced the ratio of 

inconclusive and uninterpretable tests in Thailand and India.  In Thailand and India, we 

minimized the fraction of faulty cartridges with better quality control and improved the 

image analysis algorithm utilizing normalization procedures on band migration. These 

improvements eliminated the inconclusive test results and false positives with better band 

separation (Fig. 5.2B&C) and increased the test specificity to 100% for Hb SS in India 

(Tables 5&6).  

Hemoglobin electrophoresis techniques share a common limitation. Some 

hemoglobin types appear in the same electrophoretic window, as they exhibit the same or 

similar electrophoretic mobility in a given condition. For example, in capillary zone 

electrophoresis, it can be challenging to quantify hemoglobin A2 in the presence of 

hemoglobin C, due to partial overlap between the two zones for these two hemoglobin 

types 121,122, which may be improved using curve fitting methods. Hemoglobin G and 

hemoglobin D are difficult to separate because they have identical migration in gel 

electrophoresis, in capillary electrophoresis, and they have overlapping elution times in 

HPLC. This sharing of detection window or peak overlapping is also a challenge for the 

reference standard method, HPLC, as well as its alternatives 121,123,124. For example, in 

HPLC, hemoglobin S elutes in the S window with 28 other hemoglobin variants, including 

10 other β-chain variants 125. A similar issue occurs in the A2 window for HPLC, where 

hemoglobin E and 18 other hemoglobin variants elude in the same window, and 13 of these 

18 variants are β-chain variants 125. A limitation of cellulose acetate paper-based 

electrophoresis is that hemoglobins C, E, and A2, co-migrate 111,112. With HemeChip, 

hemoglobins C, A2, and E are all detectable, but it is not possible to differentiate them 
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111,112. Therefore, instead of reporting Hb C or E or A2 individually, HemeChip reports 

hemoglobin C/E/A2. Since HemeChip provides quantitative results, the relative 

percentages of these hemoglobins can be used to make a distinction. For example, 

hemoglobin A2 is typically found at lower percentages (3-10%) in most subjects 112,227,228, 

whereas hemoglobin C is typically much higher (greater than 40% for Hb SC, greater than 

90% for Hb CC) 229. When hemoglobin C and hemoglobin A2 are both present in the same 

blood sample, the HemeChip shows the hemoglobin C percentage plus hemoglobin A2 

percentage 230. Clinical decision-making is not affected by this overlap, for Hb SC, Hb AC, 

or Hb CC results, but it is a limitation for detecting Hb Sβ-thalassemia and Hb Eβ-

thalassemia. The algorithm has not yet been trained to identify Sickle β-thalassemia 

variants; however, it categorizes them as SCD (Table 5.3). Furthermore, some hemoglobin 

variants display a distinct geographical prevalence and distribution. For example, 

hemoglobin C is highly prevalent in West Africa 231, while hemoglobin E is the most 

prevalent in Southeast Asia 86-89,203. The clinician can use the test location, the ethnicity of 

the subject, the hemoglobin percentage, and clinical history, to help differentiate between 

co-migrating Hb types. 

Hb F represents 50-95% of total Hb in newborn babies but declines significantly 

over the course of the first 6 months of life 232,233. At high levels, Hb F might mask Hb 

variants in the newborn 234. However, screening for hemoglobin variants can be integrated 

into established, highly effective immunization programs in low-income countries 82, 

which are typically initiated at 6-8 weeks of age 82,97. By this time, Hb F levels decrease 

sufficiently to allow identification of adult Hb variants. Non-β chain hemoglobinopathies, 

such as -thalassemia, are also major world-wide health problems in children, especially 
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in Asia. This technology is expected to detect additional hemoglobins, such as hemoglobin 

Bart’s or hemoglobin H, which are elevated in alpha thalassemia. 

HemeChip is the first accurate, cost-effective, quantitative assay for hemoglobin 

variant identification and analysis at the point-of-care. The HemeChip reader guides the 

user step-by-step through the test procedure with animated on-screen instructions to 

minimize user errors. Hb identification and quantification is automatically performed, and 

Hb types and percentages are displayed in an easily understandable, objective, and 

quantitative way. The HemeChip reader records the results of the test, and can wirelessly 

transmit the test results to a central electronic database if needed. HemeChip has been 

developed based on a versatile, mass-producible microchip electrophoresis platform 

technology that may address other unmet needs in biology and medicine that require rapid, 

decentralized hemoglobin or protein analysis, identification, and/or quantification. 

Despite SCD’s historical recognition of being the first discovered molecular 

disease, the technological advances for this disease have been slow 235. The promise of the 

development of accurate, low-cost, point-of-care diagnostics, especially for low-income 

countries, has come closer than ever before to being met with new technologies, such as 

HemeChip. HemeChip and its diagnostic promise will address the global health burden, 

help close the gap of information in our current state of science and healthcare delivery 

around hemoglobin diseases, and build space for further innovation and advancement for 

SCD and other hemoglobinopathies. Through multi-lateral partnerships with local 

governments, pharmaceutical companies, the technological industry, and university 

systems, the translation, implementation, and dissemination of affordable screening and 
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diagnostic technologies throughout countries with limited resources and infrastructure 

have the potential to change the paradigm of SCD, hemoglobin disorders, and global 

health.  
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Chapter 6: Summary and Future Direction 

Rapid, reliable, accurate, and cost-effective miniaturization of electrophoretic 

separation technology can facilitate a plethora of novel applications, especially for medical 

and clinical. Instant detection, early-stage diagnosis, portable and remote testing capability 

can revolutionize the healthcare as it is perceived today.  

HemeChip technology offers an original and innovative solution to POC diagnosis 

of hemoglobin variants (Hb A, F, S, C, and E). HemeChip is a low-cost, microchip 

electrophoresis device that can identify and quantify Hb types in a finger-prick volume of 

blood on a CA strip housed in a cartridge that has been designed for mass production. The 

test is rapid (<10 minutes), which includes sample preparation, Hb separation process, real-

time data collection, and analysis of the result, which is displayed to the user. 

Electrophoretic separations between different Hb types are visible to the naked eye through 

the optically clear HemeChip body, providing a visual interpretation of the results. 

Furthermore, the results of the quantitative analysis showed that the HemeChip 

hemoglobin percentages were comparable to HPLC, which is the gold standard in clinical 

practice. 

HemeChip is intended for use as a POC technology. To accomplish this objective, 

a fully portable, durable test platform with an easy-to-use interface (custom-built 

application) was developed, so that the HemeChip test may be performed in remote and 

low-resourced regions. The CASE-BML team, in collaboration with Hemex Health Inc., 

worked with a global team of engineers, physicians, and clinical experts to develop the 
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technology, identify global test sites, and conduct international multi-site clinical 

validation of the technology as a POC microchip electrophoresis platform. 

The standard clinical approaches for detecting hemoglobin disorders, such as 

HPLC and bench-top electrophoresis, are often run in batches, which delays the results to 

patients and also requires a laboratory with highly trained personnel. This delay is 

especially inopportune in areas that lack the infrastructure for tracking and contacting 

patients after they have left the healthcare facility. The relatively high resourced 

environments, where clinical standards, such as capillary electrophoresis and HPLC are 

available, the turnaround time for hemoglobin quantification for SCD patients can vary 

from a few days to a week or more. This is due to reasons that these processes are highly 

technical, require the processing of samples by highly trained personnel. When patients are 

undergoing treatment, such as blood transfusions, the immediate result is highly desired to 

have a quick turnout of a quantitative assessment for hemoglobin percentages of the 

patient. This quick assessment can facilitate the optimum level of transfusion. Since 

HemeChip has a rapid test time, patients can receive their results as soon as the test is 

completed. Furthermore, the compact design of the HemeChip allows portability and 

application at the POC, which can eliminate sample transfer to central laboratories and 

improves time to diagnose. 

The fundamental science of electrophoretic separation is the induction of charge of 

proteins due to the chemical environment (i.e., the pH) of the difference of the mobility of 

protein variants in a mixture. So, the understanding of the dynamic change of the runtime 

pH can provide a better understanding of the system and provide insights for system 



119 
 
 

development and process optimization. The runtime heat generation and dissipation also 

influence the system performance, as the increased temperature can assist quicker 

separation with elevated electrophoretic mobility, it can also damage sensitive analyte and 

electrophoretic support medium. The dynamic tracking of runtime pH and temperature 

change reveals the spatial and temporal pH distribution over the cellulose acetate paper and 

their relation to the test parameters. The dynamic assessment of the internal heat generation 

and thermal distribution of the HemeChip system also showed characteristic thermal 

distribution and their temporal evolution during the process. 

One noticeable consequence of the dynamic tracking of the runtime pH change is 

the development of the pre-treatment of the cellulose acetate paper, which proved to be 

effective for minimizing runtime pH variation across the separation medium. The pre-

treatment also seems to influence the thermal distribution and characteristic run-time 

behavior. The mechanism of minimizing the pH change and improving the thermal 

distribution and characteristic runtime behavior warrants further research.  

Future effort to understand the mechanism of minimizing runtime pH variation and 

the effect of paper pre-treatment on characteristic runtime thermal behavior can lead to 

improved system design, application-specific paper material development and application-

specific treatment and/or process development for existing paper which would result in 

improved separation resolution and limit of detection. The understanding of the spatial and 

temporal thermal distribution also holds the key to implement effective in-chip cooling for 

microchip electrophoresis. Future work to investigate these phenomena and their 

implementation would, in effect, provide improved microchip electrophoresis systems. 
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