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Abstract 

Microfluidics is a technology currently aiming to advance the medical devices 

currently available in the developing and developed world through simultaneously 

creating point-of-care devices which are “as good” or better than current methods at 

a cheaper production cost. To be able to diagnose diseases and infections quickly 

and affordably remains the aim of many researchers and the use microfluidics has 

advantages which plug this difficulty. However, one main gap in the research is to 

train users for these devices which give accurate results when compared to current 

methods. Described herein are three point-of-care devices which would not require 

specialist users and give no significantly different results from hospital methods. 

The aim of this project was to design, fabricate and use a microfluidic device made 

from filter paper as a cheaper alternative to current microfluidic devices already 

available. The creation of channels to direct the movement of fluid within the paper 

matrix was established by modifying a photolithography method, thereby providing 

hydrophilic channels surrounded by a hydrophobic barrier. 

A three dimensional device was constructed entirely from filter paper to incorporate 

the simultaneous removal, reduction and detection of iron(II) via 

bathophenanthroline detection for the determination of iron(II) levels in a patient, 

indicative of the nutritional state of the patient e.g. does the pateitn suffer from 

anaemia. This method was deemed accurate by comparing the results to a 

conventional laboratory method (spectrophotometer analysis) completed in a 

hospital pathology laboratory. No significant difference was observed between 

results received from the hospital and results found using the paper microfluidic 

device, 15 µM ± 0.6% SEM versus 15.5 µM ± 0.8% SEM respectively.  
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Two paper devices were developed to allow a quick and reliable measurement 

assessment of a patient’s renal function. The first for urea, as a simple colour 

change for a high or low readout of urea levels in serum samples, e.g. ≥ 150 µg/mL 

then an orange/red colour would be seen on the paper device, indicative of renal 

failure ≤ 150 ug mL-1. The second device used the Jaffe reaction on filter paper as a 

dipstick assay. No significant difference was observed between results received 

from the hospital and results found using the paper device 3.92 ± 1.2% versus 3.88 

mg mL-1 ± 0.6% respectively. 

These three devices fulfil the aims of the project outline by remaining simplistic to 

use and are cost effective in both the developing and developed world, whilst 

maintaining accuracy as seen in the results received from hospital pathology 

laboratories. 

 

 

 

 

 

 

 

 

  



iv | P a g e  
 

Contents 

Acknowledgements ________________________________________________ i 

Abstract __________________________________________________________ ii 

List of Figures. __________________________________________________ viii 

Equations ________________________________________________________ xii 

List of Tables. ___________________________________________________ xiii 

Abbreviations ____________________________________________________ xv 

Chapter 1: Introduction_____________________________________________ 1 

1.1 Microfluidics ______________________________________________________ 1 

1.2 Point of Care ______________________________________________________ 4 

1.2.1 Telehealth ______________________________________________________________ 7 

1.3 Paper Microfluidics ________________________________________________ 9 

1.3.1 Fabrication Methods ____________________________________________________ 12 

1.3.2 Types of Paper _________________________________________________________ 14 

1.3.3 Physical Properties of Paper _____________________________________________ 17 

1.3.4 Analysis with Paper _____________________________________________________ 21 

1.3.5 Three Dimensional Paper Devices ________________________________________ 23 

1.3.6 Advantages of Paper Microfluidics ________________________________________ 24 

1.4 Photolithography _________________________________________________ 25 

1.4.1 Negative Photoresist ____________________________________________________ 28 

1.4.2 Positive Photoresists ____________________________________________________ 30 

1.5 Colourimetric Assays _____________________________________________ 34 

1.5.1 Transition Metals in Coloured Complexes __________________________________ 38 

1.5.2 Condensation Reactions _________________________________________________ 39 

1.5.3 The Jaffe Reaction ______________________________________________________ 40 

1.6 Iron and Anaemia _________________________________________________ 42 

1.6.1 Transferrin _____________________________________________________________ 43 

1.6.2 Haemoglobin ___________________________________________________________ 45 

1.6.3 Anaemia _______________________________________________________________ 46 

1.6.4 1,10-Phenanthroline _____________________________________________________ 50 

1.6.5 Bathophenanthroline ____________________________________________________ 52 

1.7 The Kidneys and Renal Failure _____________________________________ 53 

1.7.1 Renal Failure ___________________________________________________________ 54 

1.7.2 Urea___________________________________________________________________ 58 

1.7.2.1The Jung Method ______________________________________________________ 59 

1.7.3 Human Metabolism of Creatinine _________________________________________ 60 

1.7.3.1 The Jaffe Reaction ____________________________________________________ 61 

1.8 Aims and Hypothesis _____________________________________________ 62 

Chapter 2: Experimental ___________________________________________ 64 



v | P a g e  
 

2.1 Fabrication of the Paper Device for Iron Analysis ____________________ 64 

2.1.1 Summary ______________________________________________________________ 64 

2.1.1 Materials _______________________________________________________________ 65 

2.1.1 Method ________________________________________________________________ 65 

2.2 Contact Angles ___________________________________________________ 68 

2.2.1 Summary ______________________________________________________________ 68 

2.2.1 Materials _______________________________________________________________ 70 

2.2.1 Method ________________________________________________________________ 70 

2.3 Colourimetric Detection of Iron Spectrophotometrically _____________ 70 

2.3.1 Summary ______________________________________________________________ 70 

2.3.1 Materials _______________________________________________________________ 71 

2.3.1 Method ________________________________________________________________ 71 

2.4 Colourimetric Detection of Iron on a Paper Device ___________________ 72 

2.4 .1 1,10-Phenanthroline Detection ___________________________________ 73 

2.4.1 Summary ______________________________________________________________ 73 

2.4.1 Materials _______________________________________________________________ 73 

2.4.1 Method ________________________________________________________________ 73 

2.4.2 Bathophenanthroline Detection __________________________________ 74 

2.4.2 Summary ______________________________________________________________ 74 

2.4.2 Materials _______________________________________________________________ 74 

2.4.2 Method _________________________________________________________ 75 

2.4.3 Reduction of Iron in Human Serum Samples on Paper _____________ 76 

2.5.3 Summary ______________________________________________________________ 76 

2.4.3 Materials _______________________________________________________________ 77 

2.4.3 Method ________________________________________________________________ 77 

2.4.4 Iron(II) Detection via a Hospital Pathology Laboratory ______________ 78 

2.5 Colourimetric Detection of Urea using a Spectrophotometer. _________ 79 

6.5.1 Summary ______________________________________________________________ 79 

2.5.1 Materials _______________________________________________________________ 79 

2.5.1 Method ________________________________________________________________ 80 

2.5.2 Colourimetric Detection of Urea on Paper _________________________ 81 

2.5.2 Summary ______________________________________________________________ 81 

2.5.2 Materials _______________________________________________________________ 81 

2.5.2 Method ________________________________________________________________ 81 

2.5.3 Urea Detection via a Hospital Pathology Laboratory _______________ 82 

2.6 Colourimetric Detection of Creatinine using a Spectrophotometer 83 

2.6.1 Summary ______________________________________________________________ 83 

2.7.1 Materials _______________________________________________________________ 83 

2.6.1 Method ________________________________________________________________ 84 

2.6.2 Colourimetric Detection of Creatinine using Paper _________________ 84 

2.6.2 Materials _______________________________________________________________ 84 

2.6.2 Method ________________________________________________________________ 85 



vi | P a g e  
 

2.6.3 Creatinine Detection via a Hospital Pathology Laboratory __________ 86 

2.7 Analysis of Paper Device Images___________________________________ 86 

2.7.1 Summary ______________________________________________________________ 86 

2.7.1 Materials _______________________________________________________________ 87 

2.7.1 Method ________________________________________________________________ 87 

2.8 Mask Designs ____________________________________________________ 90 

2.9 Statistical Analysis of Data ________________________________________ 91 

Chapter 3: Fabrication ____________________________________________ 92 

3.1 Optimisation Results ______________________________________________ 94 

3.1.1 Temperature ___________________________________________________________ 94 

3.1.2 Exposure ______________________________________________________________ 95 

3.1.3 Development __________________________________________________________ 100 

3.2 Determination of Development by Contact Angle Analysis __________ 102 

3.3. Cost of Fabrication ______________________________________________ 107 

3.4 Discussion ______________________________________________________ 108 

Chapter 4: Colourimetric Detection of Iron _________________________ 113 

4.1: 1-10,Phenanthroline Results on Paper ____________________________ 114 

4.2: Bathophenanthroline Detection __________________________________ 121 

4.3 Human Samples _________________________________________________ 128 

4.3.1 Whole Blood Samples __________________________________________________ 128 

4.3.2 Serum and Plasma Samples ____________________________________________ 128 

4.3.3 Clinical Samples of Human Serum _______________________________________ 131 

4.4 Validation of Iron(II) Measurements using the Paper Device __________________ 137 

4.3: Smartphone Analysis ____________________________________________ 142 

4.4: Whole Blood Analysis Revisited __________________________________ 146 

4.5: Discussion _____________________________________________________ 150 

Chapter 5: Colourimetric Detection of Urea ________________________ 156 

5.1 Conventional Measurement of Urea _______________________________ 157 

5.1.1 Optimisation ___________________________________________________________ 157 

5.2 Measuring Urea using a paper device _____________________________ 163 

5.2.1 Optimisation ___________________________________________________________ 163 

5.3 Discussion ______________________________________________________ 171 

Chapter 6: Colourimetric Detection of Creatinine ___________________ 175 

6.1 Conventional Measurement of Creatinine __________________________ 176 

6.2 Creatinine Detection using a Paper Based Method _________________ 177 

6.3 Discussion ______________________________________________________ 193 



vii | P a g e  
 

Chapter 7: Discussion and Conclusion ____________________________ 197 

Conclusion _________________________________________________________________ 202 

7.1 Further Work ____________________________________________________ 202 

Iron _______________________________________________________________________ 202 

Urea _______________________________________________________________________ 203 

Creatinine __________________________________________________________________ 204 

References ______________________________________________________ 205 

Appendix _______________________________________________________ 223 

1) Posters and Presentations _______________________________________ 224 

2) Planned Publications ____________________________________________ 224 

3) Ethical Approval ________________________________________________ 225 

 

 

 

  



viii | P a g e  
 

List of Figures. 

Figure 1. 1: Potential LOC device fabricated from glass. .......................................... 2 

Figure 1. 2: Point of care requirements for a medical device to be used at home. ... 7 

Figure 1. 3:Telehealth requirements for patient to “self test” at home and send 

results to the doctor or specialist. ............................................................................. 9 

Figure 1. 4: Scanning  electron  microscope image of filter paper.45....................... 11 

Figure 1. 5:Advantages of using paper microfluidics as opposed to conventional 

microfluidic devices already available. ................................................................... 25 

Figure 1. 6: Traditional photolithography method for both a negative and positive 

photoresists. .......................................................................................................... 28 

Figure 1. 7:Cyclised poly(cis-isoprene) polymer used in negative photoresists. ..... 29 

Figure 1. 8: The polymer of the Novolac resin. ....................................................... 31 

Figure 1. 9: The diazonaphthaquione structure. ..................................................... 32 

Figure 1. 10: The Wolff rearrangement . ................................................................ 33 

Figure 1. 11: A comparison between the two methods of using a positive or negative 

photoresist. ............................................................................................................ 34 

Figure 1. 12:Colour wheel of absorption within the visible region of light ................ 36 

Figure 1. 13:Schematic illustration of a typical colourimetric assay performed using 

a conventional microfluidic device .......................................................................... 38 

Figure 1. 14: Condensation reaction for a colourimetric assay for the detection of 

urea. ...................................................................................................................... 40 

Figure 1. 15: The colourimetric assay of creatinine measurements in human 

samples. ................................................................................................................ 41 

Figure 1. 16: The colourimetric detection using dissociation, reduction and reaction 

of iron(II) with bathophenanthroline in serum samples. .......................................... 45 

Figure 1. 17:1,10-Phenanthroline Molecule. ........................................................... 51 



ix | P a g e  
 

Figure 1. 18:1,10-phenanthroline reaction with iron(II). .......................................... 51 

Figure 1. 19: Bathophenanthroline reaction with iron(II). ........................................ 52 

Figure 1. 20:The kidneys and the renal tubule for filtering waste products. ............ 54 

Figure 1. 21: The Glomerular filtration rate to measure kidney function. ................ 57 

Figure 1. 22: The Urea molecule, produced as a waste product of human 

metabolism. ........................................................................................................... 59 

Figure 1. 23: The urea reaction for colourimetric detection spectrophotometrically. 60 

Figure 1. 24: A Creatinine molecule produced as waste from muscle activity. ....... 61 

Figure 2.1: Schematic diagram of double-sided photo-mask .................................. 66 

Figure 2.2: An illustration of the exposure of the photoresist-coated paper. ........... 67 

Figure 2.3: Contact angle measurements .............................................................. 69 

Figure 2.4: Schematic diagram of 2nd generation paper device design ................... 76 

Figure 2.5: Pathology Laboratory Method for iron(II) detection................................79 

Figure 2.6: Pathology Laboratory Method for urea detection...................................83 

Figure 2.7: Schematic of creatinine dipstick assay ................................................. 86 

Figure 2.8: ImageJ analysis of iron paper devices ................................................. 89 

Figure 2.9: Mask designs created with Microsoft word and used throughout this 

project to fabricate paper microfluidic devices from photolithography..................... 90 

Figure 3. 1: Concept of barriers and channels in a piece of filter paper. ................. 92 

Figure 3.2: Photolithography in filter paper, highlighting areas requiring optimisation.

 .............................................................................................................................. 93 

Figure 3.3: First attempt of fabricating a paper device with a simple photo-mask 

design for fabricating paper microfluidic devices using photolithography. .............. 96 



x | P a g e  
 

Figure 3.4: Second attempt of fabricating a paper device with a simple photo-mask 

design for fabricating paper microfluidic devices using photolithography. .............. 98 

Figure 3.5: Schematic diagram illustrating the use of a double sided photo-mask. . 99 

Figure 3.6: Determining optimum development time. ........................................... 101 

Figure 3.7: Contact angle results using the “initial device” design. ....................... 103 

Figure 3.8: Complicated designs of channels that can be fabricated into a paper 

device.43............................................................................................................... 104 

Figure 3.9: Channel designs used for various measurements of analytes. ........... 106 

Figure 4.1: Coloured reaction of 1,10-phenanthroline with iron(II) on a paper device

 ............................................................................................................................ 116 

Figure 4.2: Preliminary results of iron(II) detection on paper microfluidic device using 

1,10-phenanthroline ............................................................................................. 119 

Figure 4.3: Spectrophotometer analysis of iron concentrations, ........................... 121 

Figure 4. 4: Analysis of paper device using bathophenanthroline ......................... 124 

Figure 4.5: Bathophenanthroline analysis on paper microfluidic device ............... 125 

Figure 4.6: Spectrophotometric results using bathophenanthroline, ..................... 127 

Figure 4.7: Comparison of methods using standard concentrations of iron(II),. .... 131 

Figure 4.9: A paper device for iron(II) analysis in human serum ........................... 133 

Figure 4. 10: Iron analysis for human serum samples using paper device versus  

hospital pathology laboratory method .................................................................. 135 

Figure 4. 11: Linear regression of results found using paper device vs. pathology 

results .................................................................................................................. 136 

Figure 4.12: Paper device using human serum sample taken with a Smartphone 

camera (iPhone4s) .............................................................................................. 143 

Figure 4.13: Blood separation using the LF1 membrane on the paper device ...... 148 

file:///F:/Thesis%20Corrections/Thesis%20corrected%203.docx%23_Toc395355350
file:///F:/Thesis%20Corrections/Thesis%20corrected%203.docx%23_Toc395355350


xi | P a g e  
 

Figure 5.1: Standard concentrations for urea detection ........................................ 158 

Figure 5.2: Absorption of urea when incubated at room temperature versus 37°C,

 ............................................................................................................................ 160 

Figure 5.3: Standard urea concentrations of adapted method .............................. 162 

Figure 5.4: Schematic diagram illustrating paper device for urea detection .......... 164 

Figure 5.5: Urea concentrations on filter paper previously soaked in the reagents167 

Figure 5.7: Urea detection on a paper device ...................................................... 168 

Figure 6.1: Creatinine concentration within the clinical range, .............................. 177 

Figure 6.2: Jaffe Reaction on filter paper illustrating the chromatographic effect .. 178 

Figure 6.3: Preliminary creatinine assay using a paper device as a dipstick assay

 ............................................................................................................................ 180 

Figure 6.4: Analysis of paper based assay for creatinine standard concentrations,

 ............................................................................................................................ 181 

Figure 6.5: Analysis of creatinine standard concentrations using a paper device . 184 

Figure 6. 6: Creatinine detection using paper device versus spectrophotometer .. 190 

Figure 6. 7: Linear regression of results found using paper device vs. 

spectrophotometer ............................................................................................... 192 

 

 

 

 

 

 

file:///F:/Thesis%20Corrections/Thesis%20corrected%203.docx%23_Toc395358245


xii | P a g e  
 

Equations 

Equation 1. 1: The Reynolds number. .................................................................... 18 

Equation 1. 2 The Washburn Equation.79 ............................................................... 19 

Equation 1. 3: Darcy’s law, describing fluid behaviour in paper networks.86 ........... 20 

Equation 1. 4: The Youngs Relation Equation to describe the hydrophobic and 

hydrophilic angle of a platform. .............................................................................. 21 

Equation 1. 5: The Beer Lambert Law to measure the transmission of light. .......... 39 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii | P a g e  
 

List of Tables.  

Table 1.1: WHOs threshold to define anaemia ....................................................... 48 

Table 3. 1: Adjusted development time for contact angles ................................... 105 

Table 3. 2: Cost of consumables for fabricating 100,000 paper devices using the 

photolithography method when optimised ............................................................ 108 

Table 4.1: Comparison between results obtained from the paper device versus the 

clinical specified method ...................................................................................... 134 

Table 4.2: Statistical analysis of results from table 4.1, P= 0.42 ........................... 137 

Table 4.3: High levels of iron in serum samples to determine accuracy of method 

outside the clinical range ..................................................................................... 139 

Table 4.4: Statistical analysis for high levels of iron(II) in serum (Paired T-test) ... 139 

Table 4.5: Statistical analysis for high levels of iron(II) in serum (F-test for Variance)

 ............................................................................................................................ 140 

Table 4.6: Low levels of Iron in Serum Samples .................................................. 140 

Table 4.7: Statistical analysis for low levels of iron(II) in serum (Paired T-test) .... 140 

Table 4.8: Statistical analysis for low levels of iron(II) in serum (F-test for variance)

 ............................................................................................................................ 141 

Table 4.9: Results from patients serum samples when using a Smartphone camera,

 ............................................................................................................................ 144 

Table 4.10: Plasma Level of Iron from Whole Blood Samples .............................. 149 

Table 5.1: Reduction of incubation time frame at room temperature, ................... 161 

Table 5.2: Varying chemical applications tested for urea detection on the paper 

device .................................................................................................................. 166 

Table 5.3: Comparison of patient results .............................................................. 169 

Table 5.4: Statistical analysis of results from table 5.3 ......................................... 170 



xiv | P a g e  
 

 

Table 6.1: Results of creatinine level when using the paper platform compared to 

artificial serum samples ....................................................................................... 185 

Table 6.2: Paired Students T-test illustrating no significant difference shown in table 

6.1, ...................................................................................................................... 187 

Table 6.3: F-test illustrating no significant variances in the results shown in table 6.1

 ............................................................................................................................ 188 

Table 6.4: Comparison of creatinine results from human serum samples using the 

paper device to the spectrophotometer method, .................................................. 189 

Table 6.5: Statistical analysis taken from figure 6.6 illustrating no significant 

differences within results ...................................................................................... 191 

 

 

 

 

 

 

 

 

 

 

 

 

 



xv | P a g e  
 

Abbreviations 

3D  Three Dimensional 

4,7-Diphenyl-1,10-
phenanthroline  

Bathophenanthroline 

AFM1   Aflatoxin M1 

AKD  Alkyl Ketene Dimers 

AKI  Acute Kidney Injury 

ARF  Acute Renal Failure 

AuNP  Gold Nanoparticles 

BP  Blood Pressure 

BSA  Bovine Serum Albumin 

BUN  Blood Urea Nitrogen 

CKD  Chronic Kidney Disease 

CL  Chemiluminescence  

DNA  Deoxyribonucleic Acid 

ELISA 
Enzyme-Linked Immunosorbent 
Assay 

ESRD  End Stage Renal Disease 

FRTA Free Radical Theory of Ageing 

GFR Glomerular Filtration Rate 

GP General Practitioner  

Hb  Haemoglobin 

HbO2  Oxyhaemoglobin 

hCG  Human Chorionic Gonadotropin 

HIV  Human Immunodeficiency Virus 

IC  Integrated Circuit 

IDA  Iron Deficiency Anaemia 

LED  Light Emitting Diode 

LOC  

MI  

Lab on Chip 

Myocardial Infarction 

NED  N-(1-Naphthyl)ethylenediamine 

PDMS Polydimethylsiloxane 

PCR  Polymerase Chain Reaction 

POC  Point of Care 

RBC  Red Blood Cell 



xvi | P a g e  
 

 

 

ROS  Reactive Oxygen Species 

SEM 

STI  

Standard Error of the Mean 

Sexually Transmitted Infection 

TB Tuberculosis 

TNT  Trinitrotoluene 

TnT  Troponin T 

UK  United Kingdom 

USA  United States of America 

UV  Ultraviolet Light 

UV/Vis  Ultraviolet / Visible Light 

WBCs  White Blood Cells 

WHO   Worlds Health Organisation 



Chapter 1 Introduction 
 

1 | P a g e  
 

Chapter 1: Introduction 

1.1 Microfluidics 

Microfluidics or lab-on-a-chip (LOC) is a branch of science in which 

laboratory functions can be scaled down into a miniaturised system whilst 

maintaining the accuracy and precision observed in the larger scaled 

experiments.1-5 The development of LOC allows a new technology to be 

taken outside of the laboratory setting and away from the use of more costly 

conventional methods, it was time saving, more efficient and integrated 

several processes into one device.6-8  

LOCs first emerged in the mid-1980s as a way to deal with the behaviour, 

control and manipulation of fluids constrained to a sub-millimeter scale. Fluid 

flows through channels which can be manufactured/fabricated in polymers, 

glass or silicon substrates and subsequently detected electrochemically, 

fluorescently, colourimetrically, enzymatically or optically etc.9  The detection 

system can be integrated into the chip design alongside valves, mixers and 

pumps which automate the system and allow the user more control over the 

sample e.g. speed and duration. 9 

One of the first examples of microfluidics and the use of small scale volumes 

been used was the development of the glucose meter, which through a 

fingerprick of whole blood (~10 µL required in total) the glucose 

concentration could be measured.10-15 Since Anton Clemens (USA) first 

developed the first blood glucose meter (in which he combined dry chemistry 

test strips (Dextrostix) with reflectance photometry to measure blood 
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glucose) many alterations have been made to this device but ultimately the 

goal has always been to allow diabetic patients to “self-monitor” their 

condition.15 Thereby allowing patients to monitor their own glucose levels, 

reducing the frequency of visits to the doctor, thus saving money and effort 

for both the patient and the National Health Service (NHS).10-15  One study 

showed that from sixty four patients, fifty three of these patients led to a 

significant improvement in blood-glucose control, ultimately reducing the 

incidence of long-term diabetic complications.15 

An area for microfluidics under continuously development is in the aspect of 

medical science. New diseases, infections and viruses are continually been 

discovered which require constant treatment and production of drugs, with an 

overall aim to develop a device which is inexpensive to manufacture and 

produce yet as effective as the methods and techniques currently available, 

figure 1.1.1-5 

 

 

 

 

 

 

 

Figure 1. 1: Potential LOC device fabricated from glass.
16
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A problem which LOC has helped develop and solve is the ability to study 

tissue and cells in an environment which mimics the hosts. In many in vitro 

studies the in vivo environment has been lost but microfluidics replicates 

parameters which otherwise would have been absent.16-18 This includes 

laminar flow, transport of analytes driven via diffusion and constant waste 

removal. In comparison with conventional tissue culture methods nutrient 

supply are in batches, which decrease as metabolism occurs and waste 

products increase. However, in microfluidics nutrients and growth factors can 

be continually flowed into the tissue very much as a biomimetic 

microenvironment.16,19 

A microfluidic system should compile of generic components such as the 

introduction of a sample, movement of a sample, mixing/washing stages and 

a detection system.6  The design and approach for these components can 

vary greatly within research groups but with each sharing an end goal, to 

produce a device which can function easier and just as well as the 

conventional methods currently available.5,9,20,21 Once the development 

process for microfluidics has been completed, microfluidics can then be 

applied to the problems of scientific research rather than to just demonstrate 

the principles and what can be achieved on a microfluidic device, as stated 

by George Whitesides.6  

Microfluidic technology can have many advantages over conventional 

laboratory methods such as it uses comparatively small samples and small 

reagent volumes, most devices can be portable and can be as sensitive as 

conventional methods allowing for accurate result analysis when in 
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comparison to the conventional methods available.22 However some 

drawbacks remain as it may require an external pump to create flow in the 

chip, an external detection device may be needed and some techniques may 

require pre-treatment of sample before they are loaded into the device. 20 

Diagnosis is the first step in the treatment of any disease or but yet there 

lacks for many diseases and infections a method which is simplistic, quick 

and easy to do.48-51 This is seen mainly in the developing world were poverty 

stricken areas do not have the facilities or equipment to perform an accurate 

diagnosis, as outlined in section 1.2. Out dated equipment, a lack of 

electrical power, contamination and a lack of healthcare workers prevent 

routine tests from been performed but this could be altered by the infusion of 

research into the use of developing microfluidic devices which are simple to 

use and do not need technical or expensive equipment. 48-51 

1.2 Point of Care 

Point of care testing is a medical device or system which can be brought to 

the patient’s bedside or home rather than in a hospital or doctor’s surgery 

and the results received by the patient either immediately after the test or a 

short time afterwards, as opposed to a few days.23-26 A POC device must 

also be small to allow for portability and in-expensive to manufacture. The 

features of microfluidics create a perfect platform for POC, the small 

consumption of reagents and sample allow for a fast turnaround in analysis, 

and the key idea is that rapid testing will lead to a rapid intervention 

improving the prognosis for the patient, figure 1.2.27 The reduction in analysis 

time is due to the increased surface to volume ratio, thereby radically 
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reducing the diffusion time (mixing process of solutions) in some cases from 

minutes to seconds.28 As previously mentioned, one of the earliest POC 

system was used to detect glucose through a tablet, after which came the 

dipstick assays for pregnancy testing and human immunodeficiency virus 

(HIV) which only require the addition of a sample.29 Therefore most research 

has been aimed at producing a device for a POC system that is simple to 

use which in turn requires minimal equipment and an easy analysis, however 

this remains mostly an unrealised goal so far.3,30  

LOCs suited for POC testing would also allow improvements to be made in 

global health, especially in developing countries were the requirement for 

cheap and fast diagnosis of infections is urgently needed.31 An early and 

accurate diagnosis is important for a patient’s health in both developed and 

developing countries alike, it limits the spread of a disease or infection, 

provides a better diagnosis and minimises the waste of resources.31,32 The 

developing world the diseases, which are most burdensome, include tropical 

diseases such as African trypanosomiasis (sleeping sickness), sexual 

transmitted infections (STIs) and human immunodeficiency virus (HIV), 

malaria and tuberculosis (TB).33 

An area recently developed by Chin et al. and Zhao et al. have both 

addressed the issues of using LOC in developing countries which could be a 

possible solution to the limitations in developing countries.31 In areas which 

do not have ready access to a laboratory and necessary equipment such as 

fridges and freezers for storage, the tropical climate can frequently denature 

biomolecules (> 45°C) which causes a loss of sensitivity in the traditional 
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bioassays.34 The use of gold nanoparticles (AuNP) acting as a signal 

transducer on paper has an intense red colour when in the presence of 

water.34 If this was coupled with the assay for the endonuclease (DNase I) 

enzyme the red colour of the AuNP was turned on depending how much was 

present in the sample.34 This allows for the colourimetric detection of 

deoxyribonucleic acid (DNA) and at the same time prevents the denaturing of 

the DNA at high temperatures.34 

Alongside this, in the developed world such as in the United Kingdom (UK) 

and the United States of America (USA), several companies such as 

iSTAT™ and Biosite™ have started to manufacture disposable 

microelectronic and microfluidic devices for POC systems used in hospitals. 

3535 An example of these tests recently trialled has been patients suffering a 

myocardial infarction (MI), by measuring troponinT (TnT) levels, whereby an 

increase in expression strongly indicates a MI event has occurred.36,37 This 

was manufactured by iSTAT™ but no further data has yet been published.36  

This work is supported by several studies that have been completed by 

Apple et al. and Cramer et al. to conclude that these methods of diagnosis 

do give a greater prognosis for the patient due their fast result.36,38,   
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Figure 1. 2: Point of care requirements for a medical device to be used at home. 

As microfluidics and LOC have a huge potential for practical devices in POC 

diagnostics they are slowly and successfully been introduced into the 

commercial market of today.40  However, the initial delay in the development 

of these devices was due to problems with calibration and quality control in 

the manufacture of accurate but yet portable POC devices which are easy to 

use with little or no training.3 Nevertheless, with the emerging literature for 

new microfluidic platforms on which assays and POC diagnostics can be 

performed on (such as paper), a new era for microfluidics may allow for the 

development of more tests to be carried out by POC devices and which 

could be used by the patients at home as opposed to a clinical setting.3  

1.2.1 Telehealth 

A new aspect of POC devices currently undergoing development is a 

scheme referred to as “telehealth”.41 This is aimed at patients who suffer 
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from long term conditions such as diabetes or kidney failure or patients who 

have to continually travel to a hospital or general practitioners (GP) surgery 

for routine tests.41,42 It allows patients to live independently whilst maintaining 

stable health, a patient would be shown how to perform routine tests at home 

on a simple POC device and the results be transmitted automatically or 

emailed or telephoned by the user to their doctor, figure 1.3.41,42 The doctor 

would monitor the results of the patients and only contact the patient to visit 

the surgery or hospital if there was a change in status or unusual, thus 

reducing the burden on the NHS. 41,42 

However, as with any new scheme there are currently some drawbacks with 

this system and limiting the scheme to particular conditions and age 

groups.41,42 There are still many inaccuracies in this scheme, mostly from 

either the patient when performing the test, forgetting to send the doctor 

results, misinterpretation of results by user etc.41,42 Desirable tests for the 

future would have minimal error and be easy to use such as the home 

pregnancy test and glucose meter for use in diabetes. 41,42 
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Figure 1. 3:Telehealth requirements for patient to “self test” at home and send 
results to the doctor or specialist. 

 

1.3 Paper Microfluidics 

Microfluidics is continuing to expand by using alternative and less expensive 

materials e.g. paper. Paper microfluidics is the basis of microfluidics as 

outlined in section 1.1 however the platform of the device is fabricated either 

entirely or partially from paper (e.g. filter paper) to allow the movement of 

liquids for detection. 

Patient is at home POC device is used at 

home by patient 

Results are either transmitted via the 

device or sent to the doctor via 

email/telephone 

Doctor 
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Paper is a universally available porous material made up of cellulose fibres, 

a polymer of the simple sugar and glucose can be obtained from wood pulp, 

figure 1.3.43 The polymer chains have –OH groups attached creating a 

surface similar to a silica gel, attracting water vapour from the atmosphere.44 

The cellulose in the paper is naturally hydrophilic, thus allows penetration of 

aqueous solutions providing a solid foundation to use paper as a microfluidic 

system to replace the glass and polydimethylsiloxane (PDMS) devices. 43 

Paper based microfluidics has become a rapidly advancing field, pioneered 

and led by Whiteside’s group at Harvard University.6,7 Its use can be for a 

variety of systems such as health diagnostics, environmental monitoring and 

food quality testing.45 Researchers have begun experiments using paper as 

a cheaper alternative to the microfluidics devices that are currently in use. 

They offer a wide variety of advantages, such as price, easy storage and 

transportation and are easily disposable.46  It also offers the advantage that it 

requires no external pumping as paper naturally wicks fluid.43  
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Figure 1. 4: Scanning  electron  microscope image of filter paper.
45 

 
The paper matrix of the cellulose fibres in Whatman number 1 filter paper.  
 

As previously mentioned in section 1.1, the first medical device was made 

from paper in 1956 to detect glucose in urine through a colour change from 

yellow to green. If the paper turned green, glucose was detected in the urine 

(positive result), if the paper remained yellow, no glucose was detected in the 

urine (negative result).47 The paper was soaked in glucose oxidase, catalase 

and horseradish peroxidise and the result read from a colour chart after 1 

min of been dipped in the sample and this test is still routinely done in 

modern day science for the diagnosis of diabetes type I and type II.47  

Currently, at the forefront of paper devices are the dipstick and lateral flow 

assays such as the home pregnancy testing kit.52 This test uses paper to 

wick fluid (urine) towards a detection zone driven via capillary force were the 

antigen (human chorionic gonadotropin (hCG), which is only present in the 

urine and blood-stream of a pregnant woman) will bind to the antibody 

(creating an antibody conjugate) and is detected via a colour signal which is 



Chapter 1 Introduction 
 

12 | P a g e  
 

visualised within minutes of the sample been applied.32,52 It’s limitation is a 

simple yes or no answer with no quantification needed. Recent advances 

however allow some devices to “estimate” how many weeks pregnant the 

user is by the concentration of hCG present.45        

1.3.1 Fabrication Methods 

The idea of using paper as a platform for microfluidic devices takes 

advantage of the natural ability of the paper to wick fluids.45,53,54 However, 

usually this ability cannot be controlled and fluid will wick in every direction 

as there are no barrier to restrict the fluid flow. Researchers have shown that 

barriers can be created in paper by treating the paper and making areas 

hydrophobic whilst keeping certain areas hydrophilic (as a channel) steering 

fluid towards a specific area or detection zone.45,53,54 

Since the initial idea of creating channels into a paper substrate there have 

been many variations in the fabrication process of how this could be ideally 

completed.45,53,54 The most commonly used are wax printing, 

photolithography and screen printing.45,53,54  The main priority of each of 

these methods is to pattern a hydrophilic hydrophobic contrast channel, 

which defines liquid penetration pathways into the paper either physically or 

chemically.55  

However, there are more methods that have been published to date that 

create channels within in the paper matrix such as: 45 

Photolithography - Using a negative or positive photoresist to physically 

block the pores in the paper and selectively pattern channels by entire 
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hydrophobization followed by selective dehydrophobization.56-58 Devices 

fabricated from photolithography have been used to detect glucose and 

proteins in human urine samples.58  

Analogue Plotter - Uses PDMS to physically block the pores in the paper to 

create a channel by selective hydrophobization, this has been previously 

shown to detect albumin in human serum samples.59,60 

Ink Jet Etching - Polystyrene is deposited on to the paper surface and by 

entire hydrophobization followed by selective dehydrophobization channels 

are created on the papers surface.61,62 Devices fabricated in this manner 

have been use to detect glucose in human urine samples.61,62 

Plasma Treatment - The paper is chemically modified by using an alkyl 

ketene dimer (AKD) which is a cellulose reactive agent commonly used as a 

paper sizing agent in the paper making industry. 63 The chemically modified 

paper surface is then patterned by entire hydrophobization followed by 

selective dehydrophobization.63 This device has been used for the detection 

of sodium hydroxide via phenolphthalein.63 

Wax Printing - Wax is deposited on to the paper and its physical deposition 

on the surface allows for selective hydrophobization.64-67 Devices fabricated 

via wax printing have been used for the simultaneous detection of glucose 

and proteins in human urine samples.64-67 

Ink Jet Printing - Also uses AKD to chemically modify the paper fibres which 

can then create channels through selective hydrophobization.61,62 Fabrication 
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using ink jet printing has been shown to be successful for the detection of 

nitrogen dioxide (NO2
-).61,62 

Flexography Printing - Also uses polystyrene that through selective 

hydrophobization alters the physical reagent at the fibres surface of paper.68 

Flexography printing has been shown to successfully detect varying 

concentrations of glucose dissolved in water.68 

Screen Printing - Uses wax to change the physical property of the papers 

fibres and creates channels through selective hydrophobization.69,70 Devices 

have been used for the detection of bicinchoninic acid. 69,70 

Laser Treatment - Dependent on the type of paper selected as silicone is 

used for parchment paper and wax is used for wax paper, but both block the 

pores in the paper and the channels are created through entire 

hydrophobization followed by selective dehydrophobization.71  This device 

successfully measured haemoglobin levels via a luminal reaction and 

chemiluminescence.71 

1.3.2 Types of Paper 

The type of paper used in these methods can vary depending on the 

application of which is required on the device. Whatman no.1 filter paper has 

a pore size of 11 µM and has most frequently been the paper platform of 

choice due to the medium retention and flow rate, thus it is therefore referred 

to as the standard grade filter paper.53 Whatman no.4 filter paper has a 

larger pore size of 20 – 25 µM thereby increasing the surface area of the 

filter paper and will thus in comparison have a faster flow rate than the 
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Whatman no.1.53 Flow rate is defined as the migration speed of a fluid along 

the length of a strip and is one of the main parameters to take into 

consideration when choosing a paper type, alongside pore size and 

distribution.72 It is the pore size of the paper which effects the retention time 

and the size of the particles which can be used on a particular paper 

platform.72  

In contrast, nitrocellulose paper provides a platform for detection methods 

such DNA detection as the paper has the ability to immobilise antibodies and 

enzymes.53 The antibodies, which are made up from proteins and contain an 

amino group and a carboxyl group are able to bind to the nitrocellulose 

membrane due to the electrostatic attraction between the negative charge of 

the amino groups on the membrane and the positive charge of the antibodies 

carboxyl group.53  In previous years the nitrocellulose paper devices were 

more delicate when compared to the filter paper devices, but recent 

advances have produced them more robust and readily available e.g. 

introduction of nylon into the membranes.53 

Another consideration when choosing a type of paper for a POC device is 

the colour. 72 When performing image analysis, the ideal colour of the paper 

would be white, allowing for as little interference with the result as possible. 72 

However, the colour can be effected by the process the paper undertook to 

create channels, humidity and the age, as paper eventually turns 

yellow/brown.72 
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Recently the most useful paper platform diagnosis device have been 

produced for the identification of the blood group for a patient.73 This is a 

device much needed in emergency situations as a patient rapidly losing 

blood in the field will not have the time to wait until the matching blood group 

is identified before transfusion. 74  It is a simple and quick visual test which 

can be performed in the space of 5 min and is a perfect example of how 

paper microfluidic devices are shaping the future of modern medicine. 73,74 

Paper previously spotted with the antibodies for specific blood groups e.g. A, 

B, AB, O and including the Rhesus factor.73,74 The blood upon application 

from a small sample or finger prick will agglutinate when the corresponding 

blood is mixed on the paper with the matching antibodies, whilst incorrect 

blood groups do not react. 73,74   

One of the issues that has created problems for microfluidics from the 

beginning when using serum or plasma samples in medical devices is the 

amount of pre-treatment a sample has to undergo to be prepared for 

application into the microfluidic device.75-77 The main problem has been, the 

removal of red blood cells (RBCs) from the serum sample which can cause 

interference with assays which is usually performed by the centrifugation of a 

sample, as the larger cells such as RBCs are spun down whilst the smaller 

cells found in serum remain at the top of the sample. 78 To run a serum 

sample on a microfluidic device is not ideal as centrifugation would be 

required and increases the pre-treatment required for use in the device.78 

Research by Henry et al.78 has produced membranes in which larger 

molecules or cells such as white blood cells (WBCs) and RBCs are trapped 

within the membranes network whilst plasma flows out from the front, 
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separating the whole blood (LF1, MF1, VF1 and VF2).78 The membranes do 

not interfere with the products in human blood and do not interfere with the 

analysis of the sample, allowing for less pre-treatment to be performed 

before the sample can be used in a microfluidic device. 78 

1.3.3 Physical Properties of Paper 

The main advantage of using a paper platform as a microfluidic device is the 

ability for liquids to travel through the paper matrix without further pumping 

methods.79,80  This is due to water being a polar molecule, i.e. there is an 

uneven distribution of electrons.81 Water contains one oxygen atom and two 

hydrogen atoms, thus there are four pairs of electrons surrounding the 

oxygen atom, and two electrons are covalently bonded with the hydrogen 

atoms leaving two unshared electrons.81 Water has a partial positive charge 

near the hydrogen atoms and a partial negative charge near the oxygen 

atom creating an electrostatic attraction between oxygen and the hydrogen’s 

and allowing water to form hydrogen bonds with surrounding water 

molecules.81 Paper is made of cellulose fibres which contain many positively 

charged hydrogen atoms thereby allowing the oxygen atom of the water 

molecule to interact with the cellulose as opposed to each other. 81 

Another benefit of using microfluidics is the fluid flow as according to the 

Reynolds number (Re).82 The Re number is described as a measure of the 

inertial forces e.g. density () and viscosity of fluid (), diameter of a channel 

(d) and the flow rate (v)82 (equation 1.1). If the calculated Re value is less 

than 10, the flow is described as laminar flow, where fluid flows in parallel 

with no disruption between the layers. If Re is calculated >2,000 then fluid 
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movement is described as turbulent with high and chaotic diffusion between 

the layers. 82 

 



vd
Re

 

Equation 1. 1: The Reynolds number. 

 

1.3.3.1 The Washburn Equation 

The Washburn equation describes the flow of a liquid under its own capillary 

force in a horizontal tube which can be characterised for the movement of 

fluid in a porous substrate, e.g. paper.83,84 As a paper network provides a low 

cost and “pump-less” alternative to other microfluidics devices much work 

has been completed in understanding the movement of fluid through porous 

membranes.79 The Washburn equation describes that a volume of fluid (L) 

moves through a paper matrix according to the surface tension ( pulling 

the fluid into the paper determined by pore size (D), however opposed to this 

is a viscous resistance () which increases as the fluid travels over time (t) 

along a length eventually decreasing the flow of the fluid penetrating the 

paper, equation 1.2.83,85  
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Equation 1. 2 The Washburn Equation.
79

 

This equation can be applied to paper microfluidics and in determining the 

correct channel length and time taken for the sample to reach a particular 

area.79,83,85 According to the Washburn equation to slow the fluid movement 

a channel can be widened and therefore increase the viscous resistance, 

slowing down the fluid movement. 79,83,85 However if a channel of a constant 

width is used for transport of fluid then the flow of fluid is better described by 

Darcy’s Law.79,86 

1.3.3.2 Darcy’s Law 

In a paper matrix, laminar flow occurs due to the low Re number which 

commonly occurs in dimensions less than 1 mm.82 However, as described by 

Yager’s group it is Darcy’s law (equation 1.3) which best describes fluid 

behaviour in paper due to the porous nature of the cellulose matrix, 

explaining that the resistance to flow is proportional to the length of the 

channel in the paper.86 The volumetric flow rate (Q) is determined by the 

permeability of the paper (k), the length of the paper network (L) and the 

cross sectional area of paper (width, w and height, h) whilst taking onto 

account the dynamic viscosity (µ) of the fluid and the pressure drop as fluid 

travels away from initial application  (∆P). 

 



Chapter 1 Introduction 
 

20 | P a g e  
 

P
L

kwh
Q 


 

Equation 1. 3: Darcy’s law, describing fluid behaviour in paper networks.
86

 

As described in work by Yager et al. it has been demonstrated that the paper 

network can effectively replace the conventional “Y microfluidic device” 

fabricated from glass as long as there is a sufficient source of fluid and an 

unfilled absorbance capacity of the paper to maintain the flow of fluid. 86  

1.3.3.1 Young’s Relation Equation 

In using a paper microfluidic device it is common practise to measure the 

angle at which a device is described as hydrophilic (water loving) or 

hydrophobic (water hating) using a water droplet.84,87 As most methods of 

creating channels in paper is to change the physical properties of the paper 

to hydrophobic whilst keeping areas as hydrophilic, this thereby creates a 

“channel” and gives liquid a path to follow.84,87 The angle at which a liquid 

interface meets a solid surface, the shape of the droplet on the flat surface is 

determined by the Young’s Relation (the ability of a liquid to maintain contact 

with a solid surface, resulting from intermolecular interactions when the two 

are brought together)84,87 as shown in the equation 1.4 and discussed later in 

chapter 2.2.  The Youngs Relation equation calculates the contact angle (θ) 

from the solid surface free energy (SV), liquid surface free energy (LV) and 

the liquid/solid interface (SL). 
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Equation 1. 4: The Youngs Relation Equation to describe the hydrophobic and 
hydrophilic angle of a platform. 
If the fluid is strongly attached to the surface (hydrophilic solid) the droplet will 
spread out and have an angle less than 90°, if the droplet is larger than 90° then the 
surface is hydrophobic. 

 

1.3.4 Analysis with Paper 

There are three main areas of detection which are best suited for paper 

microfluidic devices which is constantly been upgraded, renewed and re-

tested to allow for the most accurate method to be utilised.53,54 This allows for 

both quantitative analysis (data which can be measured numerically) and 

qualitative analysis (data which relies on observation and interpretation) to 

be performed.53 The use of digital result taken from many paper microfluidic 

devices already available allows a numerical value to be calculated from the 

result e.g. ImageJ provides a numerical measurement according to the 

density of a colour change thereby allowing for a quantitative result to be 

measured which is more accurate than qualitative measurements. 53,54 

1.3.4.1 Colourimetric Analysis 

The most widely used analytical analysis performed on paper devices is the 

simple, yet effective colourimetric assay. The change can colour can be 

observed by the users eye, or be measured via an image using computer 

software i.e. Adobe photoshop, ImageJ. However, these assays are subject 

to; varying light conditions, the user’s interpretation and contamination from 

the environment, but can be controlled by ensuring identical parameters for 
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each device and assay performed. These assays can be simple, based on a 

reaction between the reduction of iron(III)  and 1,10-phenanthroline65 or be 

slightly more complex and based on the interaction of antibodies to detect a 

toxin.88 For example, aflatoxin M1 (AFM1) in milk was detected as an 

immunochromatographic assays for a direct detection of the target toxin. 

This was obtained by acquiring images of the strips and correlating 

intensities of the coloured lines in proportion to the analyte concentrations. 88 

1.3.4.2 Electrochemical detection
 

Electrochemical detection requires three electrodes, a reference, a counter 

and a working which can be incorporated into a paper platform. Through the 

addition of a conductive ink (graphite) connecting the circuit and a portable a 

potentiostat, the paper device can then perform voltammetric experiments 

(information about an analyte is obtained by measuring the current as the 

potential is varied).53 An example of this was the electrochemical analysis of 

glucose, uric acid and lactate in by Dungchai et al.56 In this work, electrodes 

were screen printed onto filter paper and the detection of glucose, uric acid 

and lactase demonstrated in biological samples using the reactions glucose 

oxidase, uricase and  lactate oxidase respectively. 56 

1.3.4.3 Chemiluminescence 

Chemiluminescence (CL) can be performed on a paper device as first 

described by Yu et al.89 who detected glucose and uric acid simultaneously 

through glucose oxidase reactions and urate oxidase reactions. Whilst this 

method remains an effective method for analysis in paper microfluidic 

devices it can however be improved by the addition of an electrochemical 
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detection alongside as used by Delaney et al. 90 This device was based upon 

Inkjet printing to create a  paper microfluidic channel, which was combined 

with screen-printed electrodes to create a disposable sensors which can be 

used and read without a traditional photo-detector. The sensing mechanism 

was based on the orange luminescence due to the reaction of tris(2,2′-

bipyridyl)ruthenium(II) (Ru(bpy)32+) with certain analytes. 90 

1.3.5 Three Dimensional Paper Devices 

Another advantage that has been reported widely in the literature is the 

ability to produce two dimensional (2D) and three dimensional (3D) paper 

devices using common household products such as sellotape.44 The use of a 

3D paper device allows the user to have more control over the fluid flow rate 

and fluid direction in the device as it can be used to generate multiple 

patterns of flow, which can be completed by pressing together and closing 

the gap between two vertically aligned channels allowing fluid to wick from 

one to the other.44 This work has been demonstrated by various groups 

including Whiteside’s and illustrates that more than one analyte can be 

measured at a time.91 

The art of origami has also been used to create three dimensional paper 

devices as the folding of the paper creates layers and channels within the 

paper network.2,92-95 In one such example which origami was used to create 

a novel 3D microfluidic paper-based immuno-device by Ge et al.92 This 

group, integrated into one device, blood plasma separation from whole blood 

samples, automation of rinse steps, and multiplexed CL detections which 

was fabricated using wax printing before been folded into shape. 92 Another 
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example of origami was fabricated on a single sheet of flat paper using 

photolithography. 93 This device could be unfolded to reveal each layer after 

analysis and was proven to accurately work by demonstrating colourimetric 

and fluorescence assays.93 

1.3.6 Advantages of Paper Microfluidics 

The various aspects of paper microfluidics show a great potential to LOC 

technology and is becoming a more recognised substrate material, figure 

1.5. The natural ability of paper to flow fluids has shown its versatility in 

various fabrication methods and in the various detection methods previously 

described. This aspect of paper has influenced researchers into producing 

similar platforms shown in work by Bhandari et al. 96 who published research 

using silk yarn.96 Silk yarn was produced as a similar platform to paper, with 

the natural ability to wick fluids through the created weaves on a loom and by 

dipping the produced weave (as a channel) into a blocking solution of bovine 

serum albumin (BSA), phosphate buffered saline and a detergent Tween-

20.96 This made the silk yarn hydrophilic by creating an unequal sharing of 

electrons (electronegative charge). 96 The benefit from using this method as 

opposed to paper is the ability to fold and manipulate the platform without 

causing any damage to channels or areas with pre dried reagents as paper 

is slightly less flexible, however, this method has a more expensive 

fabrication from the cost of the specialised hand loom and would require a 

trained user to produce. 
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Figure 1. 5:Advantages of using paper microfluidics as opposed to conventional 
microfluidic devices already available. 

 

1.4 Photolithography 

Photolithography, as first mentioned in chapter 1.3.1 was a method initially 

used in the manufacturing of circuit boards used in electronic devices in the 

1920s, then later in the 1950s for semiconductor use.97-99 The expansion in 

the field of microfluidics has since seen the photolithography method used in 

the development of channels in glass, and most recently in the production of 

channels in filter paper.57,58,100 In 1935 the first negative photoresist was 

developed by Louis Minsk of Eastman Kodak from poly(vinyl cinnamate) and 

in 1940 Otto Suess of Kalle Division developed the diazonaphthaquione-

based positive photoresist.98,101 
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In photolithography, a pattern is transferred onto a surface through exposing 

a surface to an ultraviolet (UV) light through a pre-designed mask. 102,103  

Upon exposure to the UV light (10 - 350 nm), the photoresist will become 

more or less soluble, depending on the chemical properties of the photoresist 

used,  (more commonly referred to as a positive or negative 

photoresist).103,104 The exposed surface is then washed or soaked in a 

developer to remove the solubilised areas which have either been exposed 

or not exposed to the UV light depending on which photoresist has been 

used in the process. If the UV exposed areas of the photoresist have 

become more soluble then it is referred to as a positive photoresist and if the 

areas which have not been UV exposed become more soluble then it is 

referred to as a negative photoresist, shown in figure 1.6.105  

There are three main components of a negative and positive photoresist; 

they are the solvent, the polymer and the sensitizers.105 Solvent is required in 

both positive and negative photoresists as it permits the photoresist to 

remain as a liquid to spin-coat onto a surface. The polymer will either 

polymerise through cross linking, or photo-solubilise by breaking down into 

the monomers depending whether it be positive or negative photoresist. 

Finally, the sensitizer stimulates the photochemical reaction either by cross 

linking or breaking down when exposed to a UV light source.104 

The process of photolithography involves spin coating the surface, pre bake 

(soft bake) of the photoresist, alignment of a photo-mask, exposure to UV 

ight, development and a post bake (hard bake), figure 1.6.106 As illustrated in 

figure 1.6, the process of photolithography requires the photoresist to be spin 

coated onto a surface held in place on the spinner through a vacuum and is 
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typically span at 3000 – 6000 rpm for 30 s to ensure an even thickness 

across the surface (as the excess is thrown off), which is usually 1 – 2 µM 

thick.106 The pre bake (soft bake) is used to evaporate the coating solvent in 

the photoresist and to densify the photoresist after spin coating. It is usually 

heated at 90 – 100°C for 20 min in a convection oven or on a hot plate or 

something similar with a smooth surface to allow good thermal contact.106 

The alignment of the photo-mask is required to ensure removal of the correct 

areas in the development stage. The mask will be specifically designed for 

either a negative or positive photoresist.106  The photoresist resist is exposed 

to a UV light through the photo-mask which will either polymerise or 

breakdown dependent of the nature of the photoresist (negative or 

positive).106 The developing stage will remove the areas which have broken 

down in the photoresist either through exposure (positive) or not due to 

exposure (negative).106 The post-bake (hard bake) is used to harden and 

stabilise the photoresist whilst removing any traces of the developer which 

may have been left behind.106 
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Figure 1. 6: Traditional photolithography method for both a negative and positive 
photoresists. 

 

 1.4.1 Negative Photoresist 

The polymer mostly used in negative photoresists is a natural latex rubber, 

poly (cis-isoprene) produced from the spontaneous polymerisation of 2-

methyl-1,3-butadiene.104 It is the only known polymer which is simultaneously 
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elastic, air tight, water resistant, long wearing and adheres well to 

surfaces.104 Two protons are added to further saturate the polymer and 

induce curling into a cyclicized polymer, with the added benefit of allowing a 

greater solid content in coating solutions and decreasing the thermal cross 

linking. 107,108 Thus negative photoresist the polymer, cyclicized poly (cis-

isoprene) is not chemically bonded, however upon exposure to UV light, the 

polymer cross links and polymerises, figure 1.7.104,107,108 The result is 

cyclicized poly (cis-isoprene), extremely soluble in non-polar, organic 

solvents such as toluene and xylene.104,107,108 

 

 

 

 

Figure 1. 7:Cyclised poly(cis-isoprene) polymer used in negative photoresists. 

All negative photoresists work by cross linking a chemically reactive polymer 

via a photosensitive agent (usually bis-azide) which initiates the chemical 

cross linking reaction upon exposure to UV light.59 In the bis-azide-cyclised 

polyisoprene photoresists, upon exposure to light the bis-azide decomposes 

into nitrogen and nitrenes, which produce polymer linkages that are not 

soluble in a developer solution.59,101 The unexposed areas of the negative 

photoresist (not to be cross linked) when the surface was exposed to UV 
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light through a photo-mask will be dissolved in the development stage.59,105 

The developer, usually an ethyl lactate solvent, swells the photoresist 

allowing the uncrossed polymer chains to untangle and be washed away 

when applied. However, this swelling is one of the major drawbacks to using 

a negative photoresist as it can contribute to a loss of features and limit line 

width for the final product.59,101,105  

1.4.2 Positive Photoresists 

A positive photoresist has been mainly used in the integrated circuit (IC) 

industry due to the fact that they do not swell during the development stage 

unlike the negative photoresists, thereby allowing a finer resolution for the 

final product.98,99,109   

The polymer used in positive photoresists is most commonly a phenolic 

resin, (a condensation polymer of aromatic alcohols and formaldehyde) such 

as the Novolac resin, (figure 1.8).99 The Novolac resin (due to the OH group 

making the molecule hydrophilic) is soluble in common aqueous alkaline 

solutions such as sodium hydroxide, potassium hydroxide and ammonium 

hydroxide.99 However, attached to the Novolac resin is a photo-sensitizer, 

diazonaphthaquione, this sensitizer is a hydrophobic and non-ionisable 

compound thereby making the resin also hydrophobic, figure 1.9. Upon 

exposure to UV light and the absorption of a photon, the diazonaphthaquione 

decomposes via the Wolff rearrangement (generation of ketenes), into an 

indene carboxylic acid (benzene ring fused with a cylcopentene ring) which is 

hydrophilic and produces gaseous nitrogen as a by-product, figure 1.10. 
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Novolac resins which contain indene carboxylic acid are readily dissolved by 

aqueous alkaline developers. 

 

 

 

Figure 1. 8: The polymer of the Novolac resin. 
Adapted from reference 

110
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Figure 1. 9: The diazonaphthaquione structure.  
Adapted from reference

110 

 

When light is absorbed in the presence of water, the diazonaphthaquione 

undergoes the 1-2 rearrangement in the Wolff rearrangement, shown in 

figure 1.10, whereby carbon six (labelled in parts two and three of figure 

1.14) is moved along one molecule and pushed out of the carbon ring. This 

forms an intermediate carbene (part two) and a ketene (part three) before 

forming an indene carboxylic acid (part four) which is hydrophilic.  

The Wolff rearrangement is the conversion of α diazoketene into a ketene, 

which was first reported in investigations completed in 1902 by Ludwig 

Wolff.110,111 In this case, the positive photoresist uses a Novalac resin and 

diazonaphthaquione. 
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Figure 1. 10: The Wolff rearrangement . 
Adapted from reference

110 

Panel 1: Shows diazonaphthaquinone molecule, Panel 2: The 1,2 re-arrangement 

of carbon 6 to form a carbene, Panel 3: A ketene intermediate, Panel 2: Indene 

carboxylic acid (hydrophilic). 

 

 

 

 

 

1 2 
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Figure 1. 11: A comparison between the two methods of using a positive or negative 
photoresist. 

 

1.5 Colourimetric Assays 

The development of modern science has been able to manipulate the 

electronic properties and specific wavelengths of chromophores through the 

use of spectroscopy. Initially this technique began by measuring the 

concentration of coloured compounds in a solution via colorimetry.112,113 This 

later was further advanced into the most commonly used analytical 

technique, spectroscopy and the development of the Beer-Lambert law.112 

Isaac Newton originally made the first key contribution to spectrophotometry 

and colorimetry in 1704 with his attempts to split white light into spectral 

Positive Photo-resist

Photo-resist removed from areas
exposed to UV radiation

Negative Photo-resist

Photo-resist removed from areas
un-exposed to UV radiation

Exposure to UV light
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colours, it was Thomas Young who first described the effect of colour on the 

human eye and how it was perceived a hundred years later.112  

When a coloured compound is dissolved in a solvent or solution, the intensity 

is dependent upon the concentration of the solution but the colour is 

dependent on the wavelength of visible light absorbed by the sample.112 If a 

solution containing a coloured compound absorbs within the visible region of 

light then the transmitted light will; be coloured but the observed colour will 

be dependent on the “missing” wavelengths e.g if a compound absorbs 

orange light then blue light will be observed according to the colour wheel 

representation, figure 1.12.114  

Colourimetric assays can be used to help us in many ways, e.g. they are 

able to distinguish a particular enzyme from another, to quantitatively 

measure catalytic activity, as well as inhibition of this activity, to generate 

proliferative and toxicity profiles, and even to determine the concentration of 

proteins in solution. They are a simple and convenient way to visualize 

biological processes.115 Even more appealing, many colourimetric assays 

are commercially available as kits, usually with a detailed protocol.  
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Figure 1. 12:Colour wheel of absorption within the visible region of light 
Adapted from reference

115
 

 

In microfluidics an assay which is simple to use at the same time as been 

cost effective can be an effective aid when it comes to measuring and 

monitoring cells or tissue inside a microfluidic chamber, mimicking the in vivo 

environment of the human body.116  

In many recent studies, microfluidics has maintained the “simple to use” 

persona from the offset which has been achieved through the use of 

colourimetric assays and measuring an analyte via the colour concentration 

observed.117-124 Computer software such as ImageJ, Adobe Photoshop have 

been used to aid in the analysis of such results. 

One such example of using a colourimetric assay to aid in microfluidics as 

reviewed by Vega-Avila et al.125 can aid in tissue viability. A media containing 

the required nutrients maintains the tissue or cells in a functional state for 

various drug treatments on the tissue which lowers the use of animal studies 

required whilst simultaneously creating more personal patient plans for 

people suffering from chronic diseases such as cancer, inflammatory bowel 
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disease and kidney failure. Thereby allowing various drugs to be tested on a 

patient’s biopsy and allowing the best course of treatment to be decided.  

The use of a colourimetric assay allows the cell death rate or cell 

functionality to be continuously monitored e.g. the 3-(4,5-Dimethylthiazol-2-

Yl)-2,5-Diphenyltetrazolium Bromide (MTT assay) first described by 

Mosmann.126 The development and optimization of in vitro colourimetric 

assays provides for a simple, reliable, sensitive, reproducible, inexpensive 

and high-throughput method with which to assess the efficacy of novel 

chemotherapeutic pharmaceuticals on cell survival or proliferation early in 

the discovery process of drug development.125 

 

A more recent use of colourimetric assays in the field of microfluidics is the 

development of using paper as a platform which naturally wicks fluids along, 

as described in chapter 1.3.53 This area of microfluidics was mainly headed 

by Whitesides group at Harvard University who have measured many 

analytes on paper using this idea such as glucose, uric acid, protein, 

cholesterol, BSA in a variety of fluids such as blood, urine and 

saliva.5,6,9,20,59,64,127  The main advantage of using colourimetric assays 

compared with other analytical techniques is the ability to complete the assay 

in a short time frame (> 30 min) and provide easy interpretable results as the 

colour can be read without sophisticated equipment unlike other methods 

such as enzyme-linked immunosorbent assay (ELISA), polymerase chain 

reaction (PCR) and electrochemical methods, figure 1.13.128 
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Figure 1. 13:Schematic illustration of a typical colourimetric assay performed using a 
conventional microfluidic device 

 

1.5.1 Transition Metals in Coloured Complexes 

Many common colourimetric assays rely upon the ability of the transition 

metals to form a coloured complex. Iron is an element classed as a transition 

metal, due to not having a complete d sub-shell, allowing the element to 

have more than one oxidation state, e.g. iron(II) and iron(III) and it is this 

property which allows iron(II) to form to a coloured complex.129 As the d sub-

shell is incomplete it is possible to promote an electron from a lower orbital 

by the absorption of a photon.129 When light is passed through the solution 

containing transition metal complexes such as iron(II) with 

bathophenanthroline the energy of the light absorbed stimulates the 

transitions between electronic states within the molecule.129 This creates the 

co-ordination bonds between the iron(II) molecule and the N atoms on the 

Amplitude Measured

Sample containing
anaylte

Loaded into a
microfluidic device

Analyte detected
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bathophenanthroline molecule.129 This transmitted light can be measured via 

UV/Vis spectroscopy within the visible region (380 – 780 nm) of the 

electromagnetic spectrum as the intensity of the absorption and its 

concentration are linearly related to according to the Beer Lambert Law.130 

1.5.1.1 Beer Lambert Law 

The Beer Lambert Law states there is a dependence between the 

transmission of light through a substance (c) and the product of 

the absorption coefficient (Ɛ) of a substance and the distance the light travels 

through the material, the path length (cm).130,131 

      

Equation 1. 5: The Beer Lambert Law to measure the transmission of light. 

 

The proportion of the light absorbed is dependent on the number of 

molecules it interacts with, i.e. strongly coloured solution with a high 

concentration will be high absorbance due to a high number of molecules 

interacting with the light. If the solution is diluted, the absorbance will be low 

as there are less molecules reacting with the light (equation 1.5). 130,131 

1.5.2 Condensation Reactions 

A condensation reaction is the chemical reaction between two molecules or 

functional groups which combine to form a larger molecule. An example of 

this reaction has been used for the benefit of a colourimetric assay for the 

measurement of urea.132 Urea condenses with o-phthalaldehyde and 

http://en.wikipedia.org/wiki/Absorption_coefficient
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Functional_groups
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naphthylethylenediamine (NED) to form a coloured complex, and by 

following the Beer Lambert Law the colour intensity is directly proportional to 

urea concentration, which can be monitored using a spectrophotometer at 

505 nm, figure 1.14.132  

 

 

Figure 1. 14: Condensation reaction for a colourimetric assay for the detection of 
urea. 
Adapted from reference

132
 

 

1.5.3 The Jaffe Reaction 

As the colourimetric assay methods are still a large part in modern science, 

some of the principles were discovered many years ago.133 One such 

example of this is the Jaffe reaction, discovered by Max Jaffe in 1886, were 

he first described the principles of creatinine with picric acid in an alkaline 

environment.134 The creatinine molecule can form a red tautomer (also 

referred to as a Janovski complex, a reactive intermediate) with picric acid 

when in an alkaline solution by the shifting of hydrogen atoms, figure 1.15.135  

This method is still employed widely today as a measurement for creatinine 

concentrations in human serum and urine samples to determine renal 
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function. However, the reaction is known for its non-specificity by the 

presence of protein, glucose, ketone bodies and acetone.136 Regardless of 

this factor it is still a highly used method as other methods such enzymatic 

methods and isotope dilution liquid chromatography mass spectrometry are 

highly expensive and cannot be used in routine analysis in the NHS. 136 

 

Figure 1. 15: The colourimetric assay of creatinine measurements in human 
samples. 
Adapted from reference

136
 

 

Colourimetric assays in modern day science are a proof of principle that they 

remain an easily interpretable, reliable method for the detection and 

measurement of analytes within solutions.  They can be used as an assay for 

biological, chemical and environmental applications.122,137,138 
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1.6 Iron and Anaemia 

Iron is an essential element for humans that is not produced by the body but 

absorbed via the diet.139  

Iron(II) has a strong ability to donate and accept electrons, so if any iron(II) 

was unbound within a cell it can catalyse the conversion of hydrogen 

peroxide into free radicals.140 A free radical can cause damage to a wide 

variety of cellular structures and ultimately destroy the cell.141 This can 

contribute to the free radical of ageing theory (FRTA)141 initially published in 

1956 by Denham Harman. As we age, free radicals (any atom or molecule 

that has an unpaired electron in its outer shell) accumulate in a cell causing 

incremental damage over time.141 However, there are several other 

contributing factors to the cause of increased free radicals, e.g. accumulation 

of iron(II)142, increased apoptosis,143 and the more commonly known 

environmental factors such as smoking and diet, the reduction in metabolism 

through ageing and the body’s reduced ability to metabolise fatty acids, lipid 

accumulation in arteries and organs such as atherosclerosis.  

To prevent free radical damage, iron(II) is used in the body (70%) by the 

heme group proteins which all contain iron(II) at the centre were redox 

reactions and electron transport processes are carried out.144 This binds 

haemoglobin in RBCs to oxygen (O2) in the lungs were it is transported via 

the bloodstream to the organs and tissues around the body were it is 

replaced with carbon dioxide (CO2) before been returned to the lungs for 

reversal. Therefore, restricting irons ability to harm cells whilst providing the 

principle source of energy for cells in the body. 145  
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1.6.1 Transferrin 

Transferrin is a glycoprotein, a protein which consists of 

oligosaccharide chains (simple sugars, monosaccharides) 

covalently attached to polypeptide side-chains (short chain amino acid 

monomers). Transferrin contains two active binding sites for iron(III)  which 

involves the reduction of iron(II) from the enterocytes in the large intestine  

by the release of H+ which is controlled via the pH. There are two halves to a 

transferrin protein (N lobe and C lobe) with each half consisting of two 

domains connected by a flexible hinge. In the iron-free form the two halves of 

the protein are well separated, by forming a water filled cleft allowing for easy 

access for iron(III).146 Once iron(III) has been bound the protein will cleft 

together forming a strong bond which will only be triggered for release by a 

drop in pH, which results in protonation and dissociation of the iron(III).146  

Iron, insoluble as free iron(III) (also known as ferric iron) and toxic as free 

iron(II) (also known as ferrous iron), is distributed through the body as 

iron(III) bound to transferrin (80 kDa).146 It is absorbed and oxidised to 

iron(III) via the duodenum in the large intestine by enterocytes before been 

transported via a transferrin protein (one transferrin protein can bind two 

iron(III) molecules) to the bone marrow were it is incorporated in to the 

haemoglobin molecule or RBCs.147 Iron can also be stored in the spleen as 

ferritin (450 kDa), which binds molecules of iron(III) and is released on a 

“need basis” were it would be transported via the transferrin protein to the 

bone marrow.147 If a cell requires iron it will produce a transferrin receptor, 

were the transferrin protein incorporated with iron can bind and be 

http://en.wikipedia.org/wiki/Oligosaccharide
http://en.wikipedia.org/wiki/Covalent_bond
http://en.wikipedia.org/wiki/Peptide
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transferred inside the cell via endocytosis (production of a vesicle).147
 The 

transferrin protein has overcome two problems faced within the body and 

with iron transportation. One been, iron(III) is at a stable oxidation state 

which is insoluble and the second been iron(II) is toxic through the 

generation of OH radicals. 

1.6.1.1 The Lauber Method 

A method for measuring serum iron was described by Lauber et al.148 in 

1965 which allowed for the simultaneous protonation and dissociation of 

iron(III) into iron(II), quantifiable via a spectrophotometer. In the solution is a 

detergent (teepol) which lowers the pH to dissociate the iron(II), magnesium 

sulphate acts a salt as the sodium dithionite reduces the iron(III) into iron (II), 

(figure 1.16 ), allowing the iron(II) to form a complex with a coloured 

compound such bathophenanthroline or 1,10-phenanthroline.148 
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Figure 1. 16: The colourimetric detection using dissociation, reduction and reaction 
of iron(II) with bathophenanthroline in serum samples. 

 

1.6.2 Haemoglobin 

A Hb molecule is found in the RBCs and has two α chains and two β 

polypeptide chains, with each chain containing a heme molecule.145 When 

the heme group is interacting with an O2 molecule it is known as 

oxyhaemoglobin (HbO2) and its association with oxygen is very weak so it 

can easily be dissociated.145,149 In the peripheral capillaries O2 is very low, 

heme molecule releases the O2, (CO2 levels will be very high in comparison) 

and the heme molecule will bind to the CO2 forming carbaminohaemoglobin. 

In the lungs the O2 levels will be very high so the CO2 will be released and 

the O2 attached to the heme molecule.149 
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RBCs have a short lifespan and upon haemolysis (breakdown of 

haemoglobin) the heme is stripped of its iron were it can then be converted 

via three different pathways. One route  excretes the iron by converting it into 

biliverdin, which is further converted into bilirubin and released into the 

bloodstream.150 In the bloodstream bilirubin can bind to albumin were it is 

taken to the liver and converted into bile for excretion from the body. 150 The 

second route for iron can be recycled by binding to a plasma protein known 

as transferrin, were developing RBCs absorb the transferrin and iron 

complex and use it to synthesise new Hb molecules. Finally the third route 

removes iron from the bloodstream into the liver or spleen were it is stored 

as ferritin until it is needed.150 

1.6.3 Anaemia 

Most well-nourished people have between 4 and 5 g of iron in their bodies, 

with over half this amount located bound to the haemoglobin.151 A lack of iron 

is more commonly referred to as anaemia and affects the oxygen transport 

around our body. A lack of oxygen to an organ can lead to severe 

complications and in extreme cases loss of life.151 Anaemia is defined as a 

reduction in blood haemoglobin concentration, reflected in a reduction in the 

oxygen carrying capacity of the blood.152 Symptoms of anaemia can vary 

from a feeling of fatigue, poor concentration, dyspnoea, angina, jaundice or 

pallor.  Once a person is suspected of suffering from anaemia, the diagnosis 

is confirmed from a full blood count.152 
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A full blood count is done on whole blood samples taken from the peripheral 

veins (not in the chest or abdomen) and the results received from the 

laboratory will include information on RBCs, WBCs and platelets.153  

RBCs will relate to information on the Hb concentration, the mean 

number of cells in the plasma and the RBCs width.153 The normal 

concentration of Hb levels in children and adults is defined below in Table 

1.1, anything below these values will suggest anaemia.153 

WBC information will relate to the type of WBC (this includes neutrophils, 

lymphocytes, monocytes, eosinophils and basophils) and if the level is 

normal or increased: 153 

 Neutrophils are increased this suggests a bacterial infection, 

haemorrhage, inflammation, infarction or trauma 

 Lymphocytes are increased this suggests a viral infection, TB, 

Syphillis or whooping cough. 

 Eosinophils are increased this suggests asthma, allergy, parasitic 

infection, skin diseases such as eczema. 

 Basophils are increased also in viral infections, Ulcerative colitis, 

malignancys and haemolysis. 

Platelets are also counted as this will provide information on further 

diseases and infections.153 If a low platelet count is found, this can suggest 

Leukaemia, viral infections, HIV and chemical toxicity.153 If a high level of 

platelets is found this can suggest inflammatory disorders, acute infections, 

trauma and haemorrhage.153 
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Table 1.1: WHOs threshold to define anaemia from haemoglobin blood concentrations. 

 

The most severe consequence a person can suffer due to a lack of iron is 

known as iron deficiency anaemia (IDA), which is still considered the most 

common nutritional deficiency worldwide today, especially in developing 

countries.139 Although the etiology of IDA is complicated, it generally results 

when the iron demands by the body are not met by iron absorption, 

regardless of the reason.139 In developing countries the diagnosis of such 

nutritional deficiencies are required to be performed by a trained 

phlebotomist in poor working conditions and one of the main reasons behind 

the rationale of using microfluidics is due to a quicker assessment, using less 

reagents and using untrained personnel to perform the test or allowing the 

patients to test themselves.154 “In particular, microfluidic diagnostic 

technologies are potentially applicable to global health applications, since 

Age and Sex In blood /g/dL In blood/mmol L-1 

Children 0-5 years 11 6.8 

Children 5-12 years 11.5 7.1 

Teens 12-15 years 12 7.4 

Women, non pregnant 12 7.4 

Women, pregnant 11 6.8 

Men 13 8.1 
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they are disposable, inexpensive, portable, and easy-to-use for detection of 

infectious diseases”.155 

Recent publications in microfluidics have focused on this area to try and 

impact in the diagnosis of disease and infection, once such study has 

miniaturised a POC device for the diagnosis in HIV and tropical diseases 

such as malaria.32,156 This device consisted of paper, plastic and glass fiber 

which performed isothermal, enzymatic amplification of HIV DNA.156 The 

device can store lyophilized enzymes, facilitating the mixing of reaction 

components, and supports the recombinase polymerase amplification in five 

steps of operation with HIV DNA been detectable after 15 min.156 Similar 

work has also been produced by Brynes et al.23 who describe a portable 

system for centrifuge-free room temperature nucleic acid extraction from 

small volumes of whole blood for the PCR of HIV DNA.23  The most 

commonly used HIV tests detect HIV RNA genome copies circulating in 

plasma through a reverse transcriptase-PCR based nucleic acid amplification 

test, typically requiring complex and time consuming sample preparation 

before analysis.23 The work by Klapperich et al.23 describes a portable device 

for nucleic acid extraction and storage using thermally stable reagents that 

do not require the use of electrical power and is capable of extracting HIV-1 

viral RNA directly from whole blood in less than 35 minutes.23 

Another example of microfluidics been investigated into the use of 

diagnosing disease in the developing world is work described by Mudanyal et 

al.157  who integrated microfluidics into the growing network of mobile phones 

to incorporate a reader platform to attach to a mobile phone and the camera 
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and to image a sample using a light-emitting diode (LED)-based 

illumination.157 This can then be processed and transmit the resulting data, 

together with the RDT images and other related information (e.g., 

demographic data), to a central server.157 This device was tested with 

samples of malaria, TB and HIV all which are major infections in the 

developing world.157   

1.6.4 1,10-Phenanthroline 

1,10-phenanthroline (figure 1.17) is a heterocyclic organic compound used 

as a ligand in co-ordination chemistry, most commonly iron(II). The detection 

of iron via a colourimetric approach using 1,10-phenanthroline, measures the 

absorption of a colour change proportional to the amount of iron(II) present in 

the sample. The complexes of 1,10-phenanthroline with both metals and 

non-metals have been exploited since the 1930s.158 1,10-phenanthroline is a 

chromophore, soluble in aqueous solutions which reacts with iron(II), 

reduced from iron(III) to iron(II) by  a reducing agent such as sodium 

dithionite or acetic acid. Upon this reduction the iron(II) can form a complex 

with three units of 1,10-phenanthroline by the nitrogen atoms which gives the 

complex its red colour. 
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Figure 1. 17:1,10-Phenanthroline Molecule. 

 

Figure 1.18 illustrates the 1,10-phenanthroline molecule in which the Fe(II) 

forms co-ordinate bonds with the two N atoms forming the coloured 

compound. The complex is then measured using a spectrophotometer at the 

wavelength 510 nm. 158
 

 

Figure 1. 18:1,10-phenanthroline reaction with iron(II). 
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1.6.5 Bathophenanthroline 

An alternative to using 1,10-phenanthroline is a derivative of this molecule 

known as 4,7-diphenyl-1,10-phenanthroline (more commonly referred to as 

bathophenanthroline, see figure 1.19A).159,160 This organic reagent specific 

for iron(II), can detect iron(II) from 10 to 100 ng mL-1 in a 100 mL sample, 

which is more sensitive than 1,10-phenanthroline.159 It is only soluble in an 

alcohol solution with the reaction creating co-ordination bonds between the N 

atoms on three units of the bathophenanthroline, as the 1,10-phenanthroline 

molecule in figure 1.18. 

Figure 1. 19: Bathophenanthroline reaction with iron(II). 
Panel A: Batholphenanthroline molecule, Panel B: Reaction of bathophenanthroline 

with iron(II) to create coloured product 
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Recent papers have been published which take advantage of the above 

reaction for iron(II) detection on a microfluidic scale using paper devices.65 

Total iron concentrations were detected in paper by spotting 1,10-

phenanthroline into a channel created on paper via wax printing.65 Human 

serum samples containing iron were wicked along the channel and the colour 

intensity was proportional to the iron present in that sample.65 However, this 

study fails to mention how the iron concentration could be accurately 

measured as the iron solution suffers from a chromatographic effect, diluting 

the colour intensity when using 1,10-phenanthroline which could be 

overcome through the use of bathophenanthroline as an alternative. 

Dungchai et al. stated “the use of multiple indicators for a single analyte 

allows for different indicator colours to be generated at different analyte 

concentration ranges, increasing the ability to visually discriminate 

colours.”161 Thereby meaning if bathophenanthroline and 1,10-

phenanthroline were used simultaneously to detect iron(II) in a sample  then 

the different indicator colours generated at different analyte concentration 

ranges increase the ability to better visually discriminate colours 

 

1.7 The Kidneys and Renal Failure 

In the mammal the kidneys are organs which filter all the waste products 

from the bloodstream and re-absorb any useful organic material, figure 

1.20.162 However, the kidneys can function with as little as a 10% capacity 

before the patient will fell un-well, therefore been able to diagnose and treat 
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renal failure before reaching an end point is crucial for the prognosis of the 

patient. 162
 

 

Figure 1. 20:The kidneys and the renal tubule for filtering waste products. 
Adapted from reference

162
 

 

1.7.1 Renal Failure 

Renal failure occurs when the kidneys no longer are able to maintain 

homeostasis and urine production declines.163 This leads on to affect pH, ion 

concentrations, metabolic waste build-up which causes problems for muscle 

contraction, metabolism, and digestive functions etc.164 If left alone the 

patient would progress from acute renal failure which can be reversible, to 
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chronic renal failure which cannot be reversed, its progression can just be 

slowed.165 Most renal diseases attack the nephrons in both kidneys 

simultaneously causing them to lose their filtering capacity.165  This damage 

to the nephrons can occur quickly, usually due to injury or poisoning, but 

most renal diseases destroy the nephrons slowly and silently.165 It is only 

after years and sometimes decades that the damage becomes apparent.165 

 

The two most common causes of renal disease are due to diabetes and high 

blood pressure.166 Certain drugs and poisons can stop the kidneys from 

working and these sudden drops in kidney function are known as acute 

kidney injury (AKI) or acute renal failure (ARF).167  AKI or ARF can lead to 

the permanent loss in kidney function but if the kidneys are not severely 

damaged, acute kidney disease can be reversed.167-173 However, in 

comparison over half of the kidneys problems occur slowly, a person may 

have "silent" kidney disease for years and have not noticed the onset of the 

disease; this is the most striking and concerning feature of renal failure. 

Gradual loss of kidney function is called chronic kidney disease (CKD).168,174-

177 People with CKD can go on to develop permanent kidney failure with an 

increased risk of a stroke or heart attack. Total or nearly total and permanent 

kidney failure is called end-stage renal disease (ESRD). People with ESRD 

must undergo dialysis or transplantation to stay alive. 168,174-177 

Currently ESRD treatment consists of two options, dialysis or kidney 

transplant. Dialysis patients have to restrict their fluid intake and constantly 

be travelling to the hospital for dialysis to remove waste products from their 

blood, usually taking 4 h.170 Unfortunately, this treatment can only prevail for 
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five to ten years for reasons currently with the only remaining option been a 

kidney transplant. This option is difficult as the chances of finding a donor 

match are slim and expensive as the patient will have to be on 

immunosuppressant drugs for the remainder of life to prevent the body from 

rejecting the organ.168 

Over 2 million people now require renal replacement therapy worldwide, In 

the developing world countries, access to the life-saving therapies has 

increased over recent years. 174,178-181 Continued efforts to reduce the cost of 

renal dialysis, and to make transplantation more widely available but 

regardless renal replacement therapy remains unaffordable for the majority 

of those affected.174,178-181 Namely the immunosuppressant drugs required 

with an organ transplant remain un-affordable with nearly 600 million people 

not been able to afford renal replacement which results in the annual death 

of 1 million people from untreated kidney failure. 174,178-181 Motivated by this 

dismal outcome the last two decades have resulted in an increase to the 

prevalence, prevention, and consequences of earlier and milder forms of 

renal impairment. 174,178-181 

The symptoms of renal failure are highly variable but usually entail pressure 

or difficulty in urination, foamy or bubbly urine, an increased frequency in 

urination, blood in urine, weight loss, vomiting and diarrhoea.180 CKD is 

usually gauged by calculating the glomerular filtration rate (GFR) by 

measuring serum creatinine level and is somewhere on a scale of one to 

five, figure 1.23.180 Stage one is classed as a mild form of renal disease with 

slight diminished renal function with show little or no symptoms whereas 
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stage five is classed as a severe disease with the only option been to have 

dialysis or kidney transplant.180 

 

 

 

 

 

 

Figure 1. 21: The Glomerular filtration rate to measure kidney function. 
Adapted from reference

180
 

 

The minimum amount of urine a person can excrete with 24 h is 500 – 600 

mL and the simplest test to detect renal failure is a dipstick assay, were pre-

prepared paper is dipped into a patient’s urine sample to detect proteins, 

blood, glucose and bile.182  A pH test with litmus paper can also be 

performed to determine the acidity of the urine.182 However, these test only 

detect a problem, they do not diagnose the cause.182 

As previously mentioned the kidneys have the ability to monitor the amount 

of body fluid and the concentrations of the filtered waste products of body 

metabolism, like urea from protein metabolism and uric acid from DNA 
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breakdown. These are two waste products in the blood can be 

measured; blood urea nitrogen (BUN) and creatinine.182 Both these waste 

products rise when the kidneys are unable to remove the waste products 

from the blood efficiently.183 Much of the research done on these 

measurements of creatinine and urea are to gauge the seriousness of the 

kidneys problem184.  

However work completed by Belcher et al.185 suggested that although 

creatinine does act as a marker for ARF, it is inhibited back by its non-

specificity (Jaffe Reaction) as a marker for kidney injury alone but instead as 

a marker for changing kidney function. Creatinine level lacks sensitivity and 

specificity for the diagnosis of ARF and shows a significant delay time before 

increasing after the injury, therefore, the BUN test is performed alongside 

(measurement of blood urea nitrogen). 185 

1.7.2 Urea  

Urea is an organic compound (also known as carbamide) produced by the 

body as a way of excreting nitrogen containing compounds, therefore it is 

mainly found in urine, figure 1.27.186  The process of deamination (breaking 

down of amino acids) occurs in the liver, were they are converted into 

ammonia, carbon and hydrogen.186 However, ammonia is toxic to the human 

system so is further broken down by the addition of carbon dioxide into urea 

and uric acid, which can be safely filtered into the bloodstream, and then 

excreted by the kidneys.187 

 

http://www.medterms.com/script/main/art.asp?articlekey=2492
http://www.medicinenet.com/creatinine_blood_test/article.htm
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Figure 1. 22: The Urea molecule, produced as a waste product of human 
metabolism. 

 

Normal levels in blood for urea are 6 - 20 mg dL-1 and are usually measured 

through a BUN test, a high level of urea is indicative of acute or chronic renal 

failure and low levels of urea are indicative of liver failure or malnutrition.188 

As the kidney can function at 10% their normal capacity, they are not very 

demonstrative organs when they are in distress or failing, urea can be used 

as an early marker to gauge how badly damaged the kidneys are.188  

1.7.2.1The Jung Method 

The two commonly used methods for the detection of urea are the urease, 

phenol and hyohalite reaction and the diacetyl reaction.189,190 In the first 

detection method, a blue colour was observed when ammonia, phenol and 

hypochlorite were mixed, proportional to the amount of nitrogen in the 

solution, however, the reagents used in this reaction are unstable.181  The 

second reaction, the diacetyl reaction is another sensitive method for urea 

detection however the coloured product formed is unstable and only 

developed at 95°C.189 The reaction relies on a diacetyl that yields a yellow 

colour with urea in presence of concentrated H2SO4. 
189 
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In comparison with these methods, in 1975, Jung et al.132 described another 

method that was a colourimetric reaction measured spectrophotometrically 

for urea, o-phthalaldehyde and N-(1-naphthyl)ethylenediamine (NED).132 

This reaction was based upon the condensation reaction between urea and 

an aldehyde (o-phthalaldehyde) in a strong acid solution (NED), figure 

1.23.132 This reaction could be performed at 37°C with stable reagents to 

accurately measure urea concentrations in human serum samples, and 

became the preferred measurement of choice at that time. 132
                 

 

 

 

Figure 1. 23: The urea reaction for colourimetric detection spectrophotometrically. 

 

 

1.7.3 Human Metabolism of Creatinine 

In comparison with urea, creatinine is produced as a waste product by the 

muscles at a constant rate.123,191 As the muscle contracts, creatine 

phosphate is produced and broken down into creatinine which is released 
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into the bloodstream. 123,191 From here, it is excreted through the kidneys 

without any re-absorption back into blood stream. 123,191 Therefore, if the 

kidneys are unable to filter the blood of waste products a rise in creatinine 

levels is seen early, making creatinine a reliable marker for early stage renal 

disease and determining the glomerular filtration rate. 123,191
 

 

Figure 1. 24: A Creatinine molecule produced as waste from muscle activity. 

 

1.7.3.1 The Jaffe Reaction 

First discovered by Max Jaffe in 1886 and still used today the Jaffe Reaction 

has become a well known method to determine creatinine levels using picric 

acid in an alkaline environment as described in chapter 1.5.3.133 However, it 

was Otto Folin who adopted this method for clinical use in the detection of 

creatinine in human serum samples.134 He noted that there was interference 

in the results when measuring creatinine levels in serum causing falsely 

elevated results but in urine samples creatinine levels are much higher and it 

does not contain significant levels of interfering chromogens. 134 

Due to this interference many researchers have attempted to develop an 

assay for creatinine which is as straight forward as the Jaffe Reaction.136 
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Currently the methods of analysis are either, expensive and impractical such 

as the isotope dilution liquid chromatography-mass spectrometry or are 

affected by interfering compounds as the Jaffe Reaction, e.g. an enzymatic 

method which measures the production of hydrogen peroxide.136 

Regardless of the interference caused by the proteins and glucose in human 

serum samples, the Jaffe Reaction is still a widely used clinical test for renal 

diagnosis as counteracting this issue a BUN test would be measured 

alongside to ensure no false diagnosis is made.38,133,135,136,192-198 

1.8 Aims and Hypothesis 

Taking into consideration that there is a major requirement to be able to 

perform routine medical tests in a resource limited area, microfluidics and 

paper based microfluidics is a technology to meet this need. The current 

issue for using many of the described miniaturised systems is they have to 

have a consistent power supply to supply flow of fluid through channels e.g. 

external pump. However, if paper were used as a platform then this problem 

would be overcome and the devices could be taken outside of the laboratory 

setting and into areas were power supply can be limited e.g. developing 

world countries. Therefore, the first aim was to design and fabricate a paper 

based device which can be used away from a laboratory setting by untrained 

personnel as a POC medical device.  

The second aim was to create channels using photolithography as an 

inexpensive fabrication method and adapted for use within the paper 

structure to control the fluid movement towards a defined area and inhibiting 
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fluid from spreading outwards in every direction. Once established, the 

hydrophobic and hydrophilic areas will be compared ensuring they are strong 

enough to maintain the papers integrity. 

The third aim was to use the paper platform for the detection of analytes in 

human samples in diseases and areas that are problematic within the 

developing world such as anaemia and kidney failure, which is also a major 

concern within the developed world and this device may have cross over. 

Lastly, the fourth aim was to seek ethical approval for the use of various 

bodily fluids to determine which was best for the application on a paper 

microfluidic device. The results from the analysis taken from the paper 

device were compared to the results received from a hospital to ensure that 

the accuracy is maintained when using the paper device.   

The hypothesis of this study is that a paper device will be used to establish 

routine diagnosis tests for urea, creatinine and iron(II), were results are not 

significantly different from those obtained from the hospital pathology 

laboratory. 
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Chapter 2: Experimental 

This chapter aims to provide a general overview of the materials and 

methods employed along with detailed descriptions of the equipment used. 

2.1 Fabrication of the Paper Device for Iron Analysis 

2.1.1 Summary 

To fabricate the paper devices photolithography was chosen as the method 

for patterning channels on to filter paper to control and direct fluid along a set 

course towards a “detection zone” as previously mentioned in chapter 1.11.  

Photolithography on paper was first described by Martinez et al.58 however, 

the protocol described was adapted for use with a negative photoresist.  

The method described here was adapted for suitable use with a positive 

photoresist in comparison with the negative photoresist used in the paper 

published.58 The pre-bake time and temperature was optimised so that the 

polymer in the photoresist hardened and became hydrophobic, whilst not 

charring the filter paper or the photoresist. The exposure time of the 

photoresist to the UV light had to be evaluated to allow the light sensitive 

parts of the photoresist polymer to breakdown and become soluble to an 

alkaline solution. The development time was also assessed to evaluate how 

long the paper needed to be soaked in order to remove the exposed areas of 

the photoresist.  
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2.1.1 Materials 

Whatman Number 1 chromatography paper was purchased from VWR (UK). 

The photo-masks used in all experiments were created in-house using an 

ink-jet printer (HP K5400 series) to print black ink patterned onto an inkjet 

printable acetate sheet and designed using Microsoft Word (2010). The hot 

plate (PC-420D) was purchased from Fisher Scientific (UK) and was used to 

bake the photoresist while the UV light source, a mega electronics small UV 

exposure unit (UV output 2 x 8 W) was obtained from Maplin Electronics 

(UK). The positive photoresist S1805-G2 and corresponding developer MF-

319 was purchased from Chestech Ltd (UK). 

2.1.1 Method 

The filter paper was cut (with common household scissors and a ruler) into 

sizes 6 cm by 5 cm rectangular sheets and soaked for 5 min in the positive 

photoresist, the excess was removed by blotting onto tissue paper and 

subsequently left to air dry in a darkened fume cupboard in a covered 

container for 24 h. A photo-mask was designed using Microsoft word and 

once completed was printed on to an acetate sheet. Microsoft word was 

chosen as the computer software of choice as a high quality printer would 

allow a dense enough black photo mask to be used which would not let the 

UV light penetrate. Once cut to size the two masks were aligned and stuck in 

place with adhesive tape at three sides, figure 2.1. This allowed the 

photoresist coated paper to be slid in between the two photo-masks and be 

held in place when been exposed to UV light, which allowed the photoresist 

polymer to be broken down and removed by the developer solution. 
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Figure 2.1: Schematic diagram of double-sided photo-mask. 
Panel A: Alignment, Panel B: Adehsive tape used to fasten three sides of the two 
photomasks; Panel C: Photoresist coated filter paper slotted in between two photo-
masks, Panel D: Device ready to be exposed to UV light 

 

Channel (hydrophilic) 

Barrier (hydrophobic) 
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After the photoresist coated filter papers were completely dry, individual 

pieces of filter paper were heated at 90°C on the hotplate for 4 min. A copper 

plate was placed on top of the filter paper to ensure all areas of the paper 

were heated equally and to avoid the filter paper from curling. The filter paper 

was slid between the two identical copies of the photo-mask (figure 2.1C), 

which had previously been sandwiched on three sides and sealed with 

adhesive tape (figure 2.1B). The photo-mask and paper assembly was then 

placed into the UV light box and exposed for 5 min on each side (flipping the 

mask over after the first 5 min) allowing the UV light to penetrate fully 

through the filter paper permitting the channels to be well-defined throughout 

the entire thickness of the paper after development, figure 2.2. 

 

 

 

 

 

Figure 2.2: An illustration of the exposure of the photoresist-coated paper. 
The UV light passed through the areas of the acetate film clear of black ink. The 
photo-mask is exactly positioned to allow identical patterned channels on both sides 
of the photoresist coated filter paper allowing the channel to be the entire thickness 
of the paper. 

 

The filter paper was developed in concentrated developer, due to a more 

efficient photoresist removal for 1 min and rinsed in purified water for 2 min 

whilst constantly gently agitated. The filter paper was then held for a further 
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30 s under a flowing cascade of purified water or until the water flowed clear. 

The completed paper devices were dried at room temperature for 1 h and 

stored in the dark in a sealed container at room temperature until use. If the 

devices were stored in the light, the photoresist would eventually degrade 

and become hydrophilic, by storing them in the dark the hydrophobic barrier 

remained intact. 

2.2 Contact Angles 

2.2.1 Summary 

Contact angle measurements were used to determine how strongly water 

interacted with the surface of the photoresist coated filter paper. The shape 

of the droplet of liquid was measured according to the “Young’s Relation 

Equation” allowing the “wet ability” of the solids surface to be quantified.87 

Were the molecules of the liquid are attracted to the solid surface 

(hydrophilic), the drop will spread out and a contact angle of 0°- 30° will be 

measured, but if the surface is strongly hydrophobic then an angle larger 

than 90° will be measured87. 
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Figure 2.3: Contact angle measurements. 
Panel A: Hydrophobic surface. Panel B: Hydrophillic surface 

 

A 

B 
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2.2.1 Materials  

A 5 µL plastic syringe was purchased from Fisher Scientific (UK). The Krüss 

DSA10 goniometer was used to make the contact angle measurements 

(Research & Industrial Instrument Co, UK).  

2.2.1 Method 

Contact angles were measured on five paper devices both on the channel 

created via photolithography (which should be hydrophilic as the photoresist 

has been removed), and also to the side of the channel on an area which 

had not been exposed to UV light (which should be hydrophobic as the 

photoresist should have remained intact). This allowed for a comparison 

between the hydrophobic areas and the hydrophilic areas, thus determining 

how hydrophilic or hydrophobic the two areas were. 

A paper device was attached via double sided tape (to ensure a flat surface 

throughout the experiment) to the platform of the goniometer. A 5 µL syringe 

was used to pipette purified water onto the paper device both on top of the 

channel and to the side of the channel and the contact angle measured using 

the goniometer. Five replicate measurements were made on each device. 

2.3 Colourimetric Detection of Iron Spectrophotometrically 

2.3.1 Summary 

Iron was measured from human serum samples via a spectrophotometer due 

to the simultaneous reduction of iron(III) into iron(II) and the detachment of 

iron(III) from the transferrin protein to which it is bound in human serum, 

thereby allowing the concentration to be quantified as a coloured complex 
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which could be measured within the visible region (508 nm – 533 nm). The 

method adapted for use was from Lauber et al.148  

2.3.1 Materials 

 Fe2O3 (Iron(II) and Fe2SO3 (iron(III) sulphate hydrate puriss, meets analytical 

specification was used to create standard concentrations ranging from 0.1 M 

to 7.5 µM was purchased from Sigma Aldrich (UK) along with 1,10-

phenanthroline and bathophenanthroline (titration by HClO4, ≥99%). Sodium 

dithionite (technical grade 85%), magnesium sulphate (anhydrous, Reagent 

plus, ≥99.5%), teepol 610 S, sodium hydroxide (BioXtra pellets, ≥98%) 

purchased from Sigma Aldrich (UK). Eppendorfs and accumax variable and 

fixed volume pipettes used was purchased from VWR (UK) and Jencon (UK) 

respectively. Plastic, 1.5 mL cuvettes were purchased from Fisher Scientific 

(UK) and was used with a Perkin Elmer portable single beam 

spectrophotometer. Human whole blood, serum and plasma samples were 

used in accordance to the LREC ethical approval (CHEM/TMC/2011-1). 

2.3.1 Method 

The reducing agent, sodium dithionite (10 g) and magnesium sulphate (2 g) 

were dissolved in 160 mL of purified water and mixed with 240 mL of the 

detergent teepol using a magnetic stirrer. Added to this solution was 100 mL 

of sodium hydroxide (15 g sodium hydroxide per 500 mL of purified water) 

and the pH was altered to a pH between 5 - 6.2, to aid in the  prevention of 

the 1,10-phenanthroline and the bathophenanthroline from creating a 

coloured complex with anything other than iron(II) . This stock solution was 

stored in a refrigerator for up to four months, after which it lost efficacy. 
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Fe2O3 standards were made to 0.1 M and 7.5 µM concentrations in purified 

water. Bathophenanthroline and 1,10-phenanthroline were at a concentration 

of 0.1 M.  

In a cuvette, 1 mL of iron(III) solution or 1 mL human serum sample was 

mixed with 0.5mL of the teepol and sodium dithionite solution along with 0.1 

mL of either bathophenanthroline or 1,10-phenanthroline. This was incubated 

at room temperature for 5 min which allowed the colour to develop. Once the 

reaction at 5 min had occurred, the sample was spun down using a 

centrifuge to remove the agglutinated teepol (which contained the larger 

molecules found in serum such as the transferrin protein). The sample was 

loaded into the spectrophotometer and the absorbance was measured at 508 

nm for 1,10-phenanthroline reactions and 533 nm for bathophenanthroline 

reactions. 

 

2.4 Colourimetric Detection of Iron on a Paper Device 

Iron(II) was initially measured on a paper microfluidic device via colourimetric 

detection using 1,10-phenanthroline (508 nm) which in later experiments was 

colourimetrically detected using bathophenanthroline (533 nm). Both 

complexed with iron(II) to create coloured complexes which have been well-

documented spectrophotometrically, however these methods were adapted 

for use on a paper platform.124,159,199-202 
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2.4 .1 1,10-Phenanthroline Detection  

2.4.1 Summary 

1,10-phenanthroline measured iron(II) in aqueous solutions by creating a 

coloured complex with the iron(II) complex which could be quantified 

spectrophotometrically at 508 nm but adapted for use on a paper 

platform.124,199,203-205 

2.4.1 Materials 

Fe2SO3 (Iron(III) sulphate meets analytical specification was used to create 

standard concentrations ranging from 0.1 M to 7.5 µM was purchased from 

Sigma Aldrich (UK) along with 1,10-phenanthroline (titration by HCLO4, 

≥99%). Eppendorfs and pipettes used were purchased from VWR (UK) and 

Jencon (UK) respectively. 

2.4.1 Method 

The paper device designed for use with 1,10-phenanthroline had a total of 

five channels which were each 1 mm x 4 cm and allowed a total solution 

volume of 40 µL into the channel. This device would allow the measurement 

of five separate standard concentrations of iron to be calculated of a known 

volume. 

1,10-phenanthroline was made to a concentration of 0.1 M and dissolved into 

50 mL of purified water at room temperature and sonicated for 10 min to 

allow the crystals to fully dissolve. From that, 10 µL was spotted on to each 
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channel 0.5 cm from the top of the paper device and allowed to dry at room 

temperature for 15 – 20 min. When dried, 20 µL of each of the standard iron 

solutions was pipetted into the bottom corner of each individual channel and 

allowed to wick up the channels, merging into the dried 1,10-phenanthroline 

area and further along the channel until reaching the top. This was then left 

for 15 – 20 min and completely dried before analysis by using ImageJ 

(chapter 2.7). 

2.4.2 Bathophenanthroline Detection  

2.4.2 Summary 

Bathophenanthroline is a derivative of 1,10-phenanthroline that is not soluble 

in aqueous solutions but in alcohol solutions. It was used in the second 

generation design of paper device for the detection of iron(II) in human 

serum samples. A chemical reaction containing bathophenanthroline was 

used to measure iron(II) in solution by creating a coloured complex with the 

iron(II) complex which could be quantified spectrophotometrically at 533 nm 

but adapted for use on a paper platform. 

2.4.2 Materials 

Bathophenanthroline (Bathophenanthrolinedisulfonic acid disodium salt 

trihydrate puriss. Pa, for the determination of Fe, ≥ 99% UV) purchased from 

Sigma Aldrich (UK). Fe2O3 (Iron(III) sulphate meets analytical specification 

was used to create standard concentrations ranging from 0.1 M to 7.5 µM 

was purchased from Sigma Aldrich (UK) along with 100% ethanol.  



Chapter 2 Materials and Method 
 

75 | P a g e  
 

2.4.2 Method 

The paper device designed for use with bathophenanthroline possessed 

eight channels in the bottom layer which were 3 mm x 50 mm and allowed a 

total solution volume of 150 µL. This device would allow for five standard 

known concentrations of iron with a known volume, two serum samples of 

iron taken from a patient and a channel left blank which was used for 

reference. On the top layer of the device was untreated filter paper which 

had been soaked in the bathophenanthroline reagent and cut to size (2 mm x 

12 mm). These were taped along the top with adhesive tape and delicately 

placed directly over a channel from the bottom layer, thereby connecting the 

two layers when solution moved through the bottom channel and wicking 

through into the top layer, see figure 2.4. 

Bathophenanthroline was made to a concentration of 0.1 M and dissolved in 

50 mL of 100 % ethanol, then spotted onto untreated white filter paper and 

dried for 20 min at room temperature. Cut into small rectangles (2 mm x 12 

mm), the filter paper was stuck in place at the top of the channel design 

using common adhesive tape. The iron standard solutions were pipetted (20 

µL) into the bottom corner of each channel in descending concentration, then 

wicked up the channel and were absorbed into the detection zone on the 

above filter paper shown in figure 2.4. The device was allowed to dry at room 

temperature for 15 – 20 min and analysed as described in chapter 2.7. 
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Figure 2.4: Schematic diagram of 2
nd

 generation paper device design 
Panel A: Plan view, Panel B: Side view of three dimensional paper device for iron 

detection using bathophenanthroline. 

 

 

2.4.3 Reduction of Iron in Human Serum Samples on Paper 

2.5.3 Summary 

By using a method known as “The Lauber Method”148 the transferrin protein 

can be detached and the reduction of the iron from iron(III) to iron(II) is 

achieved in the addition of a teepol (detergent) solution containing sodium 

dithionite (reducing agent). This method was previously developed for use for 

measuring serum spectrophotometrically but was adapted for use on paper 

microfluidic devices. 

Bathophenanthroline 

soaked filter paper 

A 

Hydrophilic channel 

B 
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2.4.3 Materials 

Sodium dithionite (technical grade 85%), magnesium sulphate (anhydrous, 

Reagent plus, ≥ 99.5%), teepol 610 S, sodium hydroxide (BioXtra pellets, ≥ 

98%) were all purchased from Sigma Aldrich (UK). Eppendorfs were 

purchased from VWR (UK). Human serum and plasma samples were used in 

accordance to the LREC ethical approval (CHEM/TMC/2011-1). 

2.4.3 Method 

The reducing agent sodium dithionite (10 g) and magnesium sulphate (2 g) 

was dissolved in 160 mL of purified water and mixed with 240 mL of the 

detergent teepol. Added to this was 100 mL of sodium hydroxide (15 g 

sodium hydroxide per 500 mL of purified water) and the pH was altered to a 

pH between 5 - 6.2 to aid in the prevention of the bathophenanthroline from 

creating a coloured complex with any else other than iron(II). 

Once the solution had been made, 200 µL of solution was added to an 

eppendorf and mixed with 50 µL of human serum sample or plasma sample. 

This formed a cloudy and agglutinated solution due to the removal of the 

transferrin protein, which when measured spectrophotometrically would have 

to be removed through centrifugation to avoid inhibiting the result measured. 

However, the use of the paper device allowed the larger proteins (such as 

transferrin) to become trapped or become limited in their movement and the 

smaller molecules to wick faster within the matrix of the cellulose fibres in 

paper ensuring no interferences with the bathophenanthroline reaction.  
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Using the second generation paper device previously described in chapter 

2.4.2 (bathophenanthroline would be dried in the top layer of the device), 50 

µL of the sample was pipetted onto the bottom of the channel and was 

wicked towards the detection zone in the top layer of the paper device. The 

sample would react colourimetrically with the bathophenanthroline and 

allowed to dry at room temperature for 15 – 20 min. Once dried, this would 

be photographed and analysed as described in chapter 2.7. 

2.4.4 Iron(II) Detection via a Hospital Pathology Laboratory  

The results measured from the paper devices were compared with the 

results received from the hospital pathology laboratory at Castlehill Hospital. 

The analysis of iron(II) levels in human serum samples were based on the 

same principles of the reduction of iron(III) to iron(II) and the removal of the 

transferrin protein before been measured spectrophotometrically 600 nm - 

800 nm.206 However, in figure 4.8, hydrochloric acid removes the iron(III) 

from the transferrin protein in figure 4.8, step 1 and in figure 4.8, step 2 

ascorbic acid reduces the iron(III) into iron(II) before been detected 

colourimetrically in figure 4.8,step 3 by TPTZ, a chromogen which forms a 

blue coloured complex by creating co-ordination bonds with the iron(II).206 
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Figure 2.5:  Pathology laboratory method for iron(II) detection in human serum 
samples.

206
 

 

 

2.5 Colourimetric Detection of Urea using a Spectrophotometer. 

6.5.1 Summary 

The method for the detection of urea on filter paper was adapted from Jung 

et al.132 who developed a method for measuring urea spectrophotometrically 

in human serum samples. Results from the technique of using a 

spectrophotometer was compared with results from the paper devices, and 

reliability of the adapted technique were in turn compared with the results 

received from the hospital laboratory. 

2.5.1 Materials 

The o-phthaladehyde (HPLC ≥ 99%), N-(1-Naphthyl)ethylenediamine (ACS 

reagent ≥ 98%), boric acid (Bioreagent ≥99.5%), urea (Bioreagent powder) 

and 30% (w/v) Brij L23 were all purchased from Sigma Aldrich (UK), along 

with concentrated sulphuric acid (AC grade). Plastic, 1.5 mL cuvettes were 

purchased from Fisher Scientific (UK) and was used with a Perkin Elmer 

portable single beam spectrophotometer.  Human serum and plasma 
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samples were taken in accordance to LREC ethical approval 

(CHEM/TMC/2012-2). 

2.5.1 Method 

Reagent 1: The o-phthalaldehyde (200 mg L-1) was mixed with 800 mL of 

purified water (fluorescent reagent for assaying amines) and 74 mL of 

concentrated sulphuric added. Once cooled 1 mL of 30% Brij solution 

(detergent) was added and the volume made up to 1 L with purified water.  

Reagent 2: 431 mg L-1 of N-(1-Naphthyl)ethylenediamine (NED reagent), 

(widely used in the quantitative analysis of nitrate and nitrite) was added to 5 

g boric acid (increases sensitivity of method) in 600 mL of purified water. To 

this, 222 mL of concentrated sulphuric acid was added and then 1 mL of 

30% Brij solution when the sulphuric acid had cooled, this was made up to a 

final volume of 1 L with purified water. 

A stock solution of urea contained 10 g of urea nitrogen per litre (21.433 g) 

for use as standard solutions containing 150 mg, 100 mg, 70 mg, 50 mg, 30 

mg and 10 mg of urea with 5 mmol sulphuric acid. 

To measure reaction spectrophotometrically 2.5 mL of each reagent one and 

two were mixed with 50 µL of each urea concentration. After incubation for 

30 min at 37°C the absorbance was measured and recorded at 505 nm. 
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2.5.2 Colourimetric Detection of Urea on Paper 

2.5.2 Summary 

The method described here was first described by Jung et al. in 1975 and 

has been adapted for use on a paper microfluidic device.132 

2.5.2 Materials 

The o-phthaladehyde (HPLC ≥99%), N-(1-Naphthyl)ethylenediamine (ACS 

reagent ≥98%), boric acid (Bioreagent ≥99.5%), urea (Bioreagent powder) 

and 30% (w/v) Brij L23 were all purchased from Sigma Aldrich (UK), along 

with concentrated sulphuric acid (AC grade). Human serum and plasma 

samples were taken in accordance to LREC ethical approval 

(CHEM/TMC/2012-2). 

2.5.2 Method 

Reagent 1: The o-phthalaldehyde (200 mg L-1) was mixed with 800 mL of 

purified water and 74 mL of concentrated sulphuric added. Once cooled 1 

mL of 30% Brij solution was added and the final volume made up to 1 L with 

purified water.  

Reagent 2: 431 mg L-1 of N-(1-Naphthyl)ethylenediamine (NED reagent) was 

added to 5 g boric acid in 600 mL of purified water. To this, 222 mL of 

concentrated sulphuric acid was added and then 1 mL of 30% Brij solution 

when the sulphuric acid had cooled, finally the overall volume was made up 

to 1 L with purified water. 
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A stock solution of urea contained 10 g of urea nitrogen per litre (21.433 g) 

for use as standard solutions containing 150 mg, 100 mg, 70 mg, 50 mg, 30 

mg and 10 mg of urea with 5 mmol sulphuric acid. 

Strips of untreated white filter paper were cut to size (10 mm x 50 mm) and 

soaked in 2.5 mL of reagents one and 2.5 mL of reagent two independently, 

then allowed to air dry at room temperature for 30 min. Once dried, the urea 

solutions were pipetted onto the bottom of each strip and the subsequent 

colour was allowed to develop for 10 min. If no colour change was observed 

within that time frame it would be classed as a negative result and assumed 

the urea concentration was within the normal clinical range for urea 

concentration in serum. If a colour change occurred a pink colour would be 

observed by eye on the filter strip, the user could assume the urea 

concentration was ≥ 150 mg mL-1 and would be classed as a positive result 

thereby advising that patient to seek further medical assistance to determine 

the reason of an increased urea concentration within their serum. 

2.5.3 Urea Detection via a Hospital Pathology Laboratory 

The results received from the paper device were compared with the results 

received from the hospital pathology laboratory at Castlehill hospital. The 

analysis of urea levels in human serum, plasma and urine samples is based 

upon enzymatic principles compared with the colourimetric method adapted 

for use on a paper device. The measurement of urea is based upon the 

enzymatic conductivity rate method of urea converted to ammonia via the 

enzyme urease.207,208 A sample containing an unknown concentration of urea 

(10 µL) is mixed with a urease solution (in the ratio 1:76), were the reaction 
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converts the non-ionic species (urea) to one which is ionic ammonium ion 

and bicarbonate). 207,208 During the reaction, the timed rate of increase of 

solution conductivity is directly proportional to the concentration of urea 

present in the sample, figure 2.6. 207,208 

 

Figure 2.1: Pathology laboratory method for urea detection in human serum/plasma 

or urine samples.
207

 

2.6 Colourimetric Detection of Creatinine using a 

Spectrophotometer 

2.6.1 Summary 

Developed from Liu et al.136 the Jaffe reaction is considered a “gold 

standard” test for measuring creatinine concentration in human serum and 

urine samples. It was originally developed for use with a spectrophotometer 

at 520 nm as the creatinine reacts proportionally with the picric acid to create 

a coloured complex in the presence of an alkaline solution.133-135  

2.7.1 Materials 

Picric acid (13 % in purified water), ≥ 98% and sodium hydroxide BioXtra, ≥ 

98% (acidimetric), pellets (anhydrous), creatinine anhydrous, ≥ 98% were all 

purchased from Sigma Aldrich (UK). Plastic, 1.5 mL cuvettes were 

purchased from Fisher Scientific (UK) and was used with a Perkin Elmer 

portable single beam spectrophotometer. Human serum and plasma 
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samples were taken in accordance to LREC ethical approval 

(CHEM/TMC/2012-3) 

2.6.1 Method 

Picric acid (20 mmol L-1) was mixed in the ratio 1:4 with sodium hydroxide 

(0.2 mol L-1) and stored as a “monoreagent”. To measure this reaction 

spectrophotometrically 1.5 mL of the monoreagent was mixed with 10 µL of 

standard creatinine concentration or human serum sample in a cuvette. This 

was allowed to sit for 5 min at room temperature, after which the absorbance 

was measured and recorded at 520 nm. 

2.6.2 Colourimetric Detection of Creatinine using Paper 

The method described for the colourimetric detection of creatinine was taken 

from Liu et al.136 as a spectrophotometric method using the Jaffe reaction 

principle. This method was adapted as a paper dip stick assay for the 

detection of creatinine in human serum samples.135 To determine the 

reliability of this method it was compared with the spectrophotometer 

analysis of human serum samples and a set of standard concentrations. 

2.6.2 Materials 

Picric acid (13 % in purified water), ≥ 98% and sodium hydroxide BioXtra, ≥ 

98% (acidimetric), pellets (anhydrous), creatinine anhydrous, ≥ 98% were all 

purchased from Sigma Aldrich (UK). Human serum and plasma samples 

were taken in accordance to LREC ethical approval (CHEM/TMC/2012-3) 
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2.6.2 Method 

Picric acid (20 mmol L-1) was mixed in the ratio 1:4 with sodium hydroxide 

(0.2 mol L-1) and stored as a “monoreagent”.  White filter paper was cut into 

strips of 20 mm x 10 mm and dipped into the monoreagent solution. Whilst 

the paper strips remained wet they were dipped individually into the solution 

of a known creatinine concentration and repeated for standard 

concentrations within the clinical range (5 mg mL-1 – 25 mg mL-1), as seen in 

figure 2.7. Once completed, another paper strip would be dipped into the 

unknown creatinine concentration in a human serum sample and all aligned 

onto a white background. The highest concentration on the right in 

descending order until a blank paper strip and the unknown sample strip. 

This would be imaged and analysed using ImageJ as described in chapter 

2.7. 
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Figure 2.7: Schematic of creatinine dipstick assay. 

 

 

2.6.3 Creatinine Detection via a Hospital Pathology Laboratory 

Creatinine detection in the hospital was the same method as outlined in 

chapter 2.6.1 using a spectrophotometer and measuring the reaction product 

from picric acid and creatinine in an alkaline solution.   

2.7 Analysis of Paper Device Images 

2.7.1 Summary 

Unless otherwise stated, the analysis of each photograph taken for the 

colourimetric detection of iron, urea and creatinine used identical parameters 

for each individual device to minimise the level of error associated with each 

device. The analysis and results of each paper device which uses a human 
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serum/plasma or whole blood sample will be compared to the pathology 

laboratory results at Castlehill Hospital, Cottingham, East Yorkshire, HU16 

5JQ.  

2.7.1 Materials 

The cameras used, Samsung ES65 camera and the iPhone4s (iron(II) only) 

were used to photograph the paper devices. The analysis of each paper 

device was performed using the software, NIH freeware ImageJ (version 

1.47).  

2.7.1 Method 

A digital image was taken with no flash on the camera and held within 15 cm 

(measured via a ruler) of the device on a white background then transferred 

to a computer for analysis. The paper device images were loaded individually 

into the ImageJ program and converted to a 32bit greyscale. A box was 

drawn around an individual detection zone of the standard concentrations 

and the integrated density or signal intensity (number of pixels) measured for 

red, blue and green light. This box was re-used on the subsequent channels 

of the paper device (without the area size been altered) and measured. 

ImageJ calculated the mean pixel intensity measured for each standard 

concentration, a channel was left blank and was used to calculate the 

background (as reference) and was normalised, as shown in figure 2.8. 

Data was transferred to Microsoft Excel and a linear regression fitted to the 

standard concentrations. The background was subtracted from each result to 

normalise each sample.  
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The unknown concentration of a sample (iron(II), urea or creatinine) would 

be calculated using the line equation from the linear regression. The result 

from the device was compared with the result received from the hospitals 

pathology laboratory and in some cases (creatinine) from a 

spectrophotometer. 

This was deemed as the most accurate analysis for each paper device for 

use as a single use device when compared to work described by Whitesides 

et al.44,  Henry et al.161 and Yager et al.80 who have also used this same 

method with ImageJ or similar methods with Adobe photoshop. 

Figure 2.8 illustrates a step by step process of how to complete the analysis 

using the ImageJ software. 
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Figure 2. 8: ImageJ analysis of iron paper devices. 
Panel A: Through ImageJ open the image for analysis. Panel B: Convert file in 32bit 
image. Panel C: Invert Image. Panel D: Select area for measurement by drawing a 
box around the detection zone of the device. Panel E/F: Measure the area, mean 
number of pixels and integrated density (area x mean grey value) 
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2.8 Mask Designs  

The photo-mask designs used in this project are detailed below in figure 2.7 

with the contact angles measured and correct fabrication procedure followed 

as detailed in chapter 3. 

 

 

 

 

 

 

 

 

 

 

Figure 2. 9: Mask designs created with Microsoft word and used throughout this 
project to fabricate paper microfluidic devices from photolithography. 
A: (Double Assay) mask design used as a complicated mask design from 
Whitesides group

43
. B: (8 lane, 2

nd
 generation) mask design for iron(II) analysis with 

bathophenanthroline. C: (10 lane) mask design for iron(II) analysis with 1,10-
phenanthroline. D: (5 lane) mask design for iron(II) detection with 1,10-
phenanthroline. E: (Initial design) used for the optimisation of fabrication of paper 
microfluidic devices using photolithography. 
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2.9 Statistical Analysis of Data 

 

All results are depicted as a mean ± the standard error of the mean (SEM) as 

a percentage and the “n” number of the experiments completed shown 

alongside each experiment. If the experiment could only be completed once 

this was due to either lack of sample or most commonly due to the use of the 

paper microfluidic devices as a single use device. 

Group means were compared using statistical models published in other 

paper microfluidic devices 45,55,64,79,209-212:  

A paired student’s T-test, used to compare two sets of data which share a 

relationship,213 using Microsoft Excel, data analysis.  

The Analysis of Variance (ANOVA) testing was used to compare the 

variance amongst the group of data as each data set had differing mean 

values as different patient samples were used, 213 using Microsoft Excel, data 

analysis. 

An F-test was used to compare the statistical models used in the data,213 

using Microsoft Excel, data analysis. 

 

A P value of < 0.05 was considered as significantly different, a P value > 

0.05 was not considered as significantly different. 
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Chapter 3: Fabrication 

This chapter will discuss the optimisation process for the fabrication of the 

paper devices using the photolithography technique with a positive 

photoresist. The use of photolithography was initially described by Martinez 

et al.58 who used a negative photoresist (SU-8). In contrast the 

photolithography method described in chapter 2.1 was optimised for use on 

filter paper when using a positive photoresist, which is more readily available 

and is a cheaper alternative to the negative photoresist, SU-8. 

Photolithography was used to create hydrophilic channels in filter paper 

surrounded by a hydrophobic barrier, allowing the direction of fluid flow to be 

controlled and directed as illustrated in figure 3.1 and 3.2. 

 

 

 

 

 

Figure 3. 1: Concept of barriers and channels in a piece of filter paper. 
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Figure 3.2: Photolithography in filter paper, highlighting areas requiring 
optimisation. 
The boxes illustrate areas within photolithography which needed to be optimised 

to be able to apply this method onto a piece of filter paper. 

 

Photolithography is a method originally intended for use on the production of 

integrated circuit boards rather than creating channels in filter paper.214 This 

process has also been developed in the fabrication of glass microfluidic 
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devices,215 however as paper is not as resilient as these materials specific 

steps had to be optimised before its use on filter paper. These optimised 

steps included; the pre-bake temperature, duration of the bake, the time for 

exposure to UV light and the length of time taken for the exposed photoresist 

to be removed by the developer. 

3.1 Optimisation Results 

3.1.1 Temperature 

Initially experiments were carried out to determine the correct duration and 

temperature for the pre-bake which would harden the photoresist once it had 

been dried onto the filter paper. The purpose for the pre-bake was to ensure 

the photoresist was hydrophobic before progressing onto the following 

stages such as the exposure and development. Hydrophobicity was created 

through hardening the photoresist into the paper matrix which was caused by 

the heat, evaporating the solvent (allows the photoresist to be liquid) from the 

photoresist. 

The optimum time and temperature was found to be 90°C for 4 min, if it was 

any cooler (< 80°C) in temperature the photoresist did not harden and 

become completely hydrophobic and if the temperature was any hotter (> 

110°C) the filter paper began to burn and flake away at the edges. This was 

determined by placing a beaker of water containing a thermometer to ensure 

the correct temperature was achieved. It was also noted that if the 

photoresist had not been completely dried on the filter paper, then the 

photoresist would “shrink” on the paper and large areas of white would 

appear in spots on the device. The “white spots” was thought to be caused 
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by the evaporation of the solvent before the photoresist had completely 

saturated the filter paper as the white spots would be as hydrophilic as 

untreated filter paper. 

As this was a satisfactory duration and temperature to evaporate the solvent 

from the photoresist, it was assumed this would remain the same for the 

post-bake process of the method as the aim of the step was the same, 

removing any remaining developing solution from the device in the final 

stage of the process. 

3.1.2 Exposure 

Once the correct temperature had been determined for the pre-bake process 

of the method, the filter paper would be exposed to a UV light through the 

photo-mask to remove certain areas (designed via a photo-mask) of the 

photoresist through breaking down as the photoresist polymer contains a 

light sensitive molecule. The area to be removed is pre-determined through 

the design of a photo-mask which can be produced using Microsoft word. 

Areas to be removed are put in white (which will be clear on an acetate 

sheet) against a black background and then printed out onto an acetate 

sheet. 

The first attempt at fabricating a device was unsuccessful as shown in figure 

3.2. The filter paper was coated in the photoresist and air dried for one day, 

then pre-baked at 90°C for 4 min. The filter paper was exposed for 50 s to 

the UV light.  Initially 50 s was used for the exposure time as it was thought 
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that as paper is more fragile than surfaces this method was established for, 

less time would be required to break down the photoresist. 

The filter paper was exposed to the UV light on one side of the paper, 

through the photo-mask “initial design” (figure 2.7E) which was held in place 

using adhesive tape. The device was developed for 10 min in the developing 

solution before post-baked at 90°C for 4 min. Once dried, a 10 µL drop of 

purified water was pipetted onto several positions of the paper device to test 

for any differences in hydrophobicity across the paper device.  

 

 

 

 

 

 

Figure 3.3: First attempt of fabricating a paper device with a simple photo-mask 
design for fabricating paper microfluidic devices using photolithography. 

The first attempt revealed that the fabrication method was flawed as the 

purified water proved that the entire device was hydrophilic regardless of the 

photoresist, as the water was not absorbed into the device as would be 

expected in the hydrophilic regions of the device. Instead, the water would sit 

on top of the device as it would a hydrophobic surface. This allowed the 
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assumption to be made that the photoresist had been completely removed 

from the paper, either due to a too short period of time of exposure to the UV 

light or a too long time period in the developer. In brief this could be due to 

paper not been as resilient as the materials for which this process was 

intended for use and that not only was the solubilised photoresist (areas 

exposed to UV light) been removed, but also the photoresist which was not 

exposed. 

To overcome the identified problem, the exposure of the paper device to UV 

light was increased to 5 min. This was based on when photolithography is 

performed on a glass microfluidic device, it is a thin layer on top of the glass 

similar to using filter paper the photoresist has been incorporated into the 

cellulose matrix of the paper infrastructure. This suggests, it may take longer 

for the UV light to penetrate and solubilise the photoresist polymer on paper. 

Whilst this step of the process was altered, the development step was 

maintained at 10 min, as this was used in the original photolithography 

method.58 This aided to pin-point any variations in the method that could be 

identified when using filter paper. The concluding paper devices had no 

clearly defined channels, and when purified water was pipetted onto various 

areas of the device, in contrast to figure 3.2 the devices were hydrophilic, 

regardless of the photo-mask design as the water was fully absorbed into the 

paper (devices not shown).  

To counteract the issue, paper devices were subjected to a 4 min pre-bake 

at 90°C, a 5 min exposure period to UV light through a photo-mask as 

before. However, in this instance the developing period was decreased to 5 
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min. It was assumed because filter paper is not as resilient as glass and the 

developer would remove the photoresist a lot easier and quicker as 

previously thought. It was from this process that the development period was 

deemed to be removing not only the exposed photoresist but also the 

unexposed photoresist. It was thought that it could be due to the photo-mask 

not been dense enough in colour to prevent light scattering from the UV bulb 

(block out the light). Therefore, the method was not defining the channels 

strongly enough thereby it allowed the barriers to leak into the hydrophobic 

areas on one side of the filter paper as the photo-mask was allowing light to 

penetrate through to areas of the filter paper which should be hydrophobic 

and not creating a high resolution which can be achieved in glass.  

 

  

 

 

 

 

Figure 3.4: Second attempt of fabricating a paper device with a simple photo-mask 
design for fabricating paper microfluidic devices using photolithography. 
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It can be noted that the pattern from the mask can be slightly seen in figure 

3.4, however it is incomplete, nevertheless illustrating these are minor 

improvements in the fabrication of paper devices.  

Therefore, to strengthen the channels defined in the filter paper a double 

sided photo-mask was designed to allow the photoresist coated filter paper 

to be slipped in between two identically positioned and taped into place 

photo-masks (this would ensure the filter paper would be held in place during 

the exposure of both sides of the device), figure 3.5. The use of the double 

sided mask allowed channels to be created through the entire thickness of 

the paper, fabricating a stronger and more resilient channel to the developer. 

 

 

 

 

 

 

 

 Figure 3.5: Schematic diagram illustrating the use of a double sided photo-mask. 
 Panel A: illustrate the alignment of the two photo-masks, Panel B: illustrates the 
three sides of the photo-mask taped down to restrict the movement of the filter paper 
when it is in place. 

A B 

Two photo-masks are aligned Taped together on three sides (in 

blue) 
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3.1.3 Development 

Through using the double sided photo-mask the UV light exposure time was 

increased to 6 min on each side of the filter paper, whilst the development 

period was steadily reduced from 10 min by 30 s every experiment per paper 

device. This successfully demonstrated that the optimum development time 

frame was between 30 s and 2 min, by the production of a clear and concise 

channel that could be seen in all of the paper devices fabricated, figure 3.5. 

However, as the time decreased that the filter paper spent in the developer 

solution the paper devices become redder in colour when compared with the 

2 min development period devices. This could be due to less photoresist 

been removed by the developer as the photoresist itself is a dark red 

solution, figure 3.6.  
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Figure 3.6: Determining optimum development time. 
Development by exposure to UV light was tested at the time intervals of 2 min 
(Panel A), 1.5 min (Panel B), 1 min (Panel C) and 30 s (Panel D). 

 

To determine the channel and hydrophobic barrier, purified water was 

pipetted onto the channels bottom corner to see how “wick-able” the 

channels were at both 30 s and at 1 min. At both 30 s and 1 min 

development time’s purified water would wick along both channels, however 

at 30 s the fluid flow was slower when compared with purified water wicking 

through the channels in the 1 min channel. In comparison, at 1.5 min and 2 

min the paper devices that had visible channels the water was not contained 

in the channels and fluid spilled out onto the photoresist uninhibited. It was 

thought that it could be possibly due to the increasing time in the developer 

that the paper spent, whereby the developer began to remove the 
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unexposed photoresist along with the exposed photoresist, therefore 

returning the paper back to its natural hydrophilic state. 

3.2 Determination of Development by Contact Angle Analysis 

Once established there was a clear and defined channel in the filter paper 

created by the photolithography technique, a more concise time frame had to 

be determined. This was when only the exposed areas of photoresist were 

removed by the developer, leaving the unexposed areas intact. The use of 

measuring the contact angle would determine how hydrophobic and 

hydrophilic the paper had become after the photolithography process and 

thus determining the hydrophobic difference between areas on the paper 

device i.e. areas which had been removed should be hydrophilic or areas 

which had not been removed through exposure to UV light should be 

hydrophobic in the photoresist coated filter paper.  

For an area to be described as hydrophobic (no affinity for water) its contact 

angle should be measured over 90° and for an area to be described as 

hydrophilic (strong affinity for water), then a contact angle should be 

measured as small as possible (< 90°) which can be seen in figure 3.7. This 

was measured by pipetting 5 µL of purified water onto the device and 

measuring the corresponding contact angle with a goniometer, as described 

in chapter 2.2. 
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Figure 3.7: Contact angle results using the “initial device” design. 
 This graph illustrates the greatest significant difference within results (P=<0.05) 

depicted as * as the optimum time period for paper device fabrication, (n=10). 

 

The contact angle results show the optimum development time-frame to 

produce hydrophilic channels surrounded by a hydrophobic barrier was 1 min 

(60 s in figure 3.6). A paired Students t-test showed this was the greatest 

significant difference between the measurements (P= 0.01) when compared 

with the other results. 

The fabrication method was further tested to ensure reproducibility with 

various other designs which in some cases were more complicated whilst in 

others remained simple, figure 3.8. The device designed by Martinez et al.43 

using a negative photoresist was described as a complex design for the 

measurement of two analytes created using photoresist. Figure 3.8 illustrates 

* 
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this complex design is reproducible when using a positive photoresist as an 

alternative, thereby illustrating how the photolithography method outlined is 

successful in creating hydrophobic barriers in paper regardless of the 

patterns complexity e.g. for a double assay (taken from figure 2.7A).  

 

 

 

 

 

 

Figure 3.8: Complicated designs of channels that can be fabricated into a paper 
device.

43
 

 

However, it was noted that due to the different patterns the development 

period was dependent on how much photoresist had to be removed e.g. in a 

device were only a small channel was been created a shorter time frame 

would be required when compared with a device which had a larger channel. 

This observation affected every design encountered therefore, to ensure the 

optimum development time for each device design the contact angle was 

measured for each design. Table 3.1 illustrates each optimum development 

time frame and the measured contact angle for the different designs used in 

this project, (n=5). 

 

A B 
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Table 3. 1: Adjusted development time for contact angles. 

 

 

This data enabled the reproducibility of paper devices with various patterns 

used to create the channels (figure 3.9). Each device was designed for the 

number of measurements required to incorporate the measurement of a 

number of standard concentrations of samples alongside an unknown 

concentration and a blank to be sued as a reference in the analysis, as 

described in chapter 2.7. 

 

Paper Device 

Design 

Development 

Period 

Time /s 

Contact 

Angle 

on 

channel 

(n=5) 

Standard 

Deviation 

Contact 

Angle 

off 

channel 

(n=5) 

Standard 

Deviation 

Initial Design 60 65.1° 1.7 98.9° 2.5 

5 lane design 60 64.9° 1.8 100.8° 1.5 

10 lane design 80 65.4° 2.4 93.3° 2.8 

8 lane, 2nd 
generation 

design 

80 62.5° 1.4 99.7° 1.2 
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            Figure 3.9: Channel designs used for various measurements of analytes.  
Panel A: Initial design of a two lane paper device and mask. Panel B: Eight lane 2

nd
 

genration paper device and mask. Panel C: Five lane paper device and mask. 

 

 

The devices, once fabricated had to be stored at room temperature in the 

dark to maintain the hydrophobic barrier created within the device. The 

devices stored in the dark were usable for an unknown period of time after 

fabrication. It is assumed that as long as the devices were stored in the dark 
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the photoresist would not breakdown and they would not become hydrophilic 

therefore the hydrophobic barrier would remain intact for indefinite amount of 

time, however this theory was not tested. It was thought if the devices were 

stored in a warm and moist environment they barrier would be broken down 

as the paper would age faster e.g. lose colour and become brown and 

mouldy, however this theory was tested but a cool, dry environment was 

preferred for storage. 

3.3. Cost of Fabrication 

The main focus in developing many of the POC devices today is to allow the 

fabrication process to be more cost effective than already available but 

remaining as accurate as the current methods. The cost of fabricating these 

devices is broken down in table 3.2, explaining how cost effective these 

devices could be when compared to glass or polymer microfluidic devices. 

This was completed by example for manufacturing 100,000 devices using 

the method outlined once optimised using the positive photoresist. 
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Table 3. 2: Cost of consumables for fabricating 100,000 paper devices using the 
photolithography method when optimised. 

 

Equipment Required Total Cost Cost per device 
(100,000 devices) 

Filter Paper £20 (500 pieces) 4p 

UV Light Source £139.00 1.39p 

Photoresist £123.00 (1 L) 1.23p 

Acetate £13.70 (50 sheets) 1.37p 

Printer £79 0.8p 

Hot Plate £245 2.45p 

Syringe £35.97 (pack of 100) 3.6p 

Total Cost £655.67 14.84p 

 

3.4 Discussion 

In the area of developing medical devices, there remains a growing 

requirement that the devices be of single use to prevent cross contamination 

yet remain cost effective.53 Paper microfluidics is slowly bridging this ideal 

through the development of creating channels in the paper matrix which 

allow fluid to flow without any external force, an ideal source for use in the 

developing world.53,72 The ideal of been cost effective as outlined in table 3.2 

is comparable with the cost of manufacturing polymer or glass devices which 

have been produced for as little as 5 - 14 cents216, however this is not as 

cost effective as the paper devices which can be produced for as little as 

15p. 



Chapter 3 Fabrication 
 

109 | P a g e  
 

The fabrication of such devices that had previously been established was 

through the creation of etching channels into a solid support,3,30 however 

these methods use costly materials, such as glass and silicon which for use 

as a one-time device is not cost effective.53,72  Adaptations of methods for 

use with an alternative and less expensive approach by using cheaper 

materials, such as paper, have received much interest within research 

groups in recent years.45,64,65,217-219 The process illustrated within this chapter 

highlights an approach such as photolithography can be altered and 

optimised for use on a paper platform, creating the desirable medical device 

much needed in the developing world.2,32,43,45,58  

The use of the positive photoresist in comparison with the negative 

photoresist further highlights this approach of maintaining low cost yet 

creating a very usable device in the medical community. The positive 

photoresist can produce high resolution channels and sharp borders which 

can sometimes be lost in other methods such as wax printing.98,99 For the 

positive photoresist to be correctly utilised in a paper platform the 

optimisation of this method included the pre and post bake time and 

temperature, the exposure time and development time. 

The pre-bake time and temperature was established at 90°C for 4 min as at 

a higher temperature the paper would begin to burn and flake rendering the 

paper unusable, additionally for any duration of time longer than 4 min a 

similar problem was encountered. If the time and temperature were any 

lower the positive photoresist would not harden, so when exposed to UV light 
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would not become hydrophobic, therefore removed by the developer in the 

last step of the method. 

The exposure time was determined to be 6 min on each side of the paper. 

Initial experiments used a shorter exposure time frame and showed that the 

UV light had fully saturated the exposed areas, but were not fully removed by 

the developer. The breakthrough was establishing the use of a double sided 

photo-mask, allowing the channels to be fabricated through the entire 

thickness of the filter paper, strengthening the hydrophobic barrier. Before 

this realisation, fluid was slow at moving through the channels but when the 

first paper device was exposed on both sides the UV light was able to fully 

penetrate the paper and the fluid moved along the paper faster and 

completely filled the channel.  

It was also noted that during the exposure of the filter paper to the UV light 

through the double-sided photo-mask could heat up. The bulb used in the UV 

light box was an 8 W bulb thereby creating 8 W of heat in an enclosed 

space. This heating would cause the ink on the acetate sheet to melt and 

when removing the paper, the paper would be covered in the acetate ink. 

Therefore, to prevent this from happening the photo-mask would have a 

layer of clear acetate on the surface touching the filter paper and then the 

photo-mask with the design of channels on which would be sellotaped 

together as shown in figure 3.4. 

The developing stage was a crucial stage in completely removing the 

exposed areas of the photoresist and not eroding the unexposed areas at the 
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same time. This was achieved through measuring the contact angles at 

varying development time frames and establishing that this process was 

specific to each design and device used. The developer was initially diluted 

to varying concentrations but all the experiments failed to remove the 

photoresist in a satisfactory manner therefore it was decided to use the 

developer as a 100 % solution. The time frame had to be precise within 10 s 

of the allotted time frame determined by the measurement of the contact 

angles because if the paper device was taken out early or after that allotted 

time the device would be unusable and either the fluid would wick 

everywhere regardless of the hydrophobic barrier or would sit on the device 

as it would be too hydrophobic to absorb any of the liquid. 

It was deemed that the post bake process was not required as the post bake 

was used to evaporate any remaining developer and to adhere the 

photoresist to the surface. As the photoresist was incorporated fully into the 

papers cellulose matrix it did not require any further adhering. The drying of 

the devices at room temperature was sufficient to remove the developer 

solution and as the devices sufficiently allowed fluids to wick along the 

channels it did not require further investigation. 

Each device (from chapter 2, figure 2.7) were fabricated and dried, were 

tested with 5 - 10 µL of purified water to detect any inaccuracies in the 

fabrication. The devices could be made four at a time by aligning them on the 

hot plate on the UV light box and from this 75% of the devices would be fully 

hydrophobic with the channels been hydrophilic from the quality control 

checks put in place. The first check was to place 5 - 10 µL of purified water 



Chapter 3 Fabrication 
 

112 | P a g e  
 

onto the channel and time the distance travelled from one end to the other. 

According to Darcy’s law this was 12 s per channel.86  The second control 

check was to measure the contact angles of the channels and ensure they 

were fully hydrophilic (< 90°). If any of the devices which were incorrect by 

leaking or if they were too hydrophobic i.e. they would not wick fluid they 

were immediately disposed. The devices which passed the quality control 

and had been fabricated correctly were stored in the dark at room 

temperature until use. If they were not stored in the dark the light would 

eventually break down the photoresist and the entire device would return to 

its natural hydrophilic state. These devices that were stored in the dark could 

be used after an indefinite amount of time without any leakages. 

To the best of our knowledge this is the first method which has used a 

positive photoresist for a photolithography technique when using paper as a 

platform. The novelty in using a positive photoresist for paper microfluidics 

has the additional benefit of providing a cheaper alternative to the negative 

photoresist (SU-8). 

This paper platform can now be used for detection of analytes in samples to 

diagnose infections or diseases, for this project anaemia and kidney failure. 

Iron, urea and creatinine will be detected in human serum samples to 

determine a diagnosis for a patient as a POC device that can be performed 

away from a laboratory setting by untrained personnel, allowing for a fast 

diagnosis which leads to a better prognosis for the patient. 
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Chapter 4: Colourimetric Detection of Iron 

Iron is an essential nutrient required by the body absorbed via the diet and is 

a leading nutrition deficiency worldwide. There is a huge need to be able to 

assess iron levels quickly and efficiently in patients thought to be suffering 

from anaemia as a lack of iron in the human body can lead to further 

complications and in worst case scenarios, multiple organ failure as 

described in chapter 1.6.162 This is most commonly measured in human 

serum samples (were RBCs and WBCs have been removed through 

centrifugation) and using a spectrophotometer the reduction of iron(III) into 

iron(II) and resulting coloured complex measured.147,220 Although this is a 

simple method, it can still take up to 5 days in the developed world for 

patients to receive a result from the hospital pathology laboratory and in the 

developing can prove impossible as the equipment required (centrifuge and 

spectrophotometer) are expensive pieces of equipment. The main purpose in 

the production of POC device is to minimise this delay and to aid in the 

diagnosis of diseases and infections. 

Initially iron(II) was measured on a paper device within the clinical range of 5 

µM and 75 µM and compared to the conventional method using a 

spectrophotometer by using 1-10,phenanthroline, a common complexing 

reagent which forms a red coloured complex with iron(II) proportional to the 

iron(II) concentration.199  

In later experiments, iron(II) was measured using a derivative of 1,10-

phenanthroline, bathophenanthroline, a complexing reagent which forms a 
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red coloured complex proportional to the concentration of iron(II) however, 

the complex is soluble only in alcohol solutions, allowing the detection zone 

of the iron(II) to remain stationary preventing any inaccuracies caused 

through a chromatography effect in the paper channel.200,201,221 

The paper devices were analysed using the software ImageJ and statistically 

measured as outlined in chapter 2.7. The performance of the system was 

assessed by comparison with standard methods performed at a clinical level, 

determining any statistical differences within the results achieved on the 

paper devices. 

4.1: 1-10,Phenanthroline Results on Paper 

To measure the iron concentration on a paper device, channels were created 

via photolithography as outlined in chapter 2.1. The devices were designed 

to have a total of six channels, which allowed for the measurement of five 

concentrations of iron(II) from 0.1 M to 0.001 M that were run simultaneously 

onto a single device, using the individual channels. This maintained in every 

device a constant concentration and volume of 1,10 -phenanthroline 

throughout, 5 µL of 0.1 M pipetted into each channel before been dried at 

room temperature for 30 min and the same amount of each standard 

concentration of iron(II) sample pipetted (15 µL) into each channel, which 

wicked up the channel into the detection zone of 1,10-phenanthroline. The 

natural matrix of the paper cellulose fibres would allow the samples to mix 

and a red/pink coloured complex formed as a result. 
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Firstly, 5 µL of 1,10-phenanthroline was pipetted into the devices channels 

(photo-mask design “5 lane”, figure 2.7) in the top half of the channel and 

allowed to dry at room temperature for thirty 30 min before the addition of the 

iron(II) samples at the opposite end of the channel. This was to allow the iron 

sample to wick through the detection zone and mix well with the 1,10-

phenanthroline before drying into the channel, figure 4.1. 

Secondly, the iron sample would be pipetted into the bottom of each channel, 

wick along the channel into the detection zone and the sequential addition of 

reagent and sample was designed to trap any debris in samples used on the 

device, such as in human whole blood sample. Debris would be any large 

cells (such as RBCs and WBCs) in the whole blood which would travel at a 

slower rate through the paper matrix when compared with the smaller 

molecules (such as iron(II)). This would prevent any contamination of the 

detection zone in the paper matrix and prevent any hindrances in the 

development of a colour change from the mixing of iron(II) and 1,10-

phenanthroline. Once the red/pink colour change had fully developed and 

dried 10 min at room temperature, a digital photograph would be taken and 

analysed via ImageJ. A standard concentration curve of iron(II) was 

constructed to show linear regression thus allowing an unknown 

concentration to be calculated. 
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Figure 4.1: Coloured reaction of 1,10-phenanthroline with iron(II) on a paper device. 
Panel A: Process of introduction of samples onto the paper device. Panel B: Iron(II) 

reacting with 1,10-phenanthroline to form a pink coloured product. 
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Iron(II) and 1,10-phenanthroline was pipetted onto a paper microfluidic 

device and the resulting analysis completed, (figure 4.2) that deposits 

varying iron concentrations from 0.1 M to 0.001 M. The paper device was 

photographed as a whole, but each individual detection region was analysed 

individually. This was performed in ImageJ and an area square drawn 

around the largest detection zone (area in which 1,10-phenanthroline had 

been deposited) visible and then dragged across into each subsequent 

detection zone for each subsequent concentration of iron(II), as described in 

chapter 2.2. 

However, problems were encountered in this experiment, the main issue 

been with the reactant 1,10-phenanthroline and the corresponding colour 

change to pink/red when reacting with iron(II). This was due to difficulty when 

trying to measure the colour change in the channel of the paper device as 

1,10-phenanthroline is soluble in aqueous solutions. This experiment 

required aqueous solutions for the iron(II) samples, as the solution would 

transport (wick) the iron(II) into the detection zone, however the detection 

zone (1,10-phenanthroline) did not remain stationary within the channel. 

Therefore, the iron(II) solution had a “chromatographic effect” whereby the 

liquid would not remain stationary in the channel as according to Darcy’s 

Law86 fluid would continue to wick if there is a sufficient source of fluid and 

an unfilled absorbance capacity of the paper to maintain the flow of fluid. 86 

Thereby, spreading the detection zone along the channel and inhibiting a 

correctly calculated colour intensity when analysing with ImageJ (as the 

colour would appear less concentrated as it was spread over a large area). 
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This was most clearly seen in the channel containing the highest 

concentration of iron(II) (0.1 M) outlined in figure 4.2A.  

It was also noted in the analysis of the initial iron(II) measurements that the 

trend of the graph decreased as the concentration of iron(II) increased. It 

was at this point that it was discovered that the image when analysing in 

ImageJ has to be inverted to allow the darker colours to be recorded as the 

higher density values rather than vice versa. 
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Figure 4.2: Preliminary results of iron(II) detection on paper microfluidic device using 
1,10-phenanthroline (R

2
=0.9915), n=1. 

Panel A: illustrates the introduction of samples onto the paper device and the area 
measured in analysis. Panel B: resulting analysis of paper device. 
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The results measured for the varying iron(II) concentrations between 0.1 M 

and 0.001 M were initially used to determine if the results recorded on the 

paper device were comparable when using 1,10-phenanthroline to measure 

iron(II) concentrations with the conventional, spectrophotometer method at 

510 nm as described in chapter 2.4.  

The paper device data was compared with data obtained using a 

spectrophotometer (figure 4.3). A solution of 1.5 mL of iron(II) was mixed 

with 0.75 mL of 1,10-phenanthroline and measured at 510 nm after 2 min. 

The corresponding data from the spectrophotometer readings show a linear 

increase of iron(II) concentration which was the expected result, figure 4.3. 

However, in comparison the paper device showed a curved line of signal 

intensity which decreased as the iron concentration increased, figure 4.2B.  

From this, the assumption was made that the “chromatographic effect” of the 

1,10-phenanthroline and iron(II) coloured complex was providing an 

inaccurate result for analysis, caused by leakage into the photoresist. The 

dried 1,10-phenanthroline was wicked along through the channel by the 

iron(II) solution, before been carried over the channel and into the 

hydrophobic barrier of the  photoresist coated paper, giving the appearance 

of been a brighter pink/red colour. It was thought this may be due to the N- 

bonds in the 1,10-phenanthroline reacting with the polymer of the photoresist 

rather than the iron(II) alone. The loss of 1,10-phenanthroline reagent into 

the photoresist would cause inaccurate results and measure a higher result 

than expected.  
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Figure 4.3: Spectrophotometer analysis of iron concentrations, (R
2
 = 0.979), n=5. 

 

4.2: Bathophenanthroline Detection 

To prevent the chromatography effect reported in chapter 4.1, an alternative 

reagent for the detection of iron(II) was investigated that was not soluble in 

water. Bathophenanthroline is a derivative of 1,10-phenanthroline which is 

only dissolvable in alcohol, such as ethanol compared to 1,10-phenanthroline 

which was soluble in aqueous solutions. Thereby, the iron(II) aqueous 

solution for standard concentrations or human samples containing iron(II) 

would not move the bathophenanthroline (previously dried in the channel as 

the 1,10-phenanthroline) along the channel. Therefore, providing a solution 

to the chromatography effect caused by this movement when using 1,10-

phenanthroline. 

At this point, the channels were widened from 2 mm to 3.5 mm in the device 

design (photo-mask design8 lane, 2nd generation from figure 2.7B) allowing 
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the iron solution to wick along easier and faster than has been previously 

been recorded when using 1,10-phenanthroline. This was to improve the 

response time of the device from the addition of an iron(II) sample to result 

as if this was to be used for  POC device, a fast yet accurate result is 

desirable. Applying Darcy’s law86 to the devices channels illustrated  an 

increased volume of sample was required (15 µL as opposed to 10 µL) to 

allow diffusion through the channel to maintain velocity and reach the 

detection zone but, a better resolution was achieved in the channels from the 

photolithography method in fabricating the devices. 

Originally, bathophenanthroline was pipetted onto the channel in the same 

manner as the 1,10-phenanthroline, but the ethanol easily dissolved and 

destroyed the photoresist created channels and the hydrophobic barrier. 

However, to compensate for this issue a three dimensional device was 

constructed preventing the bathophenanthroline from coming into contact 

with the photoresist coated paper, as outlined in chapter 2.5.2, figure 2.4.  

The bathophenanthroline was soaked and dried onto untreated filter paper 

and cut to a size that would fit above one channel only on the device without 

entering in direct contact with neighbouring channels, thereby avoiding cross 

contamination of the samples. The iron(II) sample was added to the 

photoresist coated channel in the bottom layer as described in section 4.1 

and wicked up the channel, upon reaching the top layer of untreated filter 

paper the iron(II) solution would then wick through and absorb through into 

the top layer of the device. This top layer contained the bathophenanthroline, 
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as shown in the schematic diagram of the layout of the device (chapter 2.5.2, 

figure 2.4). 

Preliminary results for the iron concentrations measured using the 3D paper 

based device and bathophenanthroline are shown in figure 4.4A. The 

resulting analysis of the colour change from colourless to red/pink is shown 

in figure 4.4B. These graphs are not linear as a plateau can be seen at 

concentrations higher than 0.02 M, this is because the method has reached 

the limit of quantification (LOQ). However, at the lower concentrations 

between 1 mM and 10 mM a linear increase can be seen, within the clinical 

range of serum iron(II) concentrations. 

Results are shown with and without the two higher molarities (0.05 M and 0.1 

M) in figure 4.5 thus now showing a linear relationship in figure 4.5B which is 

in agreement with the spectrophotometer results, figure 4.6B. There is an 

improvement in the accuracy in measuring the coloured detection zone using 

ImageJ as the white background of the untreated filter provides less 

background interference when compared to the devices previously measured 

in the channel using 1,10-phenanthroline, figure 4.2. 

The result showed that iron(II) could be detected and measured successfully 

between 0.00075 M and 0.1 M and the coloured complex of red/pink clearly 

seen for every concentration with an accurate analysis showing an 

increasing linear relationship between the signal intensity and concentration 

of iron(II) as also seen in the spectrophotometer results. 
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Figure 4. 4: Analysis of paper device using bathophenanthroline, n=1. (R
2
=0.9777). 

Panel A: 3D paper device with varying standard concentrations of iron(II). Panel B: 
Analysis of paper device. 
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Figure 4.5: Bathophenanthroline analysis on paper microfluidic device, n=1.  
Panel A: Analysis including higher concentrations of iron(II) – 0.05 M and 0.1 M 
(R

2
=0.9777). Panel B: Analysis not including higher concentrations of iron(II) – 0.05 

M and 0.1 M, (R
2
=0.9794). 
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For measurements in human serum samples or in whole blood samples the 

removal of the higher concentrations of iron(II) i.e. 0.05 M and 0.1 M was 

deemed acceptable as this is outside of the clinical range for both children 

and adults, male and females.205,222 The clinical range for iron(II)  in human 

serum and plasma is between 7.5 µM and 75 µM223 and between 0.006 M 

and  0.0007 M150 in haemoglobin and the bathophenanthroline colourimetric 

method (figure 4.5) can be used in the range from 6.8 µM to 0.1 M.   

 

Devices were measured as n=1 as they were to be presented as a POC 

device which would be a single use device and therefore as containing 

unknown biological hazards they would be destroyed after use. This would 

also be the same in regards to the analysis as differing light conditions could 

affect the digital images taken. Thus, in the case of each single use device 

the standard concentrations would be measured for that device only and the 

unknown sample of serum or whole blood would be calculated from the 

consequent analysis for that device only.   
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Figure 4.6: Spectrophotometric results using bathophenanthroline, n=6. 
(R

2
= 0.9954). 

Panel A: Expected colour change observed in plastic cuvettes. Panel B: 
Analysis of iron(II) and bathophenanthroline spectrophotometrically. 
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4.3 Human Samples 

4.3.1 Whole Blood Samples 

Human whole blood samples were tested on the paper devices, initially 

without the addition of heparin however, the whole blood would clot and 

would not wick along the channel, becoming immobile in the channel.  

Heparin could not be added to the whole blood samples as it would cause 

interference in the reaction between iron(II) and bathophenanthroline.224,225 

To obviate to this problem, water was added to whole blood samples to allow 

the osmotic pressure to cause haemolysis in the RBCs, thus releasing the 

haemoglobin (containing iron(II)) that reacts with the bathophenanthroline 

complex in the top layer of the device. The addition of water into whole blood 

would also give the sample mobility, moving the whole blood along the 

channel and into the detection zone in the top layer, allow the concentration 

of iron(II) to be measured by the subsequent colour change, as explained in 

chapter 1.5. However, this would not work in the laboratory as the samples 

remained unusable as they did not wick along the channel, in addition, it was 

considered the red colour from RBCs in whole blood may interfere with the 

colour change and detection, thereby reducing analysis to be inaccurate and 

un-usable. 

4.3.2 Serum and Plasma Samples 

To devise a reliable and reproducible test, rather than whole blood, human 

serum and plasma samples with sample preparation could be used. Serum 

contains iron in the iron(III) form that is bound to a protein known as 

transferrin, for the purposes of the POC device to measure the iron, it would 
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need to be reduced to iron(II) to react with the bathophenanthroline whilst 

been removed from the transferrin protein.  

Initial experiments focused on reducing the iron(III) into the iron(II) form by 

adding various reducing agents such as zinc powder or acetic acid to the 

serum sample. The addition of zinc or acetic acid into serum samples caused 

intense bubbling which rendered the serum sample un-usable, as the 

reaction would occur until the serum sample had fully evaporated.  

It was then decided to investigate “The Lauber Method” to enable the 

simultaneous reduction of iron from iron(III) to iron(II)  and release the iron 

from the transferrin protein, chapter 1.6.2.148 The original method was 

created to spectrophotometrically measure iron(II) in serum samples but 

required the agglutinated proteins to be centrifuged to be removed before a 

measurement could be taken, however the use of a paper device allows the 

prepared sample to be pipetted straight onto the channel as the paper matrix 

traps the subsequent agglutinated proteins (such as transferrin), leaving the 

smaller molecules such as the reduced iron(II) to react with the 

bathophenanthroline complex further along the channel, in the top layer of 

the device. The method was completed for the paper device by adding the 

teepol and sodium dithionite solution to the serum sample before pipetting 

onto the channel as before, in chapter 4.1 and 4.2.  

A new device was designed for the detection of iron(II) in human serum 

rather than in whole blood to allow for the incorporation of the Lauber 

method. The device was designed to have eight channels in total; five 
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channels (one for each iron standard concentrations ranging from 7.5 µM to 

75 µM), one channel for a blank (used as a reference for background 

interference in the analysis) and two channels for the serum sample to be 

used in duplicate. The channels were fabricated to be wider (3.5 mm x 50 

mm) than the device presented in sections 4.1 and 4.2 to incorporate the 

increase in volume from the addition of teepol and sodium dithionite to the 

serum sample.  

Data analysis was performed as described in chapter 2.4. Preliminary results 

showed a strong correlation between results received via the 

spectrophotometer method and the paper device when compared using the 

standard iron(II) concentrations, figure 4.9. This was demonstrated by an 

ANOVA test, Students paired t-test and an f-test in all cases there was no 

significance difference, P=0.235 between the standard iron(II) 

concentrations. The linear regression trendline of both the paper device and 

the spectrophotometer method was compared and was shown to have no 

significance difference, P=0.321. 
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Figure 4.7: Comparison of methods using standard concentrations of iron(II), n=6.  
R

2
= 0.9931 = paper device, R

2
= 0.9939 = spectrophotometer.  
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range of this specific patient, therefore it was concluded this patient was not 

suffering from anaemia.151 The data was in agreement with the findings from 

the hospitals pathology laboratory who measured an iron(II) level of 13 µM ± 

0.6% SEM in that particular patient. 

This method was used for various patients whose consent had been 

received (ethics appendix) and compared with results received from the 

hospital Table 4.1 shows a comparison between results from the hospital 

and the paper device, clearly illustrating no significant difference between the 

two methods in terms of accuracy and consistency. This was also confirmed 

at the statistical level by the F-test and a T-test presented in tables 4.2 and 

4.3. 
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Figure 4.8: A paper device for iron(II) analysis in human serum, n=2, R
2 

= 0.9849. 
Panel A: Paper device for analysis of known standard concentrations and unknown 

concentrations of iron(II), Panel B: Analysis of iron(II) in serum sample. Iron(II) = 

13.6 µM ± 1.3% SEM. 
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Table 4.1: Comparison between results obtained from the paper device versus the 
clinical specified method, n=10. 

 

  

Patient Paper Device /µM Pathology Results /µM 

A 12 ± 1.1% 11 ± 0.6% 

B 13 ± 0.6% 13 ± 0.6% 

C 16 ± 1.3% 15 ± 0.6% 

D 27 ± 0.8% 26 ± 0.6% 

E 14 ± 0.5% 15 ± 0.6% 

F 14 ± 1.3% 14 ± 0.6% 

G 10 ± 1.2% 9 ± 0.6% 

H 19 ± 1.3% 19 ± 0.6% 

I 16 ± 0.6% 16 ± 0.6% 

J 12 ± 0.8% 12 ± 0.6% 

K 20 ± 1.6% 21 ± 0.6% 

L 32 ± 0.9% 30 ± 0.6% 

M 15 ± 0.5% 14 ± 0.6% 

N 16 ± 0.2% 16 ± 0.6% 

O 19 ± 0.7% 17 ± 0.6% 

P 31 ± 0.3% 30 ±0.6% 

Q 15 ± 0.5% 15 ± 0.6% 

R 26 ± 0.7% 25 ± 0.6% 

S 11 ± 0.6% 10 ± 0.6% 

T 9 ± 0.7% 9 ± 0.6% 

U 15 ± 0.4% 14 ± 0.6% 
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Paper Device Results for Iron(II) detection /µM 

The results from table 4.1 and figure 4.10 were statistically analysed to 

ensure there was no significant difference between the results from the 

paper device and results received from the hospital pathology laboratory. 

This was completed by using a paired student’s t-test for each patient, which 

outlines there was no significant difference between any of the results for all 

patients, (P= 0.42, table 4.2). 

 

 
 

 
 
 

 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 
 
 
Figure 4. 10: Linear regression of results found using paper device vs. pathology 
results. 
Taken from table 4.1 showing the correlation between the two methods for the 

measurement of iron(II) in serum samples. 

 

The linear regression observed in figure 4.11 supports the paper device as 

an accurate method to measure iron(II) in human serum samples via a high 

correlation between the paper device results and the hospital pathology 
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results, R2=09883. The intercept of figure 4.11 further illustrates no 

significance difference between the two methods, P=0.89. 

The variance for the data was statistically analysed using an F-test which 

established there was no variances within the data when comparing the 

paper device results to the hospital pathology laboratory results, table 4.2. 

Table 4.2: Statistical analysis of results from table 4.1, P= 0.42.  

 

 
Paper Device Path Lab 

Mean 17.5 17 

Variance 44.05 40.10 

Observations 20 20 

df 19 19 

F 1.09 
 

P(F<=f) one-tail 0.42 
 

F Critical one-tail 2.16 
 

Highlighted in bold illustrates no significant difference between results 

 

4.4 Validation of Iron(II) Measurements using the Paper Device 

The consistency of the paper device method was further established to 

ensure the method would also work for levels of iron(II) which would be 

outside the normal clinical range (7.5 µM to 75 µM) by measuring high and 

low levels of iron(II). This was completed for high levels of iron(II) by spiking 

a patients serum samples to have a total of 89 µM of iron(II) and been to the 

hospital pathology laboratory for testing.  

Upon completing the analysis of the artificial serum sample, the results were 

compared with the standard colourimetric method using a 
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spectrophotometer, table 4.3. For low levels of iron(II) in serum, the 

consistency of the paper method was tested using samples from patients 

known to be suffering from anaemia, table 4.6. Statistics were used to 

ensure the reproducibility of this method to ensure the results from the paper 

device and the clinical method were not significantly different (P> 0.05) and 

the amount of variance within the results was not significantly different (P> 

0.05). 

The high levels of iron(II) in human serum samples maintained accuracy as 

the results were not significantly different from the pathology results 

received, P> 0.05 for both a paired Students T-test and F-test, table 4.4 and 

table 4.5. 

The low levels of iron(II) in human serum samples maintained accuracy as 

the results were not significantly different from the pathology results 

received, P> 0.05 for both a paired Students T-test and F-test, table 4.7 and 

table 4.8. 
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Table 4.3: High levels of iron in serum samples to determine accuracy of method 
outside the clinical range, n=10. 

 

Table 4.4: Statistical analysis for high levels of iron(II) in serum (Paired T-test) P= 
0.76. 

 

  

 

 

 

 

 

 

 

 

 

 

Patient Paper Device  /µM Pathology Results /µM 

A 87 ± 0.7% 88 ± 0.2% 

B 85 ± 0.4% 87 ± 0.3% 

C 89 ± 0.6% 89 ± 0.4% 

D 86 ± 0.5% 85 ± 0.3% 

E 91 ± 0.3% 86 ± 0.6% 

F 87 ±  0.9% 89 ± 0.4% 

G 89 ± 1.2% 89 ± 0.4% 

 
Paper Device Path Lab 

Mean 87.83 87.5 

Variance 4.96 3.1 

Observations 7 7 

Pearson Correlation 0.17 
 

Hypothesized Mean Difference 0 
 

df 5 
 

t Stat 0.31 
 

P(T<=t) one-tail 0.38 
 

t Critical one-tail 2.01 
 

P(T<=t) two-tail 0.76 
 

t Critical two-tail 2.57 
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Table 4.5: Statistical analysis for high levels of iron(II) in serum (F-test for Variance) 
P= 0.30. 

 

 

 

 

 

 

Table 4.6: Low levels of Iron in Serum Samples. 

 

Table 4.7: Statistical analysis for low levels of iron(II) in serum (Paired T-test) P= 
0.39. 

 
Paper Device Path Lab 

Mean 6 6.25 

Variance 0 0.25 

Observations 4 4 

Pearson Correlation 
  

Hypothesized Mean Difference 0 
 

df 3 
 

t Stat -1 
 

P(T<=t) one-tail 0.19 
 

t Critical one-tail 2.35 
 

P(T<=t) two-tail 0.39 
 

t Critical two-tail 3.18 
 

 
Paper Device Path Lab 

Mean 87.83 87.5 

Variance 4.96 3.1 

Observations 7 7 

df 5 5 

F 1.60 
 

P(F<=f) one-tail 0.30 
 

F Critical one-tail 5.05 
 

Patient Paper Device (n=10) / µM Pathology Results / µM 

A 6 ± 0.8% 6 ± 0.6% 

B 6 ± 0.9% 7 ± 0.6% 

C 6 ± 0.7% 6 ± 0.6% 

D 6 ± 1.1% 6 ± 0.6% 
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Table 4.8: Statistical analysis for low levels of iron(II) in serum (F-test for variance) 
P= 0.32. 

 

 

 

 

 

 

 

 

 

  

 
Paper 
Device 

Path Lab 

Mean 6 6.33 

Variance 0 0.33 

Observations 4 4 

df 2 2 

F 0 
 

P(F<=f) one-tail 0.32 
 

F Critical one-tail 0.05 
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4.3: Smartphone Analysis 

 

In order to assess the possibility to use the device outside a laboratory 

setting, digital images of the paper devices were taken by using a mobile 

phone such as a Smartphone. This would allow the user to be less reliant on 

more equipment to complete the analysis. For example, to be able to use the 

paper device in the field the images of the paper devices could be sent via 

email to a central laboratory and analysed or the ImageJ software used to 

analyse the data from the paper device could be turned into an application 

(app) and analysed immediately using the mobile phone. 

 

In this case, images once taken were transferred to a computer and 

analysed with ImageJ. An image of a paper device taken with a Smartphone 

camera and the results from the subsequent analysis is shown in figure 4.11. 

The results from the paper device indicate a serum iron(II) level of 13 µM ± 

0.8% SEM with full results from patients presented in table 4.10. In the image 

taken with the Smartphone camera it was noted that there was more 

reflection in the image from the sellotape but this was deemed acceptable as 

this did not cause any interference in the area which was to be measured in 

ImageJ to calculate the signal intensity of each sample (standard 

concentrations and unknown samples). 
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Figure 4.11: Paper device using human serum sample taken with a Smartphone 
camera (iPhone4s). 
Panel A: Paper device with known and unknown concentrations of iron(II). Panel B: 

Analysis of paper device taken with Smartphone camera. 

*note reflection in Panel A 
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Table 4.9: Results from patients serum samples when using a Smartphone camera, 
n=10. 

 

 

 

 

 

 

 

Patient 
Paper Device with 

Smartphone camera /µM 
Pathology Results /µM 

A 13 ± 0.8% 13 ± 0.6% 

B 13 ± 0.6% 14 ± 0.6% 

C 19 ± 1.1% 20 ± 0.6% 

D 26 ± 0.9% 26 ± 0.6% 

E 14 ± 0.7% 15 ± 0.6% 

F 23 ± 1.3% 24 ± 0.6% 

G 26 ± 1.4% 26 ± 0.6% 

H 11 ± 0.7% 11 ± 0.6% 

I 28 ± 0.6% 29 ± 0.6% 
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Figure 2. 13: Linear Regression of results found using the Smartphone camera vs. 
pathology results. 
Taken from table 4.9 showing correlation between the two methods for the 
measurement of iron(II) in serum samples. 

 

Statistical analysis of the results using a paired T-test and F-test showed 

there was no significant difference between the paper device and the 

standard method when using a Smartphone camera, (P> 0.05 in every 

patient result, n=2).Therefore demonstrating this device could be used away 

from the laboratory setting and the data collected emailed to a central server 

for computer analysis. 
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4.4: Whole Blood Analysis Revisited 

The paper device presented in section 4.2 which was proven comparable to 

the conventional spectrophotometer method used in hospital pathology 

laboratories, still lacked the ability to detect iron(II) directly from unprocessed 

blood. For the paper device to be considered as a useful POC system usable 

by non-specialised personnel, the paper device has to incorporate a method 

to remove RBCs without having to centrifuge whole blood beforehand. 

Therefore, at present his paper device has limitations for its use e.g. in the 

developing world a centrifuge is an expensive piece of equipment which may 

not be available.  

Charles Henry’s group in the USA have utilised a paper membrane known as 

LF1 from Whatman syringe filters.78 These plastic filters attach to plastic 

syringes and contain a porous membrane (1 mm) inside which is used to 

filter out impurities, such as in use with tissue culture.78 Henry’s group 

removed the paper membrane from inside the filters and incorporated the 

paper membrane into a 3D paper device to remove RBCs and WBCs by 

trapping the larger cells in the porous membrane (1 mm) through the 

cellulose matrix from whole blood and allow the smaller molecules contained 

in pure plasma to flow through the membrane uninhibited and into the paper 

device.78 

In figure 4.11A the paper device from chapter 4.2 can be seen with the 

incorporation of the LF1 membrane allowing 10 µL of whole blood samples to 

be applied onto the paper device. This was completed by slotting the 

membrane in between the two layers of the device previously designed, as 
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this will allow the membrane to be in contact with the paper devices base (for 

support) and in contact with the top layer (detection zone) allowing the 

plasma and teepol etc. to wick through. 

 In figure 4.11B the addition of whole blood (mixed with 10 µL of teepol 

solution and sodium dithionite as previously described, chapter 4.2) to the 

paper device can be seen to trap the RBCs at the bottom of the membrane 

within the porous matrix whilst allowing plasma to flow uninhibited into the 

detection zone were the free iron(II) would react with the 

bathophenanthroline.  

However, the Lauber method developed for this paper device was designed 

for the detection of iron(II) in human serum samples and was shown to not 

contain any interfering agents through the alteration of the pH, whereas by 

incorporating the LF1 membrane which would allow human plasma into the 

paper device could contain a possible interfering agent e.g. fibrinogen. 

Fibrinogen is a plasma glycoprotein converted into fibrin by thrombin (an 

enzyme which cleaves peptide bonds in proteins) during the formation of a 

blood clot. Therefore, further experiments would have to determine whether 

interference from fibrinogen would cause any in-accuracies in the detection 

of iron(II) with bathophenanthroline.  
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Figure 4.12: Blood separation using the LF1 membrane on the paper device. 
Panel A: Paper device with incorporation of LF1 membrane slotted under the top 

layer (detection zone) of the paper device. Panel B: Addition of whole blood onto 

the paper device. 
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The colourimetric reaction from colourless to pink for iron(II) with 

bathophenanthroline in figure 4.12B indicates that iron(II) is reacting correctly 

with the bathophenanthroline. The plasma samples were repeated ten times 

on ten devices in duplicate and presented in table 4.10. The statistical 

analysis including an ANOVA (P= 0.37), a paired Students T-test (P= 0.35) 

and an F-test for variability (P= 0.37) illustrates there was no significant 

difference between the results received from the paper device and the 

results received from the hospital pathology laboratory. Therefore, the paper 

devices reproducibility as a POC device from previous has been maintained. 

This would now be a more functional device in the developing world as a 

finger prick of whole blood would not require any pre-treatment 

(centrifugation) to remove WBCs and RBCs.  

Table 4.10: Plasma Level of Iron from Whole Blood Samples. 

Patient Paper Device /µM Pathology Results /µM 

A 24 ± 0.8 25 ± 0.6% 

A 23 ± 0.7 25 ± 0.6% 

A 26 ± 0.8 25 ± 0.6% 

A 25 ± 0.6 25 ± 0.6% 

A 23 ± 0.5 25 ± 0.6% 

A 25 ± 0.5 25 ± 0.6% 

A 26 ± 0.8 25 ± 0.6% 
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Figure 4.14: Linear Regression of results found using the whole blood vs. pathology 

results. 
Taken from table 4.10 showing correlation between the two methods for the 
measurement of iron(II) in whole blood samples. 

 

4.5: Discussion  

In this chapter it was demonstrated that the paper device fabricated in 

chapter three can be successfully used as POC device outside of the 

laboratory setting by non specialised personnel. Its application would be 

suited for use in the developing world were anaemia is prevalent amongst 

the communities.226  

The flow of these devices was determined as 12-15 s upon application of 10 
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wick the fluid through the full length of the device. 86 This device was initially 

used to measure iron(II) using 1,10-phenanthroline.These initial experiments 

used 1,10-phenanthroline to detect iron(II) but the method suffered from 

inaccuracies as the aqueous solution of iron(II) and serum made this reagent 

un-practical by causing leakage and the detection zone needed to remain 

stationary for the analysis to be completed accurately. The dispersion of the 

1,10-phenanthroline coloured complex made analysis difficult as this device 

had to remain simple, yet effective at measuring iron(II) content. The 

introduction of bathophenanthroline which was only soluble in alcohol 

(ethanol), meant the iron(II)  in purified water would not have the same effect 

as the 1,10-phenanthroline. However, ethanol reacted and broke down the 

photoresist channel regardless of the hydrophobic barrier created. This led 

the development of a three dimensional device which used the photoresist 

created channels to control the fluid movement towards a detection zone at 

top of the channel, taking advantage of fluids natural ability to move through 

paper which was soaked in bathophenanthroline. The filter paper used on 

the top of the device was white in colour which allowed for no background 

interference which might have occurred had the colour change happened in 

the photoresist channel as the photoresist is also a red/pink colour as 

mentioned in the discussion of chapter 3.91,93,227 However, the second 

generation device required wider channels to allow the user to place with 

ease the top layer of the device which would be cut to size so there would be 

no cross contamination from channels on either side. According to Darcy’s 

Law86 the increase in width of channels would slow down the movement of 

the fluid and not fill the channel completely therefore the amount of fluid 
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added to the channel was increased to 15 µL which combated both issues 

and maintained the speed the fluid reached the detection zone in 12–15 s.86 

After successful analysis and measurement for concentrations of iron(II) in 

standard solutions within the normal clinical range (7.5 µM to 75 µM) on the 

paper devices when compared with the standard method using a 

spectrophotometer the first use of a human sample was to test human whole 

blood. However, this led to several problems for the detection iron(II), mainly 

that to measure iron(II) in serum. Firstly that iron(II) is complexed to the 

globular protein transferrin and secondly that it is in the iron(III) form in which 

bathophenanthroline would not react with as it can only form a coloured 

complex with the soluble iron(II) form. Initial experiments involved in the 

reduction of the iron(III) used various agents such as zinc, ascorbic acid and 

magnesium, but these reacted violently in the serum sample and rendered 

the sample useless. Purified water was tested for haemolysis the RBCs but 

the colour from RBCs affected analysis and visibility of the iron(II) reaction.  

The Lauber Method148 was finally tried as it simultaneously reduces iron(III) 

and removes the globular protein, transferrin allowing a quantified 

measurement of iron(II) content in human serum samples.  

To remove any potential error introduced by photography of the paper device 

the same conditions and at relatively the same distance through the use of 

measured side markers, erased such possible errors. Once the digital image 

had been transferred to a computer, the software ImageJ allowed a signal 

intensity to be measured from a specified area (chapter 2.2).  



Chapter 4 Iron(II) Detection 
 

153 | P a g e  
 

Once analysis had been determined, serum samples collected would be put 

onto the paper device and analysed within 20 min of collection they could be 

photographed. The use of a digital camera or a Smartphone camera showed 

no significant difference in the data obtained (P. 0.05). However, it was noted 

that there was more glare from the sellotape in the Smartphone camera 

pictures, this did not interfere with the analysis as this was above the 

detection zone and the area measured calculating the signal intensity. The 

use of the Smartphone camera allowed the image to be taken and either 

emailed to a computer for analysis or through the use of the dropbox 

application they were automatically uploaded to any computer which had the 

connection set up. This would provide a useful POC device for the 

developing world as one person could be in the field completing the tests on 

patients with the images been sent to central computer and another person 

performing the analysis and sending the results back to the person in the 

field.  

The revisited whole blood analysis used iron(II) measurements taken from 

plasma samples (rather than serum samples) which had been separated out 

from whole blood  via an LF1 membrane which trapped RBCs in the porous 

network. This development would allow a simple finger prick from a patient to 

be taken and smeared onto the device; the teepol and sodium dithionite 

solution could be added to the whole blood sample before been pipetted on 

the LF1 membrane thereby allowing the iron(II) to react with the 

bathophenanthroline solution as before when using serum samples. 
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The area of POC devices has seen a huge input of research in recent 

years80, not only for the developing world but also for ease of use in the 

developed world.2,3,36,228-230 If patients could buy over the counter tests to use 

at home this would create a more beneficial financial role for the NHS as 

routine tests for patients, who suffer chronic illnesses do not have to travel to 

hospital or GP surgery every few weeks or days and results could be 

electronically sent to their doctors.41,42 If anything untoward was noticed by 

the doctor, then that patient could see a doctor for further tests. 41,42  

Current methods for the detection of iron(II) in human samples and diagnosis 

of anaemia require skilled professionals and expensive equipment e.g. 

centrifuge to spin down red and white blood cells. A recent publication by 

Bond et al.46 diagnosed anaemia in patients from haemoglobin levels of 

iron(II) using chromatography and a hand held reader which measured the 

intensity of the colour change once the RBCs had been lysed open from the 

addition of sodium deoxycholate.46  However, this method although a simple 

POC device is not the most efficient diagnosis for anaemia due to 

haemoglobin levels of iron(II) been the last to be effected i.e. the iron(II) 

stores in the liver are depleted first then transported iron(II) is depleted 

before haemoglobin iron(II) is affected. Therefore, the best prognosis for an 

anaemia patient is to detect iron(II) depletion at the serum/plasma level 

before haemoglobin can be effected as this can lead to multiple organ failure 

in the most severe of cases. This POC device for haemoglobin level iron(II) 

detection could be further improved by improving the sensitivity of the device 

to allow for accurately detecting lower levels of iron(II) at the serum/plasma 

level which could be used for patients who are only just developing anaemia 
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rather than patients who are been severely affected and have been for a 

longer period of time. 

Further work will be required if this device was to be used with plasma 

samples (to ensure there is or is not any interference from fibrinogen) but 

would overcome a major issue of having to centrifuge blood before use to 

separate out the serum layer from the whole blood. This was proven when 

work was completed into the use of the LF1 membrane that was able to trap 

RBCs allowing plasma to flow out into the section containing 

bathophenanthroline and successfully measure iron whilst maintaining 

accuracy. However, adding whole blood would still enable fibrinogen, a 

clotting agent present in blood, to filter through the analytical section. Since 

fibrinogen is not known if it interferes with the reaction of iron(II) with 

bathophenanthroline this would have to be discovered. On the other hand, it 

has been demonstrated by Lauber et al.  that the altered pH of both the 

teepol solution and the bathophenanthroline allows specificity towards iron 

(II).221 
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Chapter 5: Colourimetric Detection of Urea 

This chapter will explain the process involved with the development of a 

colourimetric assay for determining renal failure in patients by the detection 

of urea in serum samples. Kidney failure is a chronic or acute disease most 

prevalent in the developed world. A POC device for the diagnosis of renal 

failure would aid in the prognosis before reaching end stage renal failure. 

Currently, methods involved in the diagnosis of renal failure measure waste 

products in blood samples such as creatinine and urea as these analytes rise 

when the kidneys are mis-functioning. The results gained from the paper 

device for measuring urea concentration in human serum samples were 

compared with the conventional method using a spectrophotometer to prove 

accuracy and consistency were maintained when using a paper device. 

The paper device method was adapted for use on un-treated filter paper from 

Jung et al. which was initially used for measuring urea concentration in 

human serum samples spectrophotometrically within the clinical range oif 10 

mg mL-1and 150 mg mL-1.132 To be developed for use on a paper device for 

the semi quantitative analysis of urea in human serum samples; the 

incubation time, the concentrations of the solutions used such as (o-

phthalaldehyde, NED reagent and standard urea concentrations) and the 

colour development time had to be optimised.132 
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5.1 Conventional Measurement of Urea 

5.1.1 Optimisation 

Urea concentrations were initially measured using the conventional 

laboratory method via a spectrophotometer at 505 nm, which turned 

red/orange from colourless when reacting with NED reagent and o-

phthalaldehyde proportional to the amount of urea present in the sample. 

The conventional method was used to determine how accurate the results 

gained from the paper device were in comparison. Urea concentrations were 

initially measured within the normal clinical range between 10 mg mL-1 and 

150 mg mL-1 to establish a standard linear regression from which unknown 

samples could be calculated.  

The spectrophotometer method was initially completed from following and 

developing the reaction and method described by Jung et al. 132 which 

created a linear increase proportional to the increasing concentration of urea, 

(figure 5.1) which clearly showed there were small errors associated with this 

method, R2= 0.9903.  Figure 5.1 was constructed using all steps outlined 

steps within the method, including the incubation period of 30 min at 37°C 

prior to reading any measurements. 132 
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Figure 5.2: Standard concentrations for urea detection, n=10. 
Urea was measured spectrophotometrically at 505 nm at concentrations within the 

clinical range (10 and 150 mg). R=0.9903. 

 

However, the incubation period of 30 min at 37°C outlined in the original 

method prior to reading any measurements could prove to be problematic 

when adapting this method for use on a paper based platform for a possible 

POC device. This is due to the requirement of sample preparation and more 

specifically the length of the incubation period required before a sample can 

be applied on to a possible POC device, inhibiting the overall desire for a fast 

result on a POC device.  
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Experiments were completed to understand if the incubation period time 

frame was a requirement or if the incubation period time frame could be 

reduced or removed from the method. It was also deduced if the method had 

to be completed at 37°C or if room temperature would suffice.  

Figure 5.2A shows the method completed with 30 min incubation at 37°C 

versus figure 5.2B of 30 min incubation period at room temperature, (21 - 

24°C). Statistical analysis of the linear gradient in both graphs shows no 

significant difference, P= 0.135 therefore allowing future experiments to use 

an incubation period at room temperature and thereby eliminating the 

requirement of a water bath or heater. However, it was noted that the 

absorption of urea spectrophotometrically is decreased when the samples 

are not incubated at 37°C but the linearity of increasing concentrations is 

maintained, e.g. 150 mg mL-1 = 0.9 au versus 0.5 au. 
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Figure 5.3: Absorption of urea when incubated at room temperature versus 37°C, 
n=10. 
With Heat: Incubated at 37°C for 30 min (R

2
= 0.9752). Without Heat: Incubated at 

room temperature for 30 min, (R
2
= 0.9729). 

Once determined the reaction of urea with NED and o-phthalaldehyde still 

occurred at room temperature, it was investigated to determine if the 

incubation period length could be shortened, (table 5.1) making this adapted 

method more suited as a POC test through a more instantaneous result. The 

incubation time was reduced by 5 min before reading the results 

spectrophotometrically and the R2 value of each completed analysis 

compared via a paired Students t-test to establish any statistical differences 

in the data. 
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Table 5.1: Reduction of incubation time frame at room temperature, n=10 

 

 

The colour change which occurred with the reduction of incubation period 

was observable with increasing concentrations from colourless to red/orange 

until 5 min were the colour change did not occur. Therefore, the optimum 

time frame incubation period at room temperature was at 15 min when the 

colour change was obvious and the R2 value was not significantly different 

from the 30 min value as this would maintain an easy identification marker of 

the test for the user/patient to see were their urea levels when compared to 

the known standard concentrations, (figure 5.3). 

  

Time (min) Linear Curve /R2 value 
P value (Paired 

Students T-test) 

30 0.9981 0.236 

25 0.9973 0.195 

20 0.9939 0.102 

15 0.9929 0.099 

10 0.9443 0.068 

5 0.9328 0.048 
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Figure 5.4: Standard urea concentrations of adapted method, n=10. 
Panel A: Observed colour change of urea at the standard concentrations (10 mg- 

150 mg). Panel B: Analysis of standard urea concentrations, R
2
= 0.9903. 
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5.2 Measuring Urea using a paper device 

5.2.1 Optimisation 

Once it was established within the laboratory that accurate results could be 

achieved through the developed method spectrophotometrically, 

investigations began into whether the same reproducible results could be 

achieved using a paper device. The initial concept was to create channels 

into filter paper via photolithography (as in the previous chapters three and 

four for iron detection), but it was quickly established that the chemicals used 

in this colourimetric assay were not compatible with the photoresist. The 

sulphuric acid used in the NED reagent and o-phthalaldehyde quickly 

dissolved the hydrophobic barrier and spread through the entire paper 

regardless of any channel construction or hydrophobic barriers.  

To prevent this, untreated filter paper was cut to size in thin strips (1 cm x 6 

cm) and used as a dip stick assay instead. Aliquots of known urea samples 

could be prepared and the reagents required for the reaction to detect urea 

concentrations (via a colour change from colourless to orange/red through 

the NED reagent and o-phthalaldehyde) could be dried onto the paper device 

before application of the urea sample. If successful, to use this paper device 

as a POC device, it could be protected by an outer casing of plastic in much 

the same way as a home pregnancy kit, so the user/patient does not come 

into physical contact with the chemicals, figure 5.4. 

Initial experiments used a three dimensional paper device constructed from 

filter paper, with a bottom layer cut into long thin strips (1 cm x 6 cm) and a 

top layer (detection zone) cut into a small rectangle (1 cm x 2 cm) which was 
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placed half way along. The top layer would contain the dried reagents (NED 

and o-phthalaldehyde) with the bottom layer providing a mode of transport 

for the urea sample to wick along to the detection zone. This would also 

prevent any contamination of the device and to ensure the area of the colour 

measured via ImageJ was consistently the same and to allow for a white 

background for analysis.  

 

Figure 5.5: Schematic diagram illustrating paper device for urea detection. 
First generation design of urea device which would protect user from contact with any 
chemicals. 
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However, the resulting colour change which was easy to see in figure 5.3A 

was difficult to visualise regardless of concentration of chemicals, in what 

order the chemicals were applied to paper and how much of the chemicals 

were added to the paper device. Images taken of the paper devices and 

analysed via ImageJ could detect no differences in the signal intensities or 

integrated densities (red, green and blue light) for the varying concentrations 

of urea.  

Experiments further investigated using the reagents when still wet on the 

paper device immediately after application and once the chemicals had been 

dried to establish if any colour change could be observed, table 5.2. ImageJ 

analysis could not detect any differences in the signal intensities of the paper 

devices from dry filter paper which had not been treated with chemicals from 

those which had. 

Results concluded that the colour change from colourless to red/orange 

which is seen clearly in figure 5.3A is lost on the paper device or is very faint 

and not very clear for the user as shown in figure 5.5. The apparent reason 

for this remains unclear, but it is thought the paper matrix inhibits the 

condensation reaction between o-phthalaldehyde and urea in the presence 

of NED reagent. 
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Table 5.2: Varying chemical applications tested for urea detection on the paper 
device. 

Standard concentrations of urea included 150, 100, 70, 50, 30 and 10 mg mL
-1

 

 

  

Applied 1st Applied 2nd Applied 3rd 

1 mL o-

phthalaldehyde 

(200 mg L-1) 

1 mL NED reagent 

(431 mg L-1) 

1 mL Urea 

(Standard Concentration) 

 

1 mL o-

phthalaldehyde 

(200 mg L-1) 

1 mL Urea 

(Standard Concentration) 

 

1 mL NED reagent 

(431 mg L-1) 

1 mL NED reagent 

(431 mg L-1) 

1 mL o-phthalaldehyde  

(200 mg L-1) 

1 mL Urea 

(Standard Concentration) 

 

1 mL NED reagent 

(431 mg L-1) 

1 mL Urea 

(Standard Concentration) 

 

1 mL o-phthalaldehyde 

(200 mg L-1) 

1 mL Urea 

(Standard 

Concentration) 

 

1 mL o-phthalaldehyde 

(200 mg L-1) 

1 mL NED reagent 

(431 mg L-1) 

1 mL Urea 

(Standard 

Concentration) 

 

1 mL o-phthalaldehyde 

(200 mg L-1) 

1 mL o-phthalaldehyde 

(200 mg L-1) 



Chapter 5 Urea Detection 
 

167 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Urea concentrations on filter paper previously soaked in the reagents. 
No colour change was observed on the paper device regardless of concentrations or 

order of application. 

 

Repeated experiments on paper devices failed to develop a colour, therefore 

it could not be quantified using ImageJ. However, in the higher ranges of the 

clinical samples, (150 mg mL-1) a faint pink colour was observed, (figure 5.7). 

This enabled the experiments to be focused on using the paper device as a 

simple yes/no answer. If a sample contained ≥150 mg mL-1 of urea a colour 

change was observed, if the sample contained < 150 mg mL-1 no colour 

change was seen. Thereby the user could make the assumption that if no 

colour change was observed on the paper device then the urea 

concentration was within the normal clinical range, the urea value was < 150 

mg mL-1, and if a colour change was observed then the patient’s urea levels 

1cm 

Paper device 

Detection zone 

Sample added 
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were in the higher ranges of the clinical norm (> 150 mg mL-1), further 

diagnostic tests would be required.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Urea detection on a paper device. 
The red/orange colour change from colourless is observed only in the 150 mg mL

-1
 

concentration of the urea standards within the normal clinical range. 

 

Once it was established that the colour change only occurred at the 

concentration of 150 mg mL-1
 of urea or greater and that this was a 

repeatable observation using the standard urea concentrations, then 

reproducibility was required when using patient serum samples, table 5.3. 

The signal could be improved in future research by decreasing the reagent 

detection zone and concentrate the sample into a smaller area and thereby 

increasing the concentration of the sample. 

 

Colour changed observed for 

this value only (150 mg mL
-1

) 

Urea sample 
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Standard urea 

concentrations 

Detection 

zone 

150 mg mL
-1

  100 mg mL
-1

 70 mg mL
-1

 50 mg mL
-1

 30 mg mL
-1

 10 mg mL
-1

 

1cm 
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Table 5.3: Comparison of patient results. 

 

Hospital results compared to paper device results (n=10) Agreement states YES = 

colour observed for samples > 150 mg mL
-1

 and no colour observed in samples < 

150 mg mL
-1

. 

Patient 
Paper Device  

( mg mL-1 ) 

Pathology Results 

(mg mL-1) 
Agreement 

A 

 
> 150 169 ± 0.6% YES 

B 

 
< 150 55 ± 0.6% YES 

C 

 
< 150 29 ± 0.6% YES 

D 

 
< 150 48 ± 0.6% YES 

E 

 
> 150 156 ± 0.6%  YES 

F 

 
> 150 170 ± 0.6% YES 

G 

 
< 150 36 ± 0.6% YES 

H 

 
< 150 51 ± 0.6% YES 

I 

 
> 150 159 ± 0.6% YES 

J 

 
> 150 157 ± 0.6% YES 

K 

 
> 150 161 ± 0.6% YES 

J < 150 167 ± 0.6% YES 

L > 150 180 ± 0.6% YES 

M > 150  171 ± 0.6% YES 
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A paired Students t-test and f-test (table 5.4) showed there was no statistical 

variance or difference, (P=0.24) within the results received from the hospital 

pathology laboratory and the results observed on the paper device. Thereby 

providing evidence that the paper device can be used to determine whether 

a patient has an increased urea concentration in serum samples with a 

positive or negative result. 

Table 5.4: Statistical analysis of results from table 5.3, n=11, P= 0.24. 

 

 
Paper Device Path Lab 

Mean 108.3 81.8 

Variance 3876.2 6136.4 

Observations 11 11 

df 10 10 

F 0.6 
 

P(F<=f) one-tail 0.2 
 

F Critical one-tail 0.3 
 

 

 

Highlighted in bold illustrates no significant difference between results 
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5.3 Discussion 

The development of this assay was to allow patients to monitor or determine 

the level of urea present in their serum sample away from the laboratory 

setting without the requirement of a trained user for the device. However, it 

was established that the colour change required from this method was not 

sensitive to detect the lower levels of urea within the clinical range as the 

colour change could not be observed in the filter paper. Therefore this assay 

was developed for patients to determine semi-quantitatively if their urea 

concentration within serum was within the normal clinical range. 

The initial method was taken from Jung et al.132 and developed for use on 

filter paper to measure the colour change of this reaction in concentrations ≥ 

150 mg mL-1. The removal of the incubation step from the process at 37°C 

for 30 min to incubating the samples for 15 min at room temperature for both 

the conventional spectrophotometer assay and the paper device assay 

allowed for less preparation work to be completed to the sample before 

application onto the paper device and before any measurements were made 

using the device. Thereby allowing for a faster result which is ideal for a POC 

device whilst simultaneously scaling down the method into a microfluidic 

application. 

Current methods available for the detection of urea are mainly dominated by 

the urease-catalysed hydrolysis, colourimetric methods or electrochemical 

detection methods, all of which require analytical instrumentation and trained 

users, which are not desirable for a POC device.231,232 A publication by Hu et 

al.231 Detected urea in urine samples via chemiluminescence and has been 
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suggested that the light producing pathway is selective to urea but the 

mechanism behind this has not yet been found.231 Further improvements 

could be made to his method as whilst the method could be scaled down into 

a possible POC device, chemiluminescence is not always desirable as the 

method would still require an external reader or black box to omit sunlight. 

Therefore the aim of this project was to create a user friendly POC device. 

A dipstick assay was originally proposed for the urea colourimetric assay, 

similar to the concept used for the home testing pregnancy kit.233 The paper 

device would use filter paper cut to size as a thin strip, providing mobility to a 

serum sample (applied at the end of the strip) which would wick along to a 

small square of filter paper cut and placed on top of the bottom layer, which 

would contain the previously dried reagents (NED reagent and o-

phthaladehyde) to react with urea to form a coloured product which would be 

visualised in the top layer (detection zone) of the paper device.  

This would also allow the device to be protected by a plastic casing with a 

window (surrounding the detection zone) for the patient to see the resulting 

colour change from colourless to red/orange. However, when trying to put 

this method on to the filter paper device the colour was lost and after 1 h the 

solutions would turn the filter paper a yellow/brown colour and start to 

disintegrate due to the sulphuric acid in the NED reagent corroding the filter 

paper, regardless of order the solutions were applied to the filter paper, 

concentration or whether the solutions were allowed to react with urea whilst 

still wet on the paper device or had been allowed to air dry. 
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Experiments failed to establish a method of applying the solutions to the filter 

paper and to detect urea within the clinical range in either standard solutions 

of urea or human serum samples. Further investigations revealed that only 

concentrations of urea ≥ 150 mg mL-1would react with the NED reagent and 

o-phthaladehyde to produce a coloured complex, independent of which order 

the solutions were applied to the paper device. The urea sample containing ≥ 

150 mg mL-1would always react with the NED reagent and o-phthaladehyde 

whilst still wet on the paper or had been allowed to air dry and no matter 

what order they had been applied to the paper device. From this point, 

experiments were concentrated on developing the assay as a simple semi-

quantitative method to allow the user a simple yes/no answer in regards to 

urea concentration. 

When compared with hospital pathology laboratory results the repeated 

results seen from the paper devices were accurate in their confirmation on 

the visualisation of a red/orange coloured product, only seen when the serum 

sample contained ≥ 150 mg mL-1 of urea. If the urea concentration was below 

the threshold of 150 mg mL-1 no coloured complex could be visualised. 

Although ImageJ was attempted to analyse the devices to provide a more 

accurate concentration value, this proved an inaccurate representation of the 

results visualised on the paper device because the coloured complex could 

only be seen at ≥ 150 mg mL-1 it was deemed that this test would be more 

useful for POC visual eye test device.  

This test would provide an accurate result to a patient of their urea content in 

their serum samples through a simple yes or no result which is easily 
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observable by eye, providing a POC device that could be used in the 

developed world, were kidney failure is most problematic. This POC device 

would be used in a field setting away from the laboratory as an aid in helping 

to find a diagnosis for renal function on a faster time scale then current 

analysis of urea levels.170,183,188   

The device requires no computer for analysis and maintains a cheap and 

easy to use design with a yes or no result. If a “no” result is seen then the 

patient need take no further action and if a “yes” result is observed then a 

doctor could be contacted for further follow up. When compared to current 

methods of diagnosis in renal function, a patient has to see a doctor first and 

then be seen by a specialist, with current waiting lists on the NHS been from 

anywhere of three to four weeks234 this POC device would provide a solution 

in reducing these waiting times, and a faster prognosis makes a better 

diagnosis.166-168,183  
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Chapter 6: Colourimetric Detection of 

Creatinine 

This chapter will aim to show the results and discuss a POC device 

developed using the Jaffe reaction on Whatman no.1 filter paper as a 

dipstick assay to detect creatinine levels in human serum samples. 

Creatinine is a marker for determining renal function in a patient as an early 

diagnosis marker, it is a waste product produced by muscles and removed 

from the bloodstream via the kidneys.185,235,236 If the kidneys are 

malfunctioning creatinine levels elevate, alongside urea levels.208,235 

Therefore, making this analyte an accurate and early marker for kidney 

function tests.208 

There is a much needed requirement to able to assess renal function and 

status in patients before ESRD is reached, as for many patients there is no 

cure, only lifelong treatment via dialysis or organ transplant.174,237 This is due 

to the kidneys not been a responsive organ, capable of functioning at 10% 

however unable to regenerate past this point.238  To approach this area, a 

POC device would aid patients who suffer from chronic kidney failure to 

monitor their renal function without having to travel or been seen by a 

doctor/specialist every few weeks, allowing the patient to be more 

independent and lead a better quality of life.41,42  

The paper device was designed to incorporate creatinine standard samples 

of a known concentration within the clinical normal range of 5 mg mL-1and 25 

mg mL-1239 and an unknown sample run alongside, quantified using ImageJ 
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and determining the presence or absence of renal failure in a patient. The 

performance of the system was then assessed by comparison with standard 

methods performed both at the internal and clinical level. 

 

6.1 Conventional Measurement of Creatinine 

The gold standard method for the measurement of creatinine in human 

serum samples is the Jaffe reaction were picric acid reacts and forms a 

tautomer with a creatinine molecule in an alkaline solution to produce an 

orange coloured complex, (Janovski complex).133,134 The conventional 

method uses a spectrophotometer at 520 nm to measure the coloured 

Janovski complex which is proportional to the amount of creatinine present in 

the sample. Creatinine was initially measured through following the reaction 

and method outlined by Liu et al.136 thereby, creating a linear increase of 

increasing concentrations of creatinine, (of which was expected), and 

detecting creatinine in the clinical range via a spectrophotometer, figure 6.1. 

In figure 6.1 it is clearly seen there are small error margins (SEM between 

0.009 and 0.124 mg mL-1) for a linear increase of absorption for increasing 

concentrations of creatinine at 520 nm, which would allow unknown 

concentrations of creatinine within the clinical range (5 – 25 mg mL-1) to be 

accurately determined from the linear regression as was used for the iron(II) 

determination in human serum samples, chapter 4. 
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Figure 6.1: Creatinine concentration within the clinical range, n=10. 
Clinical range = 5 – 25 mg mL

-1
, measured via a spectrophotometer at 520 nm, 

(R
2
=0.9903). 

 

6.2 Creatinine Detection using a Paper Based Method 

As the gold standard method and corresponding results for creatinine 

detection within the normal clinical range using standard solutions was 

determined an accurate representation of measurement, it was investigated 

whether this experiment could be reliably reproduced using a paper format.  

Initial experiments investigated the assay on squares of filter paper cut to 

size (2 cm x 2 cm) and the picric acid in alkaline solution pipetted onto the 

square before the addition of the creatinine containing solution. However, 

similar to the initial iron(II) assay using 1,10-phenanthroline a 

chromatographic effect was visible and a “ring” around the edges of the 

solutions was visible as illustrated in figure 6.2. This was thought to be due to 
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the filter paper having a large surface area and not constricting the solutions 

applied to the filter paper to a channel or particular “detection zone” as in the 

previous two chapters. 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Jaffe Reaction on filter paper illustrating the chromatographic effect 
(n=3). 

 

The paper device was further developed to a dip stick assay, which allowed 

the solutions to travel along a thin length of paper cut to size (1 cm x 5 cm) in 

a more constricted manner as the solutions would be wicking in one direction 

only, thereby giving a more accurate representation and analysis of the 

consequent colour change from yellow to orange. This was due to the colour 

change occurring from the bottom of the device upwards in one direction as 

opposed to in every direction when the solutions were applied centrally. 

Chromatographic effect in the filter paper 

2 cm 

25 mg mL
-1

 20 mg mL
-1

 15 mg mL
-1

 10 mg mL
-1

 5 mg mL
-1
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It was noted that the use of picric acid (20 mmol) could be mixed in the 

alkaline solution (NaOH, 0.2 mol L-1) mixed in the ratio 1:4 for storage before 

application on to the filter paper, reducing the pre-treatment preparation 

(preparation of a sample before been applied onto the paper device, such as 

incubation or mixing of reagents etc). This is also because the picric acid is a 

derivative of trinitrotoluene (TNT) and by further dilution it is less explosive, 

(already diluted to 13% before use). The mixed solution could then be 

pipetted onto the bottom edge of the filter paper or held and dipped 

immediately into either the standard solutions or serum solutions and the 

colour change observed within 5 min. The solution would have to remain wet 

on the filter paper for the application of a serum sample due to the flammable 

risk associated with this picric acid and alkaline solution when it is allowed to 

dry.  

Initial results in figure 6.3 demonstrate the Jaffe reaction method was 

feasible when constricting the solution to a smaller surface area, and 

allowing the solution to wick along a length of filter in one direction only as an 

orange colour was developed after 5 min of administration of the sample with 

no chromatography effect. Nevertheless, as the solutions dried on the filter 

paper the colour change was slowly lost, but this did not affect the results or 

the analysis as the image could be photographed and correctly analysed 

before this occurred. The resulting assay was photographed and analysed 

via ImageJ as previously described in chapter 2.2 as shown in figure 6.4.  
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Figure 6.3: Preliminary creatinine assay using a paper device as a dipstick assay. 
Using standard concentrations within the clinical range (5 – 25 mg mL

-1
), n=1. 
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However, the Jaffe reaction required an incubation period of 5 – 10 min to 

develop a colour change from yellow to orange when using the paper device 

as the colour change occurs more slowly when compared with the 

spectrophotometer method which is an immediate colour development. This 

was thought to be due to the solutions having to diffuse through the paper 

matrix, slowing down the reaction time between picric acid and creatinine as 

opposed to the solutions been in a cuvette or eppendorf were diffusion in 

liquid is faster. Therefore, the analysis in figure 6.4 was an inaccurate 

representation of creatinine level as the colour change continued to develop 

for 10 min after the image had been photographed. Further experiments 

would be required to determine an accurate time frame for this incubation 

period to allow for a more accurate analysis to be performed (this could also 

improve the R2 value in the analysis of figure 6.4). 

 

Figure 6.4: Analysis of paper based assay for creatinine standard concentrations, 
n=1, R

2
 = 0.9713. 
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Experiments were carried out to detect the optimum time frame required for 

the correct analysis for the colour change observed in the Jaffe reaction 

when completed on filter paper. The method used for the spectrophotometer 

readings required a no incubation period at room temperature as the reaction 

of creatinine with picric acid to create a tautomer occurred immediately, but 

when adapting this method for use with filter paper, the paper matrix slowed 

this reaction down by inhibiting the mixing of the picric acid with the 

creatinine.  

Therefore, the time was measured to determine how long the reaction would 

require to take place for the coloured tautomer between picric acid and 

creatinine to be fully developed and how long before the colour was lost 

which was caused by the drying out of the reagents. It was shown that the 

incubation period required was 10 min for the colour to fully develop in the 

paper device but after 25 min the colour began to degrade as the picric acid 

dried causing the reactivity to be lost. Thereby, the following analysis is an 

example of results received by a 10 min incubation period, figure 6.5. This 

was also adequate time left over for the analysis to be completed and 

repeated if necessary before the colour degradation occurred. 

Once experiments had determined this method was feasible on a paper 

device, experiments into the use of artificial serum samples from Randox 

(supplier of artificial serum sample) were investigated for use on the paper 

device. The known amount of creatinine was supplied with the paperwork for 

each artificial serum sample along with the error associated with each 

sample, table 6.1. This would allow the determination of any interference 
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which could be caused by the presence of other analytes such as glucose 

and bilirubin when using the Jaffe reaction to determine creatinine level in 

serum samples.135,192 
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Figure 6.5: Analysis of creatinine standard concentrations using a paper device, 
n=1. 
Panel A: Paper device with a constricted surface area (n=1), Panel B: Analysis of 
device, R

2
 = 0.9928. 
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Table 6.1: Results of creatinine level when using the paper platform compared to 
artificial serum samples, n=10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 
Paper Device  

(mg mL-1) 

Artificial Serum 

 (mg mL-1) 

A 1.35 ± 1.8% 1.37 ± 0.6% 

B 1.36 ± 1.1% 1.37 ± 0.6% 

C 1.39 ± 1.5% 1.37 ± 0.6% 

D 1.37 ± 1.9% 1.37 ± 0.6% 

E 1.32 ± 1.5% 1.37 ± 0.6% 

F 3.92 ± 1.1% 3.88 ± 1.1% 

G 3.87 ± 1.2% 3.88 ± 1.1% 

H 3.9 ± 1.3% 3.88 ± 1.1% 

I 3.84 ± 1.8% 3.88 ± 1.1% 

J 3.88 ± 1.7% 3.88 ± 1.1% 
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Figure 6.6: Comparison of results from paper platform and expected results in 
artificial serum, n=10 . 
Results taken from table 6.1 

Statistical analysis of the above results determined there were no significant 

difference (P= 2.131) between the results gained from the paper device 

when compared with the known amount of creatinine in the artificial serum 

sample. Tables 6.2 and 6.3 show the results received from a paired Students 

T-test and F-test respectively of the results for each sample, (n=10). 
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Table 6.2: Paired Students T-test illustrating no significant difference shown in table 
6.1, P= 2.131. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Highlighted in bold illustrates no significant difference within the results. 

Panel A: Known artificial serum content of 1.37 ± 0.6%, Panel B: Known artificial 

serum content of 3.88 ± 0.6%. 

 

 

 

  

 Paper Artificial 

Mean 3.9 3.9 

Variance 0.00092 0 

Observations 50 50 

Pearson Correlation -  

Hypothesized Mean Difference 0  

df 4  

t Stat 0.1  

P(T<=t) one-tail 0.4  

t Critical one-tail 2.1  

P(T<=t) two-tail 0.9  

t Critical two-tail 2.8  

 
Paper Artificial 

Mean 1.4 1.37 

Variance 0.00067 0 

Observations 50 50 

Pearson Correlation - 
 

Hypothesized Mean Difference 0 
 

df 4 
 

t Stat -1.036 
 

P(T<=t) one-tail 0.2 
 

t Critical one-tail 2.1 
 

P(T<=t) two-tail 0.4 
 

t Critical two-tail 2.8 
 

A 

B 
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Table 6.3: F-test illustrating no significant variances in the results shown in 
table 6.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Highlighted in bold illustrates no significant variances within the results. 

Panel A: Known artificial serum content of 1.37 ± 0.6%, Panel B: Known artificial 

serum content of 3.88 ± 0.6%. 

 

Investigations began into the use of human serum samples collected from 

the hospital. The results received from the paper device method were 

compared with the results read from the spectrophotometer as opposed to 

the hospital pathology laboratory, as they were unable to provide analysis for 

this set of data, table 6.4. 

 

 Paper Artificial 

Mean 1.358 1.37 

Variance 0.00067 0 

Observations 50 50 

df 4 4 

F 65535  

P(F<=f) one-tail 0.40  

F Critical one-tail 6.38  

 Paper Artificial 

Mean 3.882 3.88 

Variance 0.00092 0 

Observations 50 50 

df 4 4 

F 65535  

P(F<=f) one-tail 0.40  

F Critical one-tail 6.38  

A 

B 
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Table 6.4: Comparison of creatinine results from human serum samples using the paper 
device to the spectrophotometer method, n=10. 

Patient 
Paper Device  

(mg mL-1) 

Spectrophotometer  

( mg mL-1) 

A 10 ± 0.6% 11 ± 0.8% 

B 18 ± 1.9% 18 ± 0.8% 

C 15 ± 2% 15 ± 0.8% 

D 23 ± 1.5% 23 ± 0.8% 

E 9 ± 1.3% 9 ± 0.8% 

F 20 ± 0.8% 20 ± 0.8% 

G 15 ± 0.6% 16 ± 0.8% 

H 18 ± 1.2% 18 ± 0.8% 

I 17 ± 1.6% 18 ± 0.8% 

J 16 ±  0.8% 16 ± 0.8% 

K 6 ± 0.6% 6 ± 0.8% 

L 10 ± 1.4% 11 ± 0.8% 

M 14 ± 1.3% 14 ± 0.8% 

N 17 ± 0.6% 18 ± 0.8% 

O 23 ± 0.5% 24 ± 0.8% 

P 20 ± 0.9% 20 ± 0.8% 

Q 16 ± 1.8% 16 ± 0.8% 

R 9 ± 1.6% 8 ± 0.8% 

S 10 ± 1.2% 11 ± 0.8% 

T 19 ± 2.1% 19 ± 0.8% 
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Table 6.5: Statistical analysis taken from figure 6.6 illustrating no significant 
differences within results. 

 

 
Paper Device Spectrophotometer 

Mean 15.25 15.55 

Variance 23.67 24.15 

Observations 20 20 

df 19 19 

F 0.98 
 

P(F<=f) one-tail 0.48 
 

F Critical one-tail 0.46 
 

   
 

Highlighted in bold illustrates no significant variance within the results 

 

 

 

The statistical analysis supports the paper device as an alternative POC 

device for the measurement of creatinine in human serum samples when 

compared to the conventional method using a spectrophotometer (P=0.48). 

This successfully demonstrates the paper device as a dipstick assay when 

adapting the Jaffe reaction onto a paper matrix which can be used outside of 

the laboratory setting. 
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Figure 6. 7: Linear regression of results found using paper device vs. 
spectrophotometer. 
Results taken from table 6.4 showing the correlation between the two methods for 

the measurement of creatinine in serum samples. 

 

The linear regression observed in figure 6.7 supports the paper device as an 

accurate method to measure creatinine in human serum samples via a high 

correlation between the paper device results and the spectrophotometer 

results, R2=09865. The intercept of figure 6.7 further illustrates no 

significance difference between the two methods, P=0.83. 
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6.3 Discussion 

The initial creatinine assay used in this chapter was based on the principles 

of the Jaffe reaction, originally discovered and developed by Max Jaffe in 

1886.38,133,135,240 However, this method has been adapted for use as a 

colourimetric assay on a paper platform, creating a simpler and more 

effective method for the diagnosis of renal function for patients. The dipstick 

assay can be performed by untrained personnel away from a clinical setting 

or laboratory. Optimally, this is a possible POC device which could be used 

worldwide as an aid to diagnosis renal failure in patients with suspected renal 

function problems and could be used alongside the urea assay on paper 

described in chapter 5. This device combines a much needed result within 5 

min of receiving a serum sample whilst maintaining the accuracy associated 

with the Jaffe reaction and allowing for a correct analysis of that patients 

creatinine level in serum. 

Unfortunately for this series of experiments hospital results were not 

available as this was not a test used on the patient samples we were able to 

attain from the hospital and therefore the serum samples received did not 

have a known amount of creatinine. Therefore, as the Jaffe reaction has 

been a well documented reaction in the literature and is known as a “gold 

standard” test for creatinine detection in serum when using a 

spectrophotometer, the serum samples analysed using the paper device 

could be compared with the analysis of the spectrophotometer.133,135,192,193 

Repeated experiments (n=10) illustrated there was little error in the 
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spectrophotometer method data and it was deemed acceptable to use this as 

a comparison analysis for the paper device.  

Once determined that the colour occurrence between picric acid and 

creatinine in an alkaline solution for this assay was measurable within the 

clinical range (5 – 25 mg mL-1) steps were taken to optimise the method for 

use on a paper device. Initially, the use of filter paper in this method 

increased the incubation period of 5 min (used in the spectrophotometer 

method) to 10 min on the paper device, which was due to the solutions 

having to travel through the cellulose matrix in the paper device which 

thereby caused the reaction between picric acid and creatinine to be slowed 

down. This also created issues with the application of solutions onto the 

paper device, initially the solutions were pipetted onto a square paper device 

however this created a chromatographic effect and the colour intensity was 

lost as the solutions were not confined by channels or in size. This led to the 

use of cutting the paper device into a long rectangle (1 cm x 5 cm) which 

decreased the surface area of the paper device and by dipping the paper 

device into the solutions (firstly into the picric acid and sodium hydroxide and 

then secondly into the standard solutions or serum sample) this confined the 

solutions to move in one direction only (up the device) and along the length 

of paper. Nevertheless, this theory decreased the chromatographic effect 

which was highly visible when the solutions were pipetted straight onto the 

paper which made analysis of the colour change highly difficult. 

The picric acid is a derivative of Trinitrotoluene (TNT) had to be kept as a wet 

solution due to the high risk of an explosion when dry but this was a low risk 
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as the solution used was 13% before been further diluted when stored in an 

alkaline solution which created the reaction conditions required for the 

colourimetric detection of creatinine. 

Experiments used artificial serum samples containing a pre-determined 

concentration of creatinine which were measured spectrophotometrically and 

when using the paper device. A paired student t-test and a variance f-test 

showed there was no significant difference (P> 0.05) within the results 

measured. This was also in agreement when using human serum samples 

on the paper device as the statistical analysis of the data showed there was 

no significant difference between the two methods (as shown through the 

use of a paired student t-test and f-test for variance, P> 0.05).  

The problems which have been encountered in this chapter such as the 

chromatographic effect, incubation time  and the application of samples onto 

the paper device have been eliminated or made to be manageable with the 

restrictions that this project aimed to achieve, such as a device been made 

portable and easy to use for on-trained personnel as current methods do not 

incorporate POC devices in the measurement of serum creatinine. 

Current methods for the detection of creatinine have relied upon the Jaffe 

Reaction and a spectrophotometer, however attempts have been made to 

decrease the level of interference associated with this reaction. This has 

been through measuring the Jaffe reaction assay at both very alkaline pH, 

and after acidification to a more neutral pH as interfering substances react at 

neutral pH, and by difference a more accurate result could be obtained.241 
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The most current research is focusing on establishing the glomerular filtration 

rate as a measurement of renal function and how efficiently waste products 

(such as urea and creatinine) are cleared.241 This is completed by measuring 

exogenous products such as inulin but these methods are costly and require 

trained personnel. The clearance of endogenous substances, such as urea 

and creatinine, requires both serum and an accurately timed urine collection. 

241 Therefore there is a large area of research in the measurement of 

creatinine and urea required for kidney failure to be diagnosed using a POC 

device. 
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Chapter 7: Discussion and Conclusion 

Since microfluidics first came into existence, extensive research has been 

completed into the development of an alternative to the conventional 

laboratory methods of analysis and diagnosis that are currently 

employed.3,64,215,230,242 This is not only to be beneficial in the developed world 

but also for use in the developing world, were current diagnosis methods and 

medical treatments available are not good enough.2,31,58,154,243  

Encompassing the development of microfluidics are a few problems; the 

requirement to have a device deemed as easy to use and to be used “in the 

field,”244 which is a device cheap or at least cheaper to manufacture.56,64,65,75 

At the same time, this device has to be comparable to current methods which 

gives a result as accurate.230,245,246  Currently the technology is struggling to 

overcome these issues as outlined by Whitesides et al.6 who has stated that 

the technology remains in its infancy, and requires a great deal of work 

before it can become more active in the fields of academic research. 6  

The microfluidic devices that have been published have been manufactured 

mainly from glass, silicon, polymers and PDMS.3,230,242 However, the 

microfluidic platform receiving much interest in more recent years has been 

the adaptation of filter paper into a microfluidic device.9,56,75,90,116,154,161,245,247-

249 Paper based microfluidics cover all these aspects which have proven to 

be problematic for other platforms as previously mentioned in chapter 1 e.g. 

no requirement for an external pumping force to transports regents, 

inexpensive and easy to manufacture, easily disposable etc.22,45,64,250  
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Conventional paper based tests have gained great success in POC 

diagnostics due to their simplicity, such as using simple methods and simple 

analysis techniques like in colourimetric assays and yes/no responses of 

detection. However, recent investigations have challenged to extend this 

theory and have started to use more elaborate and difficult techniques on 

paper, techniques which may require washing steps or antibody attachment 

i.e. PCR, CL, ELISA based assays, electrochemical detection or 

immunoassays to detect various analytes.9,23,90,100,247,248 An example of using 

electrochemical detection is described in the work by Carvalhal et al.54 were 

photolithography was used to make a gold electrochemical cell on a strip of 

polyester coupled to a strip of paper which chromatographically separated 

before quantifying uric acid and ascorbic acid.100 Another example of 

electrochemical detection which incorporated paper into the device could 

make an accurate voltammetric measurement that was referenced by an 

electrode with a constant, well-defined potential.251 The cost of the portable 

device was sufficiently low that it could be for single-use application, as the 

method of fabrication was wax printing.251 However, drawbacks to both these 

methods are the voltammograms and electrochemical detection would 

require a trained user to be able to perform these methods. 251 

Another example of creating more complex methods on a paper device was 

work published by Whitesides et al.9 who developed a paper based ELISA. A 

negative photoresist was used to create a layout similar to a 96 well plate, 

were antibodies were spotted onto the test zones and the colourimetric 

readout completed from the resulting image.9 However a drawback to this 
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method is the paper has to be suspended in air to prevent the samples in 

each test zone from mixing into each other. 

Additionally, microfluidic devices have been developed to not only diagnose 

infections or diseases but to also aid in identification of various blood types.73 

This area is lacking in the ability to be able to identify blood groups quickly 

and accurately especially in low resource settings when a blood transfusion 

is required immediately for a patient whose blood group is unknown.252 

Recent work has been published into this area using paper microfluidic 

devices which aims to identify which blood group a patient is by the 

agglutination or non-agglutination of samples dependent on which antigens 

are present in the sample (A, B, AB and O).73,253 This is a perfect example of 

a microfluidic device which encompasses the previous problems as it is 

quick, easy, and in-expensive which does not require any electrical 

power.73,74  This type of research is essential for use in the developing world 

and also in a military setting were blood typing is quick, simple and 

inexpensive.73  

There are many areas in which paper microfluidics could be used to allow 

medical tests to be carried out away from the laboratory setting in limited 

resource areas.2,32,45,58,154,210 Through aiming to encompass a similar 

approach as mentioned previously, were POC testing can be simplified and 

inexpensive but give the same consistent and reliable results as the 

conventional laboratory technique the work completed has been based 

around achieving this. The main niche that requires further research is to 

establish microfluidic devices that can incorporate a simple method and a 
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simple detection system to analyse analytes within a human sample giving 

an accurate diagnosis.32,45,58 The colourimetric assay method on a paper 

based microfluidic device is far easier to understand and analyse when 

optimising a device to be used away from a laboratory setting along with 

been inexpensive to use, which allows the idea of using the devices in the 

developing world as far more plausible.2,32,45,58 The aim of this project from 

the onset was to use the paper platform for a microfluidic device and to be 

able to measure analytes from the human body to make an accurate 

diagnosis of disease or infection within a patient. 

The project has outlined colourimetric methods for the detection of iron(II), 

urea and creatinine in human serum samples using a paper based platform. 

The devices designed and used were inexpensive (< £1 per device) when 

compared with the conventional methods. They used fewer reagents (15 µL), 

gave a fast result in every case (10 – 30 min maximum), which were easy to 

analyse (from a photograph and transferred to ImageJ) and gave results that 

were not significantly different from the conventional methods (largest SEM 

encountered was ± 2%).  

Initial paper fabrication used photolithography and a positive photoresist 

which created a novel fabrication method for paper microfluidics. This 

method was successful in creating hydrophilic channels within a hydrophobic 

surrounding (barrier) for naturally wicking fluids and solutions. Upon this 

fabrication, a colourimetric assay for iron(II) was developed which would be a 

useful device to be used in the developing world were untrained personal 
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could use this device to determine iron(II) levels in people who do not have 

access to modern day medicine.  

A paper platform was simultaneously developed to detect creatinine and 

urea in human serum samples as simple dip stick assay, turning colour 

proportional to the amount present and analysis was via ImageJ software (or 

in the case for urea the visibility of a colour change by eye). These devices 

were designed as easy to use POC devices with a real-World application in 

determining renal function in patients in the developing world who do not 

have the healthcare available in the developed world. 

The methods described are all methods that have been previously optimised 

as a conventional laboratory technique using a  spectrophotometer132,136,148 

but have been developed and miniaturised for the use on a paper 

microfluidic device. However, these devices maintained the accuracy for 

which they are known (chapter 4, table 4.1). 132,136,148  

The main purpose drawn from this project was to be able to use paper to 

utilise a possible POC device made either entirely or partially from filter 

paper. The idea of creating hydrophilic channels within a hydrophobic 

setting, and using photolithography has proven to be a successful method for 

this.  
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Conclusion 

In conclusion the findings in this research was to establish filter paper as an 

accurate (SEM <2%) and user friendly platform on which colourimetric tests 

can be performed. The successful creation of channels via photolithography 

or through the development of optimising dipstick assays detected three 

individual analytes in human serum samples within the expected clinical 

range. The aim of the project has been fulfilled by the development of 

colourimetric assays for iron(II), urea and creatinine which used a paper 

platform in each case which allowed for their accurate detection and 

measurement when compared to the conventional methods available. 

 

7.1 Further Work 

As the previous chapters have indicated, further work would be necessary to 

be able to produce these devices on a larger scale and further research 

would be required to attain a device user friendly. 

Iron 

The iron method currently showed that a finger prick could be used to detect 

iron(II) in human serum samples through the structuring and layering of a 3D 

paper device made entirely from paper and tape. However, the research into 

the Lauber Method used the pH to prevent any interferences with the 

coloured complex formed upon the reaction of bathophenanthroline and 

iron(II) but this research did not take into account the use of plasma as a 
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sample. Serum does not contain fibrinogen whereas plasma samples do, 

further work would have to be completed to ensure there are no 

interferences from this.  

Urea 

The urea method employed used a semi-quantitative result as either a 

positive or negative result; this allowed the assumption to be made that the 

patient whose sample had been tested would require further analysis to 

determine the reason behind an increased urea concentration. As a 

diagnostic test this could be further improved by finding a method in which a 

quantified result could be measured, giving the user an exact concentration 

of urea. This assay could be used in conjunction with the creatinine assay for 

further analysis and for a better diagnosis of the patient and the underlying 

cause. It could also be possible to run the sample on one device and detect 

both analytes simultaneously to diagnose kidney failure however 

experiments would have to be completed to ensure there are no 

interferences with both assays and the reagents required. 

Another possible avenue would be to determine if this device could 

incorporate the plasma membrane to trap RBCs as the iron device in chapter 

4. This would allow less pre-treatment of the sample before application on to 

the device as centrifugation to remove the RBCs from the sample away from 

a laboratory setting could prove a shortfall in this area. 
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Creatinine 

The creatinine assay was based upon the same principles as the urea device 

as a dipstick assay, allowing a sample to wick along a length if paper until 

reaching a detection zone were the colour change would be observable to 

the user. These long strips of paper however, are prone to breaking and 

snapping as a result of incorrect storage and transportation. To overcome 

this problem, work could be carried out to incorporate a plastic casing over 

the paper giving the device a more rigid yet still easy to handle approach, 

keeping the detection zone visible to allow the user to read or image the 

result whilst having a have a more defined area for analysis, figure 7.1 

Another possible avenue would be to determine if this device could 

incorporate the plasma membrane to trap RBCs as the iron device in chapter 

4. This would allow less pre-treatment of the sample before application on to 

the device as centrifugation to remove the RBCs from the sample away from 

a laboratory setting could prove a shortfall in this area. 
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