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ABSTRACT 

 

DESIGN AND DEVELOPMENT OF PAPER-BASED MICROFLUIDICS 

FOR POINT-OF-CARE APPLICATIONS  

 

Paper-based microfluidics is a subarea of microfluidics which is recently used in 

various applications from diagnostics to environmental monitoring, and to food safety. In 

such microfluidic systems, a test platform is formed from a paper substrate instead of 

silicon and polymers, such as poly-dimethylsiloxane, poly-methyl methacrylate, and etc. 

The main goal of this thesis is the development and fabrication of a paper-based 

microfluidic device (μPAD), which could be used in point-of-care (POC) applications. 

The characterizations of μPADs, which were fabricated via laser ablation methodology, 

were performed in terms of their surface and barrier characteristics, and liquid sample 

flows within μPADs. Depending on the characterization, nine different fabrication 

parameters, 10P40S (10%Power & 40%Speed), 10P60S, 20P90S, 30P50S, 30P100S, 

40P80S, 40P100S, 70P80S, and 70P100S, were identified as optimized fabrication 

parameters. Also, two designed models of μPADs, 1S4T-Type2 and 1S4T-Type3, were 

selected to be used in the detection of BSA and recombinant Hepatitis C Virus (HCV) 

protein. The BSA and HCV (1 mg/ml) in PBS solution were successfully detected via 

naked eye depending on the colorimetric sensing through micro-paper enzyme linked 

immunosorbent assay (μP-ELISA) protocol. Moreover, the limit of detection (LoD) 

values for HCV were determined in 1S4T-Type2 μPAD as 1.000, 0.883, and 0.796 ng/ml 

when the detection was performed via naked eye, smart-phone, and bright-field 

microscope, respectively. Also, the easily-disposable 1S4T-Type2 μPAD provided 14 

times faster and 45 times cheaper detection of HCV compared to conventional ELISA 

techniques. Consequently, the developed 1S4T-Type2 μPAD presented low-cost, easy-

to-use, and rapid detection of HCV as POC devices. 
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ÖZET 

 

HASTA-YANI UYGULAMALARI İÇİN KAĞIT TEMELLİ 

MİKROAKIŞKANLARIN DİZAYNI VE GELİŞTİRİLMESİ 

 

Tanılama çalışmalarından çevresel izleme ve gıda güvenliğine kadar birçok farklı 

alanda kullanılan mikroakışkanların bir alt kolu da kağıt temelli mikroakışkanlardır  

(μPAD). Bu mikroakışkan sistemlerde, uygulamanın yapılacağı düzenekler silikon, poli-

dimetilsiloksan ya da poli-metil metakrilat yerine kağıt kullanılarak elde edilmektedir. Bu 

tezin ana amacı hasta-yanı uygulamalarda (POC) kullanılabilecek kağıt temelli 

mikroakışkanların geliştirilmesidir. Tez çalışmaları süresince lazer kesim yöntemiyle 

elde edilen kağıt temelli mikroakışkanlar, yüzey ve kenar özellikleri ve ayrıca sistem 

içinde bulunan kanallardaki sıvı akışı açısından karakterize edildi. Yapılan 

karakterizasyon çalışmaları doğrultusunda, ideal üretim koşulları 10P40S (10% Güç & 

40% Hız), 10P60S, 20P90S, 30P50S, 30P100S, 40P80S, 40P100S, 70P80S ve 70P100S 

olarak belirlendi. Ayrıca, BSA ve rekombinant Hepatit C Virüs (HCV) proteinin 

tespitinde kullanılacak kağıt temelli mikroakışkan modelleri, 1S4T-Type2 ve 1S4T-

Type3 olarak belirlendi. Belirlenen koşullarda üretilen 1S4T-Type2 ve 1S4T-Type3 

model kağıt temelli mikroakışkan sistemlerinde uygulanan mikro-kağıt ELISA testi (μP-

ELISA) doğrultusunda fosfat tamponlu tuz (PBS) solüsyonu içerisinde bulunan BSA ve 

HCV proteinleri (1 mg/ml) başarılı bir şekilde renk değişimine bağlı olarak tespit edildi. 

Buna ek olarak, 1S4T-Type2 model kağıt temelli mikroakışkan sistemlerde, HCV 

proteini için tespit sınırı (LoD) gözle tespit için 1.000 ng/ml, akıllı telefon ile tespit için 

0.883 ng/ml ve ışık mikroskopu ile tespit için 0.796 ng/ml olarak belirlendi. Kolay bir 

şekilde yok edilebilen bu 1S4T-Type2 model kağıt temelli mikroakışkan sistemler 

konvansiyonel ELISA testlerine göre HCV proteininin tespitini 14 kat daha hızlı ve 45 

kat daha ucuz olacak şekilde gerçekleştirdi. Sonuç olarak geliştirilen 1S4T-Type2 model 

kağıt temelli mikroakışkan sistem aynı hasta-yanı uygulamalarında kullanılan cihazlar 

gibi HCV proteinin tespitini ucuz, kolay ve hızlı bir şekilde sağladı.  
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CHAPTER 1.  

 

 

INTRODUCTION 

 

 

1.1. Microfluidics 

 

 

Microfluidics is well established in the wide areas of science where the fluids in 

nanoliters to attoliters (10-9 to 10-18) are processed and/or manipulated within the micro-

sized channels.1 It is an interdisciplinary arena which covers the science and technology 

to develop microstructured devices used in diverse fields of applications, such as 

biomolecules analysis and detection, diagnostics, drug development, environmental 

analysis, and microelectronics.2 The unique properties of microfluidic systems are their 

portability (small dimensions), capability to work with low amounts of samples, ability 

to perform rapid and robust detection and separations with high sensitivity, and also their 

cost-effectiveness.3 Depending on the unique properties of microfluidic systems, the 

microfluidic platforms and devices provide many advantages compared to macro-sized 

fluidic systems by allowing the investigation of micro-sized volume of samples in short 

period of time with low cost and high sensitivity.4 On the other hand, the fluid phenomena 

for the liquid domination at the microscale are noticeably different from the macroscale. 

While the effect provided by the force of gravity is exceedingly decreased at microscale, 

the effects provided by the force of surface tension and capillary forces are conversely 

increased.5 

The development of microfluidic technology was started at 1950s with the study 

that provides the basics of ink-jet technology.3 However, the work which was performed 

at the end of 1970s by S. C. Terry et al. to produce miniaturized gas chromatograph on 

silicon is considered as the origins of microfluidics. According to the authors, the size of 

sensor to detect each individual component in mixture containing nitrogen gas, n-pentane, 

and n-hexane was reduced from laboratory instruments to pocket-size.6 Until 1990s, the 

microfluidic technologies were improved by integrating the micro-sized elements, such 

as microvalves and micropumps.7,8 After the integration and progression of microvalves 
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and micropumps into the microfluidic technologies, many silicon-based microfluidic 

devices were produced for different medical and industrial purposes.4,9 Manz et al. 

defined the miniaturized total analysis systems (μTAS) for chemical sensing10 and 

fabricated the microfluidic device which consisted of silicon chip (including an open-

tubular column and conductometric detector), a chip holder, injector, and valves to 

perform the high-pressure liquid chromatography (HPLC).11 Manz et al. also fabricated 

μTAS chip from Pyrex glass by micromachining to perform capillary electrophoresis-

based separation of amino acids in short period of time.12 Simultaneously, the test strips 

were produced to be used as microfluidic device for simpler biochemical analysis, such 

as pH measurement, pregnancy and drug abuse tests.13,14  

 

 

 

 

Figure 1.1. Microfluidic device which contains six independent micro-chemostats that 

provide semi-continuous planktonic growth.15 

 

 

Silicon8 and glass16 were used in the fabrication of microfluidic devices until the 

late 1990s; however, these materials have many disadvantages. Silicon is an expensive 

and opaque material which has low gas permeability; while glass has low gas 

permeability, too.5,17 Also, these materials required a clean room facility to be fabricated 

as microfluidic devices.5 These disadvantages caused the limitations on the usage of 

microfluidics in many biological studies.17 The researchers investigated different 

materials to eliminate these limitations of microfluidic devices. Whitesides et al. defined 
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the new concept in 1998 by using silicon-based organic polymer -poly(dimethylsiloxane) 

(PDMS)- instead of silicon and/or glass materials to fabricate the microfluidic device 

easier with lower cost.18 Because of the biocompatible properties of PDMS,19,20 the 

microfluidic devices were used in varied cell biology applications.21–23 Folch et al. 

fabricated micro-sized channels from PDMS for the patterning of biological components, 

such as cells and proteins. In one of their studies, they directly patterned 3T3-J2 

fibroblasts cell line on the substrate;24 however, they needed to coat collagen and 

fibronectin onto the surface of substrate before patterning hepatocyte/fibroblast co-

cultures in another study.23 In addition to studies of cell patterning, many on-chip 

tissue/organ models were introduced for biological processes, such as drug discovery and 

development, to eliminate the limitations which were caused by in vitro and in vivo 

systems.25 Huh et al. fabricated a PDMS microfluidic chip device which structurally, 

functionally, and mechanically mimics the microenvironment of lung alveolar-capillary 

interface in 2010. In that microfluidic device, the human breath was mimicked by seeding 

human alveolar epithelial cells on upper side of porous PDMS membrane and human 

pulmonary endothelial cells onto the bottom.26  

There has been a progressive attention in the area of microfluidics, caused by the 

development lab-on-a-chip (LOC) systems.9 LOCs are microstructured systems which 

have a capability to integrate entire biological and/or chemical laboratories within a chip 

that contains micro-sized elements, such as microchannels, filters, microvalves, 

micromixers, microsorters, and micropumps.1,9,27 By controlling the flow of samples in 

LOCs systems, biological and industrial applications are performed at reduced scales with 

low sample consumption and high-throughput.28 After introduction of PDMS to 

microfluidics by Whitesides et al.,18 PDMS used in LOC devices for many applications; 

however it causes several limitations.29–33 To eliminate these limitations, the researchers 

studied on alternative materials instead of PDMS.5 Thermoplastic materials, such as 

polystyrene-cyclic olefin copolymer,34 poly-methyl methacrylate (PMMA) and 

polycarbonate;35,36 paper,37 and wax38 were used as substrate materials instead of PDMS.  

Paper was started to be used as substrate material in the fabrication of micro-sized 

analytical devices because of its (i) availability around the World,37 (ii) low-cost,2,37 (iii) 

ability to provide passive transport by capillary action,2 (iv) biocompatibility,2,37,39 (v) 

biodegradability,2 (vi) disposability by combustion,2,37 and (vi) chemically modifiability 

to provide covalently immobilization of chemical compounds onto its surface.40 By the 

usage of paper with these advantages, many microfluidic paper-based analytical devices 
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(µPADs) and paper-based biosensor chips which could easily be operated in resource 

limited environments as point-of-care (POC) devices were developed.41–43 Even if the 

paper was already used in analytical and clinical chemistry since 19th century, the term of 

“paper-based microfluidics”, also called “lab-on-a-paper”, has great attention in the 

research field of microfluidics since 2007. Whitesides et al.44 fabricated first microfluidic 

paper-based analytical devices by lithography for simultaneous detection of glucose and 

protein in urine. 

For 20 years, the microfluidic devices which perform small-scale analysis were a 

topic of interest in scientific area and also used in POC applications in clinical studies.45   

 

 

 

 

Figure 1.2. History of microfluidics. a) Miniaturized gas chromatography fabricated in 

Silicon,6 b) HPLC column microfluidic device involving a silicon chip,11 c) 

Using PDMS as substrate material in the fabrication of microfluidic device,18 

d) Cell patterning within PDMS channels,24 e) An enzyme-channelling 

immunochemical test strip,13 f) A paper-based microfluidic device which was 

fabricated by photolithography for simultaneous detection of glucose and 

protein,44 g) An organ-on-chip which mimics the human breath.26 
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1.2. Paper-Based Microfluidics 

 

 

Paper-based microfluidics, also called lab-on-a-paper, is the subarea of 

microfluidics in which cellulose paper is used to fabricate μPADs that flow of fluid from 

input to reaction zone is provided by capillary force within microchannels (patterned 

hydrophilic regions).46 The paper-based microfluidics became an essential point-of-care 

testing (POCT) platform, which is mainly used for rapid diagnosis, environmental 

monitoring, and food safety detection in resource limited regions over time, because of 

its advantages compared to silicon, glass, PDMS, thermoplastic, and/or other 

materials.47,48 

Microfluidic paper-based analytical devices with the advantages of simple 

fabrication and using processes, rapid and robust operation, portability, and low-cost47–49 

satisfy ASSURED (A: affordable; S: sensitive; S: specific; U: user-friendly; R: rapid and 

robust; E: equipment-free; and D: deliverable to end-users) criteria which are the 

determined requirements of diagnostic devices in developing countries by World Health 

Organization (WHO).37,50  

 

 

 

 

Figure 1.3. Examples of microfluidic paper-based analytical devices. a) A µPAD for 

simultaneous detection of glucose and protein,44 b) Demonstration of indirect 

enzyme linked immunosorbent assay (ELISA) within a 96-microzone plate 

made from paper (P-ELISA),51 c) A µPAD which is coupled with smart-

phone for measurement of nitrite concentration and pH determination.52 
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The development of microfluidic paper-based analytical devices was provided by 

previous studies in paper-based bioanalyses which were performed starting from early 

20th centuries. The first study, which the fabrication technique was defined to create spot 

testing on paper was performed by Yagoda in 1937.53 By following this study, Müller et. 

al. produced paraffin patterned paper, which is defined as first paper-based assay, to in 

1949.54 While Martin and Synge invented a paper chromatograph which is the study that 

was awarded Nobel Prize in 1952,55 the paper strip tests were started to be developed as 

biodetection tools, such as glucose measurements. Comer developed a test paper to semi-

quantitatively measure the glucose level in urine sample in 1956.56 

The adaptation of nitrocellulose paper in molecular detection studies57 provided 

significant improvements in lateral flow immunoassays (LFIA) in 1970s. By the 

following studies, the immunochromatographic tests, such as pregnancy test strip, were 

developed58 and then the commercial lateral flow tests were produced for many area, such 

as clinical diagnostic, food and environmental applications, and biodefence.59–61  

In 2007, Whitesides’ group inspired from previous paper-based bioanalysis53–61 

introduced microfluidic paper-based analytical devices, which is the concept of using 

paper as substrate in microfluidic structure for the simultaneously detection of more than 

one analyte in sample.44 Whitesides et. al. patterned the PDMS onto the surface of 

hydrophilic paper by photolithography to fabricate microfluidic device for simultaneous 

glucose and protein detection. External equipments, such as micro-pumps, were not 

required for flow of fluid, because the micro-sized channels in device provided the 

capillary action for flow of fluid.44 The concept, which was defined by Whiteside, meet 

the ASSURED criteria for POC diagnostics.46 

 

 

 

 

Figure 1.4. History of microfluidic paper-based analytical devices. a) First study on the 

fabrication of test spots on paper,53 b) First paper-based assay by paraffin 

patterned paper,54 c) A µPAD was fabricated by Whitesides’ group.44 
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1.2.1. Fabrication Methodologies of Paper-Based Microfluidic Devices 

 

 

The microfluidic paper-based analytical devices have had many developments 

after 2007. The process of device fabrication became the main point, which determines 

the novelty of µPADs.62 In literature, there are 2D (two dimensional) and 3D (three 

dimensional) µPADs, which are used for various purposes. In 2D µPADs, single layer of 

cellulose paper is patterned; however, more than one paper is stacked together in 3D 

µPADs to provide vertical motion of fluids, in addition to the horizontal motion.41,63,64 

There are two different categories, (i) 2D-shaping/cutting of paper and (ii) 

hydrophilic/hydrophobic contrast on paper, for the fabrication of the microfluidic paper-

based analytical devices. The microfluidic channels are obtained by X-Y plotter or CO2 

laser in the category of shaping/cutting of paper,41 however, there are technically three 

different patterning techniques in the category of hydrophilic/hydrophobic contrast on 

paper. The hydrophilic/hydrophobic contrast is provided by surrounding the hydrophilic 

pattern with hydrophobic borders. To create hydrophilic/hydrophobic contrast on paper, 

different patterning strategies, which are the (i) physical blocking of pores, (ii) physical 

deposition of hydrophobising agent on the paper, and (iii) chemical modification of paper 

surface are used.47  

In 2D-shaping/cutting method, there are two different ways to fabricate the 

microfluidic paper-based analytical devices, such as using (i) X–Y knife plotters65 and 

(ii) CO2 laser cutters. The computer controlled X–Y knife plotters contain a knife which 

rotates around a turret to provide the cutting of paper for patterning different shapes on a 

paper. However, the paper is cut and shaped via CO2 laser cutters in laser ablation 

methodology.66  

Photolithography is one of the techniques, which depends on physical blocking of 

pores by using a photoresist. In this technique, paper is entirely hydrophobized and then 

selectively dehydrophobized by UV exposure.47 Whitesides’ group used the SU-8 2010 

photoresist to pattern chromatography paper by photolithography.44 In this concept, the 

µPAD was produced in small dimension with high resolution.44,47 However, (i) the usage 

of photoresist, (ii) complex fabrication instruments, such as lithography equipments, and 

(iii) requirement of clean room facility generally prevent this technique to be ideal for the 

fabrication of µPADs.44,46  
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The wax-based patterning techniques, which depend on physical deposition of 

hydrophobising agent on the paper, are used for fabrication of microfluidic paper-based 

analytical devices. The µPADs are fabricated by selective hydrophobisation41 with non-

toxic reagents in wax-based fabrication methods, such as wax screen printing, wax 

dipping, and wax printing. In wax screen printing, hydrophobic barriers are formed by 

diffusion of melted wax (by hot plate) onto the paper, after solid wax is patterned onto 

surface of paper. Dungchai et. al. fabricated µPADs by wax screen-printing method to 

determine glucose and total iron in serum sample. In this concept, the µPADs could 

simply be fabricated at a low cost, because neither complex equipment nor clean room 

facilities were required for fabrication of µPADs.67 In wax dipping, the designed pattern 

is produced by using iron mould and molten wax.68,69 Songjaroen et. al. fabricated µPADs 

by wax dipping method to determine glucose and protein in the real sample. The iron 

mould which was produced via laser cutting was dipped into melted wax to fabricate 

designed pattern on the paper.68 In wax printing, wax printer and heater (hot plate or oven) 

are used to fabricate µPADs. To pattern desired design on paper, the paper is placed into 

wax printer and then heated.67,70 Wax printer (FUJIXEROX Phaser 8560DN, Japan) was 

used by Lu et. al. to fabricated µPADs, whose performance was verified via horse radish 

peroxidase (HRP), bovine serum albumin (BSA), and glucose assays. In this concept, the 

whole process for µPAD fabrication was simply and rapidly operated without using any 

chemical solvents and clean room facilities; however, a wax printer was required.70  

PDMS printing, which depends on the physical blockage of pores in paper, is also 

a technique to fabricate microfluidic paper-based analytical devices. In this technique, 

PDMS was printed onto paper via desktop plotter.71 Whitesides et. al. fabricated µPADs 

from PDMS, which was dissolved in hexanes, by using the modified X-Y plotter. The 

hydrophilic channels on paper were produced by generating hydrophobic walls, as result 

of the penetration of PDMS to the depth of paper. Even if PDMS printing did not require 

expensive materials and clean room facilities, this technique still need computer-aided 

design, and usage of chemical reagents.71 

The ink stamping and double side ink methods are also the techniques, which were 

used to fabricate the microfluidic paper-based analytical devices. In these techniques, the 

hydrophobic channels in paper are produced by using a PDMS stamp and inerasable 

inks.47 Curto et. al. used PDMS stamp and indelible ink to fabricate µPADs, which were 

used in the colorimetric glucose detection. The cost-effective µPADs were rapidly 

fabricated without any requirement of cleanroom facilities and complex instruments.72 
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However, Akyazi et. al. used double side stamping method for the fabrication of µPADs 

to eliminate low reproducibility of standard ink-stamping method, which was caused by 

non-uniform penetration of the ink to the back side of the paper.73  

In addition to techniques, which depend on physical deposition of hydrophobising 

agent on the paper, there are also some other techniques, which depend on chemical 

modification of paper surface. In such techniques, the cellulose reactive agents react with 

the hydroxyl group (-OH) in the cellulose structure of paper. The alkenyl ketene dimer 

(AKD) is a common cellulose reactive agent, which is used in fabrication of µPADs. Li 

et. al. firstly hydrophobized paper via the AKD solution and the solution was cured by 

heating. Hydrophilic patterns in paper that was hydrophobized with AKD were formed 

by plasma treatment method in which paper samples that were sandwiched between 

masks were placed into a vacuum plasma reactor.74 Instead of using plasma treatment, 

hydrophobic AKD channels in µPADs were also fabricated via ink-jet printing method 

by Li et. al. For printing process, ink in cartridge was replaced by AKD solution, and then 

the solution was cured onto the paper by heating. 75 On the other hand, polystyrene,76 

polyacrylate,77 hydrophobic sol-gel-derived methylsilsesquioxane,78 and teflon79 were 

also used ink-jet printing method.  

Haller et. al. fabricated the microfluidic paper-based analytical devices by 

chemical vapour-phase deposition. The hydrophilic channels surrounded by hydrophobic 

walls were obtained after UV light was exposed to the paper, which was coated with 

Poly(o-nitrobenzyl methacrylate) (PoNBMA). The absence of the using organic solvent 

in vapour-phase deposition makes this technique environmentally friendly; however, the 

usage of complex equipment incurs high cost for the fabrication of µPADs.80 

Other methods, such as flexographic printing,81 ink-jet etching,82 silane and 

UV/O3 patterning,83 printed circuit technology,84 and subtractive laser treatment,85 are 

also considered to create hydrophilic/hydrophobic contrast in the fabrication of µPADs. 

However, these methods are limited because of their requirements, such as (i) multistep 

fabrication processes, (ii) requirements of clean room facility, complex equipment, and 

organic solvents, and (iii) high fabrication costs.  

The detailed information about the fabrication techniques, which are generally 

used in the fabrication of microfluidic paper-based analytical devices (µPADs) in 

literature, is shown in Table 1.1 
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Table 1.1. Fabrication techniques for paper-based microfluidic devices. 

 

Fabrication 

Technique 

Equipments Advantages Drawbacks Refs. 

Shaping/Cutting X-Y plotter or 
CO2 laser cutter 

Sharp barriers Expensive equipments; 
Low-mechanical stability; 

65,66 

Photolithography Lithography 

equipments; UV 

lamp; Hot plate 

High resolution; 

Sharp barriers 

Requires complex 

equipments, photoresist 

and organic solvents; High 
cost; Requires clean room 

facilities;   

44,46,47 

Wax screen 
printing 

Hot plate Simple 
operation; Low 

cost 

Inconsistent deposition of 
wax; Low resolution; 

Rough barriers 

67 

Wax dipping Iron mould 
(Mask); Heater 

Simple and rapid 
steps; Low cost;  

Inconsistency between 
batches 

68,69 

Wax printing Wax printer; 

Heater 

Simple 

operation; Rapid 

process 

Expensive equipments; 

Poor availability in 

resource limited area; Low 
resolution;  Nonstable at 

high temperature 

70 

PDMS printing Computer; 
Desktop plotter 

Flexible device; 
Cheap 

consumables 

(PDMS) 

Inconsistency in the 
formation of barriers; Low 

resolution; Requires 

additional steps for curing 

71 

Stamping PDMS stamp or 
stainless steel 

stamp; Heater 

Simple steps; 
Low cost; 

Low resolution; Requires 
additional pre-heating 

step;  

47,72,73 

Plasma treatment Vacuum plasma 
reactor; Masks; 

Heater;  

Cheap 
consumables 

(AKD) 

Requires the customized 
masks; Poor availability in 

resource limited area;  

74 

Ink-jet printing Modified inkjet 
printer; Heater 

High resolution; 
Cheap 

consumables 

(AKD) 

Requires modified ink-jet 
printers; Requires 

additional steps for curing 

75–79 

Vapour-phase 
deposition 

Vapour 
deposition 

chamber  

Simple 
operation 

Requires complex 
equipments; High cost 

80 

Flexographic 
printing 

Specialized 
printer  

Single roll-to-
roll process; No 

pre-heating step 

Requires complex 
equipments, templates, 

and reagents; High cost;  

81 

Ink-jet etching Specialized ink-
jet printer 

Requires only 
one printing 

apparatus;  

Multiple printing steps; 
Requires organic solvents 

82 

Silane and UV/O3 

patterning 

Mask and 

clamps; UV 
lamb 

Simple 

operation; Low 
cost 

Requires organic solvents 83 

Printed circuit 

technology 

Computer; 

Printer; Thermal 
transfer printer;  

Rapid process; 

Low cost;  
Reproducible  

Requires complex 

equipments; Multiple 
printing steps; 

84 

Subtractive laser 

treatment 

Computer-

controlled CO2 

laser cutting 
system 

Simple 

operation; Sharp 

barriers 

Requires complex 

equipment;  

85 
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Figure 1.5. Fabrication of microfluidic paper-based analytical devices via different fabrication techniques. The fabrication of µPADs via (a) 2D-

shaping,65 b) photolithography,44 c) wax screen printing,67 d) wax dipping,68 e) wax printing,70 f) PDMS printing,71 g) stamping,73 h) 

plasma treatment,74 i) ink-jet printing,76 j) vapour-phase deposition,80 k) flexographic printing,81 l) ink-jet etching,82 m) alkylsilane self-

assembling and UV/O3-patterning,83 n) printed circuit technology,84 and o) subtractive laser treatment.85 
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1.2.2. Sensing Technologies in Paper-Based Microfluidic Devices 

 

 

Microfluidic paper-based analytical devices, which are used in analysis of 

samples, are one type of the miniaturized total analysis systems (μTAS). To detect the 

analyte for their analysis, different types of sensing technologies are applied to 

μPADs.41,47,48,62,86 The most commonly used sensing technologies in μPADs are 

colorimetric sensing, electrochemical (EC) sensing, fluorescence sensing, 

chemiluminescence (CL) sensing and electrochemiluminescence (ECL) sensing; 

however, there are also other available techniques, which were already mentioned in 

literature, such as surface-enhanced raman spectroscopy (SERS), mass spectroscopy 

(MS), and nanoparticle-based sensors. 

 

 

1.2.2.1. Colorimetric Sensing 

 

 

The colorimetric sensing is the main sensing technique for detection of analytes 

in μPADs, because paper has a bright and colourless background, which provides an easy 

readout of generated signals even in the absence of any instruments. The signals in test 

zones of μPADs that have the colorimetric sensing technologies are obtained by visible 

colour formations resulting from enzymatic or chemical reactions.41,47,48 Sample fluids, 

which are loaded to μPADs from the inlet, firstly reaches the test zones of μPADs, and 

then it reacts with its target reagents, resulting in colour-change that could be possibly 

determined by naked eye.48 In μPADs, which colorimetric assays are performed, 

qualitative, semi-quantitative or quantitative results are obtained.47,62 The qualitative 

results (yes/no answer), which can be visually achieved by naked eyes, are evaluated 

without using any additional instrumentation.47 However, semi-quantitative results can 

be obtained by the colour charts that are used to approximately determine relative 

amounts of analytes based on their specified calibration curves.41,47,62 On the other hand, 

the colour signal intensities are calculated by additional instruments, which process 

image-processing software, in μPADs to obtain quantitative results.62,87 
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The pH, glucose and protein assays were performed in early examples of μPADs, 

which have colorimetric sensing technologies.44,71 In such assays, the formations of 

colour changes in test zones provide detection of analyte, visually. The brown colour is 

formed by enzymatic oxidation of iodide to iodine in the test zone of μPADs during 

glucose assays. Similar to glucose assay, the colour change of tetrabromophenol blue 

(TBPB) from yellow to blue occurs in the presence of proteins during protein assays. 

Nowadays, qualitative and quantitative colorimetric sensing technologies in μPADs are 

used in a wide range of applications, from detection of biomolecules88–92 and metal 

particles,93–95 to immunoassays,51,96,97 to food and environmental applications.98,99 

The colorimetric sensing is the most frequently used sensing mechanism in 

μPADs because signals are read easily even without using any additional instruments.48 

However, there are some drawbacks, such as high detection limits with low selectivity 

and sensitivity, caused by nonhomogeneous distribution of colour and presence 

background noise on paper. Moreover, analysis of real samples via colorimetric sensing 

technologies requires more improvements in sample manipulation and isolation of 

molecules.71,76 In addition, improvements on capturing the image and image analysis are 

required in colorimetric sensing-based μPADs to obtain quantitative results.87 

 

 

1.2.2.2. Electrochemical Sensing 

 

 

The electrochemical (EC) sensing is the most extensively investigated technique 

for detection of analytes in μPADs, because it provides a low detection limits with high 

selectivity and sensitivity, in contrast to colorimetric sensing.47,62 In addition, μPADs, 

which have EC sensing technology, are commonly insensitive to light and ambient 

conditions, providing more stable signals.100 EC sensing is provided by three electrodes, 

which are deposited onto paper to build three-electrode system. This three-electrode 

system includes a counter electrode, a working electrode, and a reference electrode.41,48 

While the counter and working electrodes are fabricated from carbon inks; reference 

electrodes are fabricated from silver/silver chloride ink.41 In these devices, the electrical 

outputs, which are induced by REDOX (reduction-oxidation) reactions on electrodes’ 

surface, are obtained as detection signals.41,48  
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The glucose, lactate, and uric acid were detected in the early examples of μPADs, 

which have EC sensing technologies.101 In such assays, signals, resulted by oxidase 

enzyme reactions that occurred on Prussian Blue (redox mediator)-improved working 

electrode, were obtained via chronoamperometry. For production of electrochemical 

μPADs (ePADs) or paper-based electrochemical devices (PEDs), photolithography and 

screen-printing technology were used in fabrication of microfluidic channels and 

fabrication of electrodes on paper, respectively. On the other hand, ePADs, which are 

used for detection of cholesterol, tumour markers, dopamine, and drugs, are also 

considered as early examples of EC sensing. Today, the ePADs are still used in a wide 

range of applications, from detection of biomolecules102–104 and metal particles105 to 

immunoassays.106–108 

As EC sensing provides some advantages over the colorimetric sensing, it is one 

of the most typically used detection techniques. However, there are some drawbacks, 

which are the EC sensing requires (i) additional steps for fabrication of electrodes,41 and 

(ii) detection instruments.47 During production of ePADs, additional fabrication steps are 

required for production of electrodes by deposition of conductive inks. Moreover, 

additional detection instruments are also needed, causing an increase in the complexity 

of ePADs, also increasing its cost.  

 

 

1.2.2.3. Fluorescence Sensing 

 

 

Detection of analyte is also performed with μPADs, which contain fluorescence 

sensing technologies.41,47,48 Fluorescence sensing depends on intensity measurement of 

emitted light from a substance, which has already absorbed light and/or electromagnetic 

radiation.47  

In early examples of fluorescence sensing-based μPADs, fluorescein 

isothiocyanate-labelled BSA was detected. The limit of detection was 125 fmol for 

fluorescein isothiocyanate-labelled BSA in paper microzone plates, which required a 

small amount of sample.109 In addition to this study, fluorescence sensing-based μPADs 

were used in varied applications from detection of biomolecules110,111, pathogens,112 and 

cells113 to immunoassays.114 
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The fluorescence sensing-based μPADs provide a low limit of detection;115 

although they have some difficulties, which are (i) presence of additives in paper which 

can have fluorescence properties, (ii) background noise caused by paper that increases 

the average relative standard deviation, and (iii) requirement of some instruments, such 

as fluorescence readers to measure the florescence intensity.47,62 

 

 

1.2.2.4. Chemiluminescence Sensing 

 

 

The chemiluminescence (CL) sensing depends on the intensity measurement of 

emitted light, which is generated by chemical reactions. During the chemical reaction, the 

products and light are produced in the presence of catalyst or excited intermediate. For 

example, luminol being oxidized by hydrogen peroxide (H2O2) to 3-aminophthalate, 

results in emission of light.41 

Although there are some drawbacks for CL sensing, which are (i) need of 

chemiluminescence readers, (ii) high cost, and (iii) requirement of dark room to carry out 

measurement;47,115 these sensing mechanisms have some advantages, such as (i) 

simplicity and high sensitivity, (ii) compatibility with micromachining systems, (iii) 

possibility for a low limit of detection, and (iv) reduced background noise.47,62,116 

The advantages of CL sensing-based μPADs lead to usage of this detection 

mechanism in a wide spectrum of applications, these applications ranged from detection 

of biomolecules and metals,117–119 to the measurement of DNA hybridization,120 to 

immunoassays.121,122 

 

 

1.2.2.5. Electrochemiluminescence Sensing 

 

 

Electrochemiluminescence (ECL) sensing is established by combining the 

sensing mechanisms of CL and EC.47 The mechanisms of ECL sensing depend on 

luminescence, which is generated by electrochemical reactions. In this detection 

mechanism, the electrochemically generated intermediates undergo exergonic reactions, 
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resulting in an electronically excited state that emits the light at the electrode surface by 

relaxation of excited state to lower level state.41,47,123 

In first study of ECL sensing mechanism, the 2-(dibutylamino)-ethanol (DBAE) 

and nicotinamide adenine dinucleotide (NADH) were detected by readouts of orange 

luminescence via conventional photodetector. Orange luminescence was provided by 

ECL reaction of tris(2,2′-bipyridyl)ruthenium(II) (Ru(bpy)3
2+) with its analyte. During 

this ECL reaction, DBAE is oxidized and deprotonated, resulting in formation of radical 

DBAE at electrode. The radical DBAE then reduced the Ru(bpy)3
2+ to Ru(bpy)3

3+, which 

is the excited state. By the relaxation of excited state to ground state, Ru(bpy)3
3+ emitted 

at 620 nm. While the fluidic channels in ECL sensing-based μPAD was fabricated via 

ink-jet printing, electrodes were introduced by screen-printed method.124 In addition, ECL 

sensing-based μPADs were widely used in a variety of applications from detection of 

biomolecules124,125 to immunoassays, to food and environmental monitoring.126,127 

Combining CL and EC sensing in ECL sensing mechanism resulted in higher 

sensitivity by preserving simplicity and stability of μPADs.128 In addition to providing 

higher sensitivity, ECL sensing have other advantages, such as (i) almost zero background 

noises, and (ii) easily controllable electrode potentials.47,62 Nevertheless, the readouts 

should be carried out in a dark room with additional power source, which limit the 

applicability of ECL sensing mechanisms in resource-limited areas.41,47 

 

 

1.2.2.6. Other Sensing Mechanisms 

 

 

In addition to the common sensing mechanisms in μPADs, such as colorimetric 

sensing, electrochemical (EC) sensing, fluorescence sensing, chemiluminescence (CL) 

sensing and electrochemiluminescence (ECL) sensing, there are also other mechanisms 

of sensing, which are surface-enhanced raman spectroscopy (SERS),129 mass 

spectroscopy (MS),47 and nanoparticle-based sensors.82,130,131 Although these sensing 

mechanisms were studied in some studies and mentioned in literature, they are less-

frequently used sensing technologies in the applications.  
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1.2.3. Applications of Paper-Based Microfluidics 

 

 

The microfluidic paper-based analytical devices are one type of μTAS. The main 

purpose of the μPADs is to present to owner a low-cost and easy-to-use analytical 

platform. There are different types of μPADs, which have different working principle and 

function. The μPADs are currently used in the different groups of applications. The 

applications performed by μPADs can be categorized into the three main groups, such as 

health diagnostics, environmental monitoring, and water and food safety.47  

The high amounts of effort are made on the μPADs, which are used in health 

diagnostics, because the μPADs have critical importance and a high possibility for 

commercialization.47 For example, μPADs, which were manufactured for pregnancy 

tests, were the one of the main breakthroughs in this field.132 The critical importance of 

μPADs has come from their suitability for the POC applications, which are used in 

resource-limited countries that people preponderantly die because of curable infectious 

diseases. That’s why; the μPADs have critical importance for POC detection by meeting 

the ASSURED criteria of WHO. According to WHO, the ideal rapid test should be 

affordable, sensitive, specific, user-friendly, rapid and robust, equipment free, and 

deliverable to end users.133 In addition, μPADs have commercial importance in developed 

countries in which people survive longer. In the branch of health diagnostics, μPADs are 

used in (i) the analysis of biomolecules (proteins, hormones, neurotransmitter, etc.),88,96 

small molecules (glucose, uric acid, etc.),72,92,118,119 nucleic acids (DNA and 

RNA),102,110,112,120 (ii) immunoassay studies for disease and cancer 

diagnostics,51,97,102,108,110,112,113,120 (iii) pregnancy tests,134 (iv) blood typing,135 and (v) 

drug sensing.136 

In addition to health care studies, μPADs are developed and fabricated for studies 

of environmental monitoring, such as (i) analysis of water, soil, and air, and (ii) metal 

detection. 93–95,99,105 

Lastly, the μPADs are also used to control water and food safety. The quality of 

drinking water in resource limited countries could be easily determined by using μPADs. 

Moreover, the quality of foods could be controlled with μPADs by the consumer, 

resulting in prevention of some diseases.137,138   



18 

CHAPTER 2 

 

 

MATERIALS & METHODS 

 

 

2.1. Materials 

 

 

2.1.1. Consumable Materials 

 

 

The filter paper (MN 615, Macherey-Nagel), aluminium band, and red ink 

(Ponceau 4r E124) were purchased for the fabrication and characterization of µPADs. 

The monoclonal anti-BSA antibody (Sigma-Aldrich, B2901), BSA (Sigma-Aldrich, 

A2153), ELISA diluent buffer (BioLegend, 421203), ELISA wash buffer (BioLegend, 

421601), anti-mouse IgG/HRP antibody (Abcam, ab205719), tetramethylbenzidine 

(TMB) (Abcam, ab210902), anti-Hepatitis C Virus NS3 antibody (Abcam, ab21124), 

recombinant Hepatitis C Virus NS3 protein (Abcam, ab49022), anti-goat IgG/HRP 

antibody (Abcam, ab205723), and phosphate buffered saline (PBS, Sigma-Aldrich, 

P4244) were purchased for the optimization and detection studies. 

 

 

2.1.2. Computer Programs & Instruments 

 

 

CorelDRAW X7, Epilog Zing 16, Fei Quanta 250 FEG, Axio Observer Zeiss, 

Smart-phone (Samsung, A705FN), and timer were used in the fabrication and 

characterization of µPADs. The statistical analysis was performed via GraphPad (Prism 

6.0) and Origin Pro 2020b. The colour intensity was measured with MATLAB R2018b. 
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2.2. Methods 

 

 

2.2.1. Design and Fabrication of Paper-Based Microfluidic Devices  

 

 

Fabrication of microfluidic paper-based analytical devices consist several steps, 

which are preparation of papers, design and drawing of µPADs, and patterning the design 

onto the surface of prepared papers. 

In the beginning of µPADs fabrication, papers were prepared. For that purposes, 

the backsides of standard filter paper (MN 615, Macherey-Nagel), which has 70 g. of 

weight and 0.16 mm of thickness, was covered by aluminium band. Here, we decided to 

use standard filter paper in µPADs instead of other specialized papers to decrease the 

cost. As aluminium is not ablated by laser in contrast to paper, the backside of paper was 

coated with aluminium to create barriers around the hydrophilic micro-sized channels 

(Figure 2.1). 

 

 

 

 

Figure 2.1. Modification of filter paper. a) Front-side of paper, b) Back-side of paper after 

coating with aluminium band. 
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Figure 2.2. Technical drawings for different models of µPADs. a) 1S1T µPAD (one 

sample inlet and one test zone), b) 1S2T µPAD (one sample inlet and two test 

zones), c) 1S4T-Type1 µPAD (one sample inlet and four test zones), d) 1S8T 

µPAD (one sample inlet and eight test zones), e) 1S4T-Type2 µPAD (one 

sample inlet and four test zones), f) 1S4T-Type3 µPAD (one sample inlet and 

four test zones). 
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After the modification of paper, the several models of µPADs (1S1T, 1S2T, 1S4T-

Type1, 1S4T-Type2, 1S4T-Type3, and 1S8T µPADs) were designed and drawn by using 

CorelDRAW X7, which is graphic design software for vectorial illustrations (Figure 2.2). 

For fabrication of µPADs, each designed models were patterned onto the front-side of 

modified filter paper via laser ablation methodology by using of Epilog Zing 16. During 

the fabrication process of µPADs, a hundred different fabrication parameters, which were 

the combination of speed and power values, were examined (Table 2.1). 

 

 

Table 2.1. Ranges of speed and power in fabrication process. 

 

Power Speed (%) 

Power (10%) 10 20 30 40 50 60 70 80 90 100 

Power (20%) 10 20 30 40 50 60 70 80 90 100 

Power (30%) 10 20 30 40 50 60 70 80 90 100 

Power (40%) 10 20 30 40 50 60 70 80 90 100 

Power (50%) 10 20 30 40 50 60 70 80 90 100 

Power (60%) 10 20 30 40 50 60 70 80 90 100 

Power (70%) 10 20 30 40 50 60 70 80 90 100 

Power (80%) 10 20 30 40 50 60 70 80 90 100 

Power (90%) 10 20 30 40 50 60 70 80 90 100 

Power (100%) 10 20 30 40 50 60 70 80 90 100 

 

 

2.2.2. Characterization of Paper-Based Microfluidic Devices 

 

 

Fabricated µPADs were characterized in many perspectives, such as surface 

properties of modified filter paper, integrity and thickness of barriers, and liquid sample 

flows within µPADs. Also, the required amount of sample and time for full sample 

saturation of test zones were determined for each µPAD.  

In the beginning, the differences in the surface properties of filter paper were 

examined before and after modifying the backside of filter paper with aluminium band. 

For that purpose, front-side of standard (aluminium free) and modified (aluminium 

coated) filter papers were coated with thin gold layer and then observed under scanning 

electron microscope (FEI QUANTA 250 FEG) with varied magnification level (from 



22 

120X to 1000X). In addition, the barriers and corners in 1S1T µPADs were visualized 

via scanning electron microscope.  

Later, 1S1T µPADs, which were fabricated in a hundred different parameters 

(Table 2.1), were used to analyse the effects of speed and power values on the integrity 

and thickness of barriers. The integrity and thickness of barriers within 1S1T µPADs were 

observed via inverted fluorescence microscope (Axio Observer-Zeiss). In addition to 

observation of barriers, the thicknesses of barriers were measured at six different 

positions in 1S1T µPADs to quantify their barrier thicknesses. By analysing the data with 

GraphPad Prism (6.0 version), average values of barrier thickness for each 1S1T µPAD 

were calculated as mean ± standard deviation. Depending on the barrier integrities and 

widths with low standard deviations, the optimized fabrication parameters were 

determined for next experimental section. 

After the optimized fabrication parameters were identified, different models of 

µPADs (1S1T, 1S2T, 1S4T-Type1, 1S4T-Type2, 1S4T-Type3, and 1S8T µPADs), 

shown in Figure 2.2, were fabricated in each optimized parameters (Table 2.2). After, the 

fabricated µPADs were used in the observation of the liquid sample flows within the 

µPADs by using red ink. The red ink, which was produced by dissolving Ponceau 4r E124 

in distilled water (5% w/v), were separately injected into the sample input areas of µPADs 

via pipette to observe the liquid sample flow within µPADs. Then, the varied amounts of 

red ink (Table 2.3) was injected to sample input area of each type of µPADs to determine 

the required amounts of fluid sample for the saturation of test zones in each µPAD.  

 

 

Table 2.2. Optimized parameters for the fabrication of µPADs via laser ablation 

methodology. 

 

Power (%) Speed (%) 

10 40 

10 60 

20 90 

30 50 

30 100 

40 80 

40 100 

70 80 

70 100 
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Table 2.3. The range of Ponceau 4r E124 amounts, which are used in determining the 

required amount of liquid sample for each type of µPADs. 

 

Type of µPADs Range of Ponceau 4r E124 amount 

1S1T 3-15 µL 

1S2T 5-15 µL 

1S4T-Type1 8-20 µL 

1S4T-Type2 15-30 µL 

1S4T-Type3 13-30 µL 

1S8T 10-20 µL 

 

 

After the determination of required amounts of fluid sample, the required time for 

the saturation of test zones with liquid sample in each µPAD was investigated. For this 

purpose, the determined amounts of Ponceau 4r E124 (6, 7, 10, 22, 20, and 16 µL) were 

respectively loaded into the sample entry area of 1S1T, 1S2T, 1S4T-Type1, 1S4T-Type2, 

1S4T-Type3, and 1S8T µPADs. Each µPADs was then incubated at room temperature 

until they dried. The time was recorded via timer to calculate the required time for the 

saturation of test zones within µPADs. 

 

 

2.2.3. Micro-Paper Enzyme Linked Immunosorbent Assay (µP-ELISA) 

 

 

2.2.3.1. Optimization of µP-ELISA Protocol 

 

 

Before the fabricated (1S1T, 1S2T, 1S4T-Type1 and 1S8T) µPADs (Figure 2.3a) 

were used in HCV detection, the µP-ELISA protocol was optimized, using BSA as a 

model antigen.  

In BSA detection, µP-ELISA contained six main steps, which were (i) coating the 

surface of test zones with monoclonal anti-BSA antibody (Sigma-Aldrich, B2901), (ii) 

blocking test zones via ELISA diluent buffer (BioLegend, 421203), (iii) addition of BSA 

(1 mg/ml) (Sigma-Aldrich, A2153) to test zone and washing to remove unbound BSA via 

ELISA wash buffer (BioLegend, 421601), (iv) primary antibody (anti-BSA antibody) 

addition to test zone and washing to remove unbound antibody via ELISA wash buffer, 
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(v) enzyme-conjugated detection antibody (Anti-mouse IgG/HRP) (Abcam, ab205719) 

addition to test zone and washing to remove unbound secondary antibody via ELISA 

wash buffer, and (vi) adding the substrate (3,3’,5,5’-Tetramethylbenzidine, TMB) 

(Abcam, ab210902) and incubating about 20 minutes for colorimetric detection (Figure 

2.3b). 

In this section, we tried to optimize washing step in µP-ELISA protocol to decide 

proper models of µPADs for µP-ELISA application. We here considered and tried to 

prevent problems, which could be caused by undesired accumulation of BSA protein and 

enzyme-conjugated secondary antibody at input region. As test zones and input area are 

connected to each other with small hydrophilic channel, the BSA protein and secondary 

antibody could possibly flow into the sample entry area by washing step of µP-ELISA in 

improper µPAD models.  

 

 

2.2.3.2. Evaluation of µP-ELISA via BSA Detection 

 

 

The µP-ELISA protocol (Method 2.2.3.1) was evaluated via BSA detection. BSA 

detection was performed in 1S4T-Type2 and 1S4T-Type3 µPADs, which were 

determined as usable models for µP-ELISA applications. Here, the 1S4T-Type2 and 

1S4T-Type3 µPADs were fabricated in 20P90S (20%Power & 90%Speed) and 40P80S 

(40%Power & 80%Speed) parameters by laser ablation methodology.  

In the beginning, test zones in each fabricated µPADs were coated with 

monoclonal anti-BSA antibody (Sigma-Aldrich, B2901). For this purpose, 1 µL of an 

anti-BSA antibody solution in phosphate buffered saline (PBS) (1:250 diluted) was 

separately spotted in the test zones of µPADs to immobilize anti-BSA antibody. After the 

coating of test zones with anti-BSA antibody, each µPADs was dried for 10 minutes under 

ambient conditions. 

Then, each test zones in µPADs were impregnated with 1 µL of ELISA diluent 

buffer (BioLegend, 421203) and the µPADs were again dried for 10 minutes at same 

conditions.  

After the blocking of test zones in µPADs, 1 µL of BSA (Sigma-Aldrich, A2153) 

solution (1 mg/ml) was added to test zones and µPADs was dried for 10 minutes. After 
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10 minutes, the µPADs were properly washed by ELISA wash buffer (BioLegend, 

421601) from top to bottom part of µPADs when the µPADs were held vertically. 

Next, 1 µL of an anti-BSA antibody solution in PBS (1:250 diluted) was again 

added to test zone in µPADs and then the µPADs was incubated to become dry. After the 

µPADs were dried, the µPADs were washed by ELISA wash buffer to remove unbound 

primary antibody.  

After that, 1 µL of HRP-conjugated secondary antibody (Anti-mouse IgG/HRP 

antibody, Abcam, ab205719) solution in PBS (1:250 diluted) was added to test zones. 

This secondary antibody, which has an affinity for anti-BSA antibody, could therefore 

bind any anti-BSA antibodies immobilized by the antigens. At the end of ten-minute 

incubation, test zones were washed by ELISA wash buffer.  

Lastly, 20 µL (for 1S4T-Type2) and 22 µL (for 1S4T-Type3) of a colorimetric 

substrate (Tetramethylbenzidine(TMB), Abcam, ab210902) solution for HRP enzyme 

were separately added to µPADs from sample input areas. To complete the reaction in 

the test zones of µPADs, the µPADs were incubated under dark environment for 20 

minutes. After the time period of incubation (20 minutes), the colour changes (blue colour 

formation) within test zones of each µPADs were observed by naked and imaged via 

camera of smart-phone (Samsung, A705FN).  

 

 

 

 

Figure 2.3. Demonstration of µP-ELISA protocol. a) Sample inlet area and test zones in 

different models of µPADs, b) µP-ELISA protocol which was used in the 

optimization of µP-ELISA. 
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2.2.3.3. Hepatitis C Virus (HCV) Detection via µP-ELISA 

 

 

For the HCV detection, the µP-ELISA protocol, which was performed for BSA 

detection (Method 2.2.3.2) was followed in general. The recombinant Hepatitis C Virus 

NS3 protein (1 mg/ml in PBS solution) (Abcam, ab49022) was detected in 1S4T-Type2 

and 1S4T-Type3 µPADs, which were fabricated in eight optimized fabrication 

parameters, such as 10P40S (10%Power & 40%Speed), 20P90S (20%Power & 

90%Speed), 30P50S (30%Power & 50%Speed), 30P100S (30%Power & 100%Speed), 

40P80S (40%Power & 80%Speed), 40P100S (40%Power & 100%Speed), 70P80S 

(70%Power & 80%Speed), and 70P100S (70%Power & 100%Speed).  

The main differences between the BSA and HCV detection were the using of 

different primary and secondary antibodies, which were the anti-Hepatitis C Virus NS3 

antibody (Abcam, ab21124) and anti-goat IgG/HRP antibody (Abcam, ab205723) instead 

of the anti-BSA antibody and anti-mouse IgG/HRP antibody, respectively. However, the 

colorimetric changes, which were caused by the reaction between HRP and TMB were 

captured via camera of smart-phone (Samsung, A705FN), as similar to BSA detection.  

 

 

 

 

Figure 2.4. HCV detection with µP-ELISA.  
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2.2.3.4. Limit of Detection for HCV via Colorimetric Analysis 

 

 

The limit of detection (LoD) for HCV in µP-ELISA was determined by 

colorimetric analysis. In this section, the varied amounts of recombinant Hepatitis C Virus 

NS3 protein (0-1 mg/ml) in PBS solution were tried to be detected in 1S4T-Type2 

µPADs, which were fabricated in 20P90S (20%Power & 90%Speed) parameter, by 

following the same procedure in Method 2.2.3.3. At end of the µP-ELISA protocol, the 

colorimetric changes were captured via camera of smart-phone (Samsung, A705FN) and 

bright-field microscope (Axio Observer Zeiss).  

The mean colour intensities in the images, which were captured via smart-phone 

and bright-field microscope, were analysed with MatLab R2018b. For this purposes, the 

images were uploaded to the program and the area in which the colour formation occurred 

were selected. After analysing the colour intensities on the selected regions, the data were 

recorded to Origin Pro (2020b) and GraphPad Prism (6.0 version). While the limit of 

detection (LoD) curves were generated via Origin Pro 2020b; the statistical analysis of 

data was performed via GraphPad Prism (6.0 version) (Figure 2.5).  

Data for LoD experiments, which were analysed via GraphPad Prism (6.0 

version), are expressed as mean ± SD. One-way ANOVA and Dunnett’s multiple 

comparisons tests were used for comparison of experimental groups when appropriate. P 

values of less than 0.05 were considered as statistically significant.  
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Figure 2.5. Colour intensity analysis via MatLab R2018b. In the first step, MatLab 

R2018b is executed and MatLab code, which was already written, is run. 

Then, the image file is selected. The area, which the colour change is 

observed, is selected on the appeared window. Lastly, the mean intensity 

value is recorded.  
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CHAPTER 3 

 

 

RESULTS & DISCUSSIONS 

 

 

3.1. Fabrication and Characterization of Paper-based Microfluidic 

Devices 

 

 

Paper-based microfluidics, called µPADs, were fabricated via laser ablation 

methodology after coating of paper with adhesive aluminium film. And the designs of 

µPAD models were accomplished via CorelDraw software. First, the papers were coated 

by adhesive aluminium film on one side, as shown in Figure 2.1.  After that, the designed 

models of µPADs were fabricated by patterning the designs onto opposite-side of 

aluminium coating. For the fabrication process, 100 different parameters, as given in 

Table 2.1, were used.  

In the beginning of the study, surface characterizations of standard and modified 

filter papers, and 1S1T µPAD were done via scanning electron microscope (SEM). As 

shown in Figure 3.1, there were no differences among the standard and modified filter 

papers, and 1S1T µPAD in terms of their surface properties. Physical surface appearances 

for each one were observed as similar and there were no sign damages on cellulose fibres 

even after the fabrication process through laser ablation methodology. 

On the other hand, channel formation and thickness, barriers and corners of 1S1T 

µPAD, which was fabricated by 10P60S (10%Power & 60%Speed) parameter, were also 

visualized with scanning electron microscope in varied magnifications. As seen in Figure 

3.1d-f, the barriers in µPAD was distinct, neat, and straight, while the corners, in which 

vertical and horizontal barriers are intersected, were sharp. Also no melting or collapsing 

was observed during fabrication of channels, while a consistent and homogeneous barrier 

thickness (241.96 µm) was observed. This fabrication technique ensured consistent and 

high resolution patterning at low cost, which provide advantages compared to other 

patterning techniques, such as wax screen printing,67 PDMS printing,71 and stamping.72  
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Figure 3.1. SEM images of standard and modified filter papers, and 1S1T µPAD. a) 

Visualization of standard filter paper at 1000X b) Visualization of modified 

filter paper whose one-side was coated with aluminium band at 1000X, c-e) 

Visualization of the barriers and corner in 1S1T µPAD at 120X, 250X, and 

500X. 

 

 

After characterization of surface properties, 1S1T µPADs were fabricated via 

laser ablation methodology in 100 different fabrication parameters (Table 2.1). Integrities 

of barrier were observed and then thickness of barriers in fabricated 1S1T µPADs were 

measured via microscopy. Integrity and thickness of barriers in 1S1T µPADs were 

substantially affected by the speed and power values (Figure 3.2 and Figure 3.3). It is 

clearly seen that barriers in 1S1T µPADs became thinner by increasing the speed at 

constant power. While 213.83 ± 13.83 µm of barrier thickness was obtained as minimum 

(10P100S, Figure 3.2j), the maximum barrier thickness was 384.19 ± 42.12 µm (10P10S, 

Figure 3.2a). Moreover, the integrity of barriers was becoming more tethered, when the 

speed was increased at constant power (Figure 3.2). On the other hand, the barriers 

dramatically became thicker by increasing the power at constant speed. While the 

minimum barrier thickness was achieved as 384.19 ± 42.12 µm (10P10S, Figure 3.2a), 

the maximum barrier thickness was 1009.31 ± 301.14 µm (100P10S, Figure 3.3j). The 

dramatic increase in the barrier thickness caused the deteriorations of the integrities of 

barriers (Figure 3.3). Moreover, microchannels between test zone and sample inlet area 

were almost closed in some 1S1T µPADs because of the improper fabrication parameters, 

such as 90P10S and 100P10S (Figure 3.3).  
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Figure 3.2. 1S1T µPADs were fabricated in the constant power (10%) and varied speed 

(10-100%) values. a) 10P10S (10%Power & 10%Speed), b) 10P20S, c) 

10P30S, d) 10P40S, e) 10P50S, f) 10P60S, g) 10P70S, h) 10P80S, i) 10P90S, 

j) 10P100S.  
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Figure 3.3. 1S1T µPADs were fabricated in the constant speed (10%) and varied power 

(10-100%) values. a) 10P10S (10%Power & 10%Speed), b) 20P10S, c) 

30P10S, d) 40P10S, e) 50P10S, f) 60P10S, g) 70P10S, h) 80P10S, i) 90P10S, 

j) 100P10S. 
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To determine the optimized fabrication parameters, 1S1T µPADs were fabricated 

in 100 different fabrication parameter, and were analysed in terms of their barrier 

integrities and average barrier thickness. The average barrier thickness for each 1S1T 

µPADs were calculated from microscopy images and the analysis was done via GraphPad 

Prism.  

As expected and shown in Figure 3.4, the thicker barriers were obtained at (i) high 

power with the constant speed, and (ii) low speed with the constant power. In contrast, 

the thinner barriers were achieved at (i) low power with the constant speed, and (ii) high 

speed with the constant power. Moreover, increasing the power values in the fabrication 

process deteriorated the barrier integrities.  

After analysing the border integrities and thickness in each 1S1T µPAD (Figure 

3.4), nine different fabrication parameters, which were 10P40S (10%Power & 

40%Speed), 10P60S, 20P90S, 30P50S, 30P100S, 40P80S, 40P100S, 70P80S, and 

70P100S, were determined as optimal fabrication parameters. The average barrier 

thickness of these µPADs were given in Table 3.1. In the µPADs, which were fabricated 

in these fabrication parameters, it was observed that there were (i) less deteriorations in 

the barriers, and (ii) low standard deviation around the barrier. The barrier integrities of 

1S1T µPAD models, which were fabricated in optimal fabrication parameters, were also 

observed (Figure 3.5).  

 

 

Table 3.1. The average of barrier thicknesses in 1S1T µPADs, which were fabricated in 

optimized fabrication parameters. 

 

Optimized Fabrication Parameters Average Barrier Thickness (µm) 

10P40S (10%Power & 40%Speed) 309.15 ± 25.71 

10P60S (10%Power & 60%Speed) 255.92 ± 10.01 

20P90S (20%Power & 90%Speed) 332.10 ± 16.89 

30P50S (30%Power & 50%Speed) 446.72 ± 29.59 

30P100S (30%Power & 100%Speed) 358.87 ± 14.61 

40P80S (40%Power & 80%Speed) 400.93 ± 21.21 

40P100S (40%Power & 100%Speed) 377.99 ± 22.44 

70P80S (70%Power & 80%Speed) 482.20 ± 25.32 

70P100S (10%Power & 100%Speed) 427.91 ± 30.34 
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Figure 3.4. The barrier thickness in the 1S1T µPADs, which were fabricated in 100 different fabrication parameters (10-100%). The bars represent 

the average of eighteen measurements from three independent experiments and the error bars indicate the standard deviation.  
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Figure 3.5. 1S1T µPADs were fabricated in the optimized fabrication parameters. a) 

10P40S (10%Power & 40%Speed), b) 10P60S, c) 20P90S, d) 30P50S, e) 

30P100S, f) 40P80S, g) 40P100S, h) 70P80S, i) 70P100S. 
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After fabrication parameters were optimized through 1S1T µPAD, varied µPAD 

models, which are 1S2T, 1S4T-Type1, 1S4T-Type2, 1S4T-Type3, and 1S8T, were 

investigated, and fabricated via laser ablation methodology based on previous designs 

(Figure 2.2). As these µPADs contain more than one test zone, they allow us to analyse 

more than one analytes in sample. Figure 3.6 represents different models of µPADs, 

which were successfully fabricated by laser ablation methodology. This results also show 

that well-defined patterns could be achieved by this technique.  

 

 

 

 

Figure 3.6. Different models of μPADs which were fabricated in 10P40S (10% Power & 

40% Speed) parameter by laser ablation methodology. a) 1S1T μPAD, b) 

1S2T μPAD, c) 1S4T-Type1 μPAD, d) 1S8T μPAD, e) 1S4T-Type2 μPAD, 

f) 1S4T-Type3 μPAD, g) 1 Turkish Lira which has diameter as 26.15 mm. 

 

 

3.2. Liquid Flow and Confinement in µPADs 

 

 

Fabricated µPADs were used for; (i) observation of fluid flow and (ii) 

determination of required sample volume. For that purposes, Ponceau 4r E124 [5% (w/v)] 

was separately loaded onto the 1S1T, 1S2T, 1S4T-Type1, 1S4T-Type2, 1S4T-Type3, and 



37 

1S8T µPADs through the sample input area by direct pipetting, and then the fluid flow 

was observed.  

As seen in Figure 3.7-9, the 1S1T, 1S2T, 1S4T-Type1, and 1S8T µPADs 

fabricated in the 10P60S (10%Power & 60%Speed) parameter were not able to hold the 

sample within the test zones. The low values of barrier width (255.92 ± 10.01 µm, Table 

3.1) of these µPADs could possibly be a main reason for these flow problems in µPADs. 

That’s why, the barrier width in µPADs should be higher than 255.92 µm. 

On the other hand, the required sample volume for complete saturation and 

absorption of test zones in each µPAD was determined by changing the injected sample 

volume where red food dye (Ponceau 4r E124) was used as ink. As shown in Figure 3.7, 

samples ranging between 3-15 µL was injected onto the 1S1T µPADs. It was observed 

that 5 µL sample volume was quite enough for filling the test zones in 1S1T µPADs; 

however, with 6 µL sample volume provided the full absorption of test zones in 1S1T 

µPADs for varied fabrication parameters. 5-15 µL sample volumes were used to 

determine the required sample amount for full saturation of test zones in 1S2T µPADs. 

As seen in Figure 3.8, the test zones were not completely filled by sample until 6 µL was 

used. It was seen that 6 µL was quite enough for filling the test zones in 1S2T µPADs; 

however, 7 µL sample volume provided the full saturation of test zones in 1S2T µPADs 

for varied fabrication parameters. Moreover, 8-20 µL sample volumes were tested for 

1S4T-Type1 µPADs. As shown in Figure 3.9, the test zones were not completely filled 

and saturated until 10 µL sample is used. Additionally, 15-30 µL sample volumes were 

tested for 1S4T-Type2 µPADs, 13-30 µL sample volumes were tested for 1S4T-Type3 

µPADs, and 10-20 µL sample volumes were tested for 1S8T µPADs. Saturation was 

observed at 22 µL for 1S4T-Type2 (Figure 3.10), 20 µL for 1S4T-Type3 (Figure 3.11), 

and 16 µL for 1S8T (Figure 3.12) µPADs.  

The required amounts of sample volume for each µPADs was determined as given 

in Table 3.2. Even if the required sample volume differs for different models, the sample 

volume was not different for same models, which were fabricated by using different 

fabrication parameters. That’s why, it can be commented that the required sample volume 

for full saturation is not affected by varied fabrication parameters. 

In addition to the (i) observation of fluid flows within µPADs and (ii) 

determination of required sample volume, the required time for the saturation of test zones 

for each µPAD was also investigated. Optimized sample volumes (6, 7, 10, 22, 20, and 

16 µL) were separately loaded onto the surface of sample inlet area in 1S1T, 1S2T, 1S4T-
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Type1, 1S4T-Type2, 1S4T-Type3, and 1S8T µPADs, respectively. As it is clearly seen 

in Figure 3.13, the liquid samples were completely absorbed at the test zones in different 

rates. 1S1T, 1S2T, 1S4T-Type1, and 1S8T µPADs required 30 seconds for full saturation 

of test zones. However, saturation time was 90 seconds for 1S4T-Type2 µPAD, and 240 

seconds for 1S4T-Type3 µPAD (Table 3.3).  

 

 

Table 3.2. The required amounts of liquid sample for each type of µPADs. 

 

µPAD Model Required Liquid Sample 

1S1T 6 µL 

1S2T 7 µL 

1S4T-Type1 10 µL 

1S4T-Type2 22 µL 

1S4T-Type3 20 µL 

1S8T 16 µL 

 

 

Table 3.3. The required time for full saturation of test zones in each type of µPADs. 

 

µPAD Model Required Time for Test Zone 

Saturation 

1S1T 30 sec 

1S2T 30 sec 

1S4T-Type1 30 sec 

1S4T-Type2 90 sec 

1S4T-Type3 240 sec 

1S8T 30 sec 

 

 

As a summary of this section, 1S1T, 1S2T, 1S4T-Type1, 1S4T-Type2, 1S4T-

Type3, and 1S8T µPADs were successfully fabricated by using varied parameters 

10P40S (10%Power & 40%Speed), 10P60S, 20P90S, 30P50S, 30P100S, 40P80S, 

40P100S, 70P80S, and 70P100S. For each fabricated µPAD, liquid sample flow was 

observed and the required amount of sample was determined. Each fabricated µPAD had 

an ability to hold liquid sample within the test zones with the exception of 10P60S, which 

were not able to hold the liquid sample because of its low barrier width. That’s why, we 

decided to not continue with µPADs, which were fabricated in the 10P60S parameter. 
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Figure 3.7. Determination of the required sample volume for 1S1T µPADs, which were 

fabricated in optimized fabrication parameters. 

 

 

 

 

Figure 3.8. Determination of the required sample volume for 1S2T µPADs, which were 

fabricated in optimized fabrication parameters.
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Figure 3.9. Determination of the required sample volume for 1S4T-Type1 µPADs, which were fabricated in optimized fabrication parameters. 

 

 



41 

 

 

Figure 3.10. Determination of the required sample volume for 1S4T-Type2 µPADs, which were fabricated in optimized fabrication parameters. 
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Figure 3.11. Determination of the required sample volume for 1S4T-Type3 µPADs, which were fabricated in optimized fabrication parameters. 
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Figure 3.12. Determination of the required sample volume for 1S8T µPADs, which were fabricated in optimized fabrication parameters. 
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Figure 3.13. Liquid sample (Ponceau 4r E124) flow in each type of µPADs. 
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3.3. Optimization of Micro-Paper Enzyme Linked Immunosorbent 

Assay (µP-ELISA) Protocol 

 

 

For optimization of µP-ELISA protocol, the 1S1T, 1S2T, 1S4T-Type1 and 1S8T 

µPADs (Figure 2.3a) were fabricated via laser ablation methodology. These fabricated 

µPADs were used to detect BSA, which was used as model antigen for calibration of µP-

ELISA protocol.  

As shown in Fig 2.3, there were six steps in µP-ELISA; (i) coating the test zones 

with 1 µL of monoclonal anti-BSA antibody (1:250 diluted), (ii) blocking the test zones, 

(iii) 1 µL of BSA addition (1 mg/ml) to test zone and washing, (iv) 1 µL of primary 

antibody (anti-BSA antibody - 1:250 diluted) addition to test zone and washing, (v) 1 µL 

of enzyme-conjugated secondary antibody (Anti-mouse IgG/HRP - 1:250 diluted) 

addition to test zone and washing, and (vi) adding  around 20 µL of substrate (3,3’,5,5’-

Tetramethylbenzidine, TMB) and incubate for 20 minutes to observe the colorimetric 

signals.  

In 1S1T µPADs, the µP-ELISA was performed and, the BSA was successfully 

detected via colour change (blue colour formation) (Figure 3.14a). However, when the 

µP-ELISA was performed in 1S4T-Type1 and 1S8T µPADs (Figure 3.14b-d), colour 

formation at the sample entry area was observed. This is caused by the secondary 

antibodies (Anti-mouse IgG/HRP), which were falsely accumulated at these parts of 

µPADs. The false accumulation of secondary antibodies was possibly caused by the flow 

from test zones to sample entry areas of µPADs during the washing steps. For the washing 

the µPADs were vertically held and the ELISA wash buffer was added from top, and 

solution allowed flowing through the bottom part of µPADs. This uncontrolled loading 

of wash buffer could be a reason for undesired flow of secondary antibodies through the 

sample inlet area in 1S2T, 1S4T-Type1 and 1S8T µPADs; that’s why the colour 

formations, which were caused by enzymatic reaction of HRP with TMB, were observed. 

To eliminate these problems, µPADs, which have four test zones were redesigned 

(Figure 2.2e-f), and 1S4T-Type2 and 1S4T-Type3 µPADs were fabricated (Figure 3.6e-

f) to be used in µP-ELISA for BSA and HCV detections. 
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Figure 3.14. Problems, which were related to colour formation at sample entry area of 

µPADs as results of µP-ELISA. The µP-ELISA in a) 1S1T, b-c) 1S4T-

Type1, and 1S8T µPADs. 

 

 

3.4. Evaluation of µP-ELISA via BSA Detection 

 

 

After the optimization of µPAD designs, µP-ELISA was evaluated by detection 

of the BSA. For that purposes, 1S4T-Type2 and 1S4T-Type3 µPADs were fabricated via 

laser ablation methodology in two different fabrication parameters, which were 20P90S 

(20%Power & 90%Speed) and 40P80S (40%Power & 80%Speed). In this section of 

study, some serial experiments were performed to reveal the necessity of each ELISA 

components in µPADs and, to evaluate the efficiency of µP-ELISA protocol to detect the 

BSA (Figure 3.15a).  

The previously optimized µP-ELISA protocol was performed in the first test 

zones of each µPADs to detect the BSA in the PBS solution (Figure 3.15a). As clearly 

seen in Figure 3.15b, the colour formations were observed by naked eyes; the BSA (1 

mg/ml), found in first test zones of each µPADs, was successfully detected. Interestingly, 

the distributions of colour formation were different in first test zones of each µPADs even 
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if the same amount of BSA was added to them. This could be explained by the differences 

in microchannel properties of µPADs. The thickness of the microfluidic channels in each 

µPADs, which provide connection between sample inlet and test zones, are different than 

each other. For example, 20P90S (20%Power & 90%Speed) had microchannel thickness 

as 593.49 ± 11.23 µm, and 40P80S (40%Power & 80%Speed) had microchannel 

thickness as 564.35 ± 12.18 µm.  

Also, as a control group of, which the BSA was not added to the test zones, were 

performed in the second test zones of each µPADs (Figure 3.15). As there was no BSA 

as an antigen, consequently the blue colour formation was not observed in the second test 

zones of any µPADs, as expected (Figure 3.15b). By this control experiment, it was also 

confirmed that non-specific binding was not observed as well. On the other hand, as 

another control group, which secondary antibody (anti-mouse IgG/HRP) was not added 

to test zones, were performed in the third test zones of each µPADs (Figure 3.15). As 

there was no secondary antibody that contains HRP enzyme, the reaction that produces 

blue colour could not be occurred even in the presence of TMB substrate. That’s why, the 

blue colour formation was not observed in the third test zones of each µPADs, as expected 

(Figure 3.15b).  

In the fourth test zone of each µPADs, the µP-ELISA protocols were performed 

as the protocol, which was done in first test zones. The only difference between these 

protocols was about the addition of the primary and secondary antibodies. In fourth zone, 

primary and secondary antibodies were added together to eliminate one washing step in 

µP-ELISA protocol (Figure 3.15a). For this process, the primary and secondary 

antibodies were mixed and incubated for 20 minutes, before loading into the test zones. 

After incubation, the mixture of antibodies was added to test zones. The blue colour 

formation was also observed in fourth test zones as well as in first test zone; however, the 

distributions of blue colour were again different in fourth test zones of each µPADs 

(Figure 3.15b).  

To sum up, BSA (1 mg/ml) was successfully detected in the first and fourth test 

zones of µPADs via naked eyes through µP-ELISA protocol in which the colorimetric 

changes occur. Moreover, it was also demonstrated that there were no blue color 

formation in negative control groups µP-ELISA protocol within the developed µPADs 

(Figure 3.15). 
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Figure 3.15. Evaluation of µP-ELISA via BSA Detection. a) µP-ELISA protocols, which 

were performed in the test zones of µPADs. First test zone: standard protocol; 

Second test zone: no BSA; Third test zone: no secondary antibody; Fourth 

test zone: mixed antibodies. b) µP-ELISA for BSA detection in 1S4T-Type2 

and 1S4T-Type3 µPADs, which were fabricated in the 20P90S (20% Power 

& 90%Speed) and 40P80S (40% Power & 80%Speed) fabrication 

parameters.  
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3.5. Hepatitis C Virus (HCV) Detection via µP-ELISA 

 

 

1S4T-Type2 and 1S4T-Type3 µPADs, which were optimized previously, were 

fabricated via laser ablation methodology in eight different fabrication parameters as 

shown in Table 2.2 (excluding 10P60S), and then each fabricated µPAD was used in the 

detection of recombinant Hepatitis C Virus NS3 protein through the µP-ELISA protocol.  

For this part of study, the serial experiments that were mentioned in the previous 

section were performed similarly; however, specific primary and secondary antibodies 

were used against recombinant Hepatitis C Virus NS3 protein (Figure 3.16a). Similar to 

the BSA detection, in HCV detection experiments, colorimetric changes (blue colour 

formation) in the first and fourth test zones of 1S4T-Type2 and 1S4T-Type3 µPADs were 

clearly observed by naked eye; however, there were no blue colour formations in second 

and third test zones, which were designated as a control groups (Figure 3.16b). 

As shown in Figure 3.16b, the recombinant Hepatitis C Virus NS3 protein (1 

mg/ml) was successfully detected; when (i) the µP-ELISA protocol was performed in the 

first test zones of each µPADs, and (ii) the primary and secondary antibodies were added 

as mixture, which was already incubated for 20 minutes, in the fourth test zones of each 

µPADs. Distributions of blue colour were different even if the same amounts of 

recombinant Hepatitis C Virus NS3 protein were used. It could again be commented that 

the thickness property of microfluidic channels in each µPADs affect the distribution of 

sample in the µPADs. For example, 10P40S (10%Power & 40%Speed), 20P90S 

(20%Power & 90%Speed), 30P100S (30%Power & 100%Speed), 40P100S (40%Power 

& 100%Speed), 40P80S (40%Power & 80%Speed), 70P100S (70%Power & 

100%Speed), 30P50S (30%Power & 50%Speed), and 70P80S (70%Power & 80%Speed) 

had microchannel thickness as 664.19 ± 8.73 µm, 593.49 ± 11.23 µm, 564.35 ± 18.72 

µm, 572.41 ± 14.78 µm, 564.35 ± 12.18 µm, 546.36 ± 16.48 µm, 572.41 ± 21.87 µm, and 

553.80 ± 20.19 µm. 

As expected, there were no colour formations for the control groups; when (i) the 

recombinant Hepatitis C Virus NS3 protein was not added to the second test zones of 

each µPADs, and (ii) the secondary antibody (anti-goat IgG/HRP) was not added to the 

third test zones of each µPADs. 
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Figure 3.16. Hepatitis C Virus (HCV) detection via µP-ELISA. a) µP-ELISA protocols 

in the test zones of µPADs, b) µP-ELISA for HCV detection in 1S4T-Type2 

and 1S4T-Type3 µPADs, which were fabricated in the 10P40S (10%Power 

& 40%Speed), 20P90S, 30P100S, 40P100S, 40P80S, 70P100S, 30P50S, and 

70P80S parameters. 
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In addition to colorimetric detection of HCV by naked eye, the limit of detection 

value for HCV was investigated by using the same µP-ELISA protocol in 1S4T-Type2 

µPAD, which was fabricated with 20P90S (20%Power & 90%Speed) fabrication 

parameter. For that purposes, different concentration of recombinant HCV NS3 protein 

solution in PBS ranging from 10-2 to 106 ng/ml were prepared, and these samples were 

analysed via µP-ELISA. As a first step, the concentration-dependent responses in the test 

zones of 1S4T-Type2 µPAD were defined. Then, at the end of µP-ELISA, images were 

captured from the test zones via smart-phone and bright-field microscope for further 

colorimetric analysis. For colorimetric analysis, the captured images were analysed by 

using MatLab R2018b to determine the mean colour intensities in the test zones. By the 

analysis of images, the limit of detection (LoD) curves for HCV were established based 

on the changes of the mean colour intensities, which were driven with the chemical 

reaction between HRP and TMB.  

The images of the test zones, which were captured via smart-phone, were given 

in Figure 3.17. The blue-colour formation, which is resulted from the reaction between 

HRP enzyme and TMB, was obviously seen in the test zones where the concentration of 

recombinant HCV NS3 protein varies from 1 mg/ml to 1 ng/ml (Figure 3.17a). Moreover, 

the blue colour intensity in test zones was proportional to the concentration of 

recombinant HCV NS3 protein. While the intensity of blue-colour was minimum in the 

test zone where 1 ng/ml recombinant HCV NS3 analysed, the readout reached a plateau 

at the concentration that was around 10 µg/ml. Figure 3.17b shows (i) the limit of 

detection (LoD) curve with R2=0.993 for recombinant HCV NS3, and (ii) strong linear 

relationship between the concentration of recombinant HCV NS3 protein (10-1-104 ng/ml) 

and mean colour intensities, with a R2=0.983.  

The LoD was calculated as 8.83 X 10-1 ng/ml (883 pg/ml) for recombinant HCV 

NS3 protein by using three times the standard deviation (3σ) of the intensity of the zero 

concentration solution (PBS solution).139,140  

Consequently, 1S4T-Type2 µPAD was successfully utilized in µP-ELISA 

application for the detection of recombinant HCV NS3 protein. The protein was 

successfully detected by naked eye at concentration of 1 ng/ml or higher; however, the 

limit of detection value was calculated as 8.83 X 10-1 ng/ml after a processing of images 

that were captured with smart-phone in MatLab.  
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Figure 3.17. Limit of detection (LoD) measurement for HCV protein via smart-phone in 

1S4T-Type2 µPADs. a) The colour bars represent the colour intensity of 

recombinant HCV NS3 protein with varying concentrations (from 0 to 1 

mg/ml) in the presence of TMB substrate, b) The LoD curve was based on 

the mean RGB intensity of the test zones plotted against the various 

concentrations of recombinant HCV NS3 protein (from 0 to 1 mg/ml) in PBS. 

The error bars represent the standard deviations of eight replicates from two 

independent experiments. The inset chart shows the lineal calibration curve 

of HCV detection, and the lineal range was from 100 pg/ml to 10 μg/ml. 
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Additionally, the images of the test zones, which were captured via bright-field 

microscope, were analysed. Again, different concentration of recombinant HCV NS3 

protein solution in PBS ranging from 10-2 to 106 ng/ml were prepared, and these samples 

were analysed via µP-ELISA. Figure 3.18a shows that the blue-colour formation was 

clearly seen in the test zones where the concentration of recombinant HCV NS3 protein 

varies from 1 mg/ml to 1 ng/ml. The colour intensity that is developed in test zones was 

again proportional to the concentration of recombinant HCV NS3 protein. The intensity 

of blue-colour was minimum in the test zone where 1 ng/ml recombinant HCV NS3 

analysed; however, the readout reached a plateau at the concentration that was around 10 

µg/ml. Figure 3.17b shows (i) the LoD curve with R2=0.978 for recombinant HCV NS3 

protein, and (ii) strong linear relationship between the concentration of recombinant HCV 

NS3 protein (10-1-104 ng/ml) and mean colour intensities, with R2=0.992. 

The LoD was calculated as mentioned previously (in page 65). The LoD was 

determined as 7.96 X 10-1 ng/ml (796 pg/ml) for recombinant HCV NS3, when the bright-

field microscope was used as a detection platform. Here, the determined LoD value was 

lower and the standard deviations were higher in the microscope compared to smart-

phone. The possible reason of high standard deviations could be the higher resolution 

ability of microscope. As it has higher resolution properties than smart-phone camera, it 

provides high-resolution images that the colour intensities could be analysed in more 

details.  

In summary, the HCV detection was successfully performed via µP-ELISA. The 

presented results show that the 1S4T-Type2 µPADs could potentially be used as a point-

of care (PoC) diagnostic tool for the detection of Hepatitis C Virus. In addition to its 

detection capacity, it also provides more advantages compared to conventional ELISA. 

As clearly seen in the Table 3.3, the µP-ELISA requires the paper instead of specialized 

ELISA plate. The detection, which depends on the colorimetric readout, is provided by 

either naked eye or smart-phone or bright-field microscopy; however, the plate reader is 

required for the conventional ELISA. Moreover, the analysis of samples via µP-ELISA 

is 14 times shorter and 45 times cheaper compared to conventional ELISA. In addition to 

being cost-effective and rapid analysis, the developed µPADs provide lower LoD values 

for HCV detection than conventional ELISA (Table 3.3). As the developed µPADs are 

produced from only paper, they could easily be disposed without requirement of any 

waste management; therefore, they can be used as a PoC diagnostic tool and can be 

converted to various disease detection platforms. 
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Figure 3.18. Limit of detection (LoD) measurement for HCV protein via bright-field 

microscope in 1S4T-Type2 µPADs. a) The colour bars represent the colour 

intensity of recombinant HCV NS3 protein with varying concentrations 

(from 0 to 1 mg/ml) in the presence of TMB substrate. b) The LoD curve 

was based on the mean RGB intensity of the test zones plotted against the 

various concentrations of recombinant HCV NS3 protein (from 0 to 1 

mg/ml) in PBS. The error bars represent the standard deviations of eight 

replicates from two independent experiments. The inset chart shows the 

lineal calibration curve of HCV detection, and the linear range was from 1 

ng/ml to 10 μg/ml. 
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Table 3.4. Comparison between µP-ELISA and conventional ELISA for HCV detection. 

 

 µP-ELISA Conventional ELISA 

Antigen/antibody Recombinant Hepatitis C Virus 

NS3 protein / anti-Hepatitis C 

Virus NS3 antibody 

Recombinant Hepatitis C 

Virus NS3 protein / anti-

Hepatitis C Virus NS3 

antibody 

Detection 

antibody 

anti-goat IgG/HRP anti-goat IgG/HRP 

Enzyme/substrate HRP-TMB HRP-TMB 

Test platform Paper ELISA plate 

Detection device Naked Eye Plate reader 

 Smart-phone  

 Bright-field microscope  

Sensitivity 1.00 ng/ml (Naked eye) 

8.83 X 10-1 ng/ml (Smart-phone) 

7.96 X 10-1 ng/ml (Microscope) 

1.60 ng/ml141 

Time ~1.5 hours ~21 hours 

Cost ~0.122 $ / test ~5.544 $ / test 

 

 

Table 3.5. Costs for µP-ELISA and conventional ELISA during the HCV detection. 

 

 µP-ELISA / Test zone Conventional ELISA / Test Zone 

Reagents Volume Price ($) Volume Price ($) 

Test Platform Filter Paper 0.00200 ELISA plate 4.00000 

Capture antibody 1 µL 0.00584 100 µL 0.58400 

Primary antibody 1 µL 0.00584 100 µL 0.58400 

Secondary antibody 1 µL 0.00274 100 µL 0.27360 

Blocking solution 1 µL 0.00014 200 µL 0.02800 

Wash buffer 10 ml 0.09700 4 ml 0.03880 

Substrate 22 µL 0.00792 100 µL 0.03600 

Total   ~ 0.122  ~ 5.54 
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CHAPTER 4 

 

 

CONCLUSION 

 

 

Paper-based microfluidic devices, which are produced by utilization of paper to 

the microfluidic systems, have been gaining attention all around the world since 2007. As 

the paper-based microfluidic devices have been employed to total analysis systems, they 

have been especially developed for POC diagnostics due to their cost-effective and easy 

fabrication. In addition, the paper-based microfluidic devices, which are totally 

disposable, provide easy-to-operate and rapid detections for disease. In this thesis, paper-

based microfluidic devices (μPADs), which could be used in POC applications, were 

designed and developed.  

In the first section of this study, several μPAD models (1S1T, 1S2T, 1S4T-Type1, 

1S4T-Type2, 1S4T-Type3, and 1S8T µPADs) were designed and then fabricated in 

different fabrication conditions through laser ablation methodology. The fabricated 

μPADs were characterized in many perspectives, such as the surface characteristics, 

condition dependent-barrier properties in μPADs, and liquid sample flows within 

channels of μPADs. It was determined that there were no significant changes on the 

surface properties of filter paper, after their back-sides were coated with aluminium. 

Then, the modified filter papers were used to fabricate μPADs via laser cutter engraving 

machine. The 1S1T μPADs were fabricated in a hundred different fabrication parameters 

in laser cutter engraving machine to determine optimized fabrication parameters. It was 

observed that the barrier integrities and thicknesses significantly differed in each 1S1T 

μPAD when the power and speed values were changed. The barriers in 1S1T µPADs 

became thinner by increasing the speed value at constant power value; however, it became 

thicker by increasing the power value at constant speed value. Also, the integrities of 

barriers in 1S1T µPADs, which were fabricated in high power value, were deteriorated. 

By comparing differently-fabricated 1S1T μPADs in terms of barrier integrities and 

thicknesses, nine different parameters were determined as optimized fabrication 

parameters, which were 10P40S (10%Power & 40%Speed), 10P60S, 20P90S, 30P50S, 

30P100S, 40P80S, 40P100S, 70P80S, and 70P100S. After optimized fabrication 
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parameters were identified with 1S1T μPADs, different models of μPADs (1S2T, 1S4T-

Type1, 1S4T-Type2, 1S4T-Type3, and 1S8T µPADs) were also fabricated in these 

determined parameters. Each μPAD was then loaded with the liquid sample to observe 

its flows through the hydrophilic channels of μPADs. It was determined that the barrier 

thickness in μPADs should be higher than 255.92 µm to prevent liquid leakages. Also, 

we noticed that the required amounts of liquid sample for full saturation of test zones in 

different models of μPADs were different than each other as 6 µL for 1S1T, 7 µL for 

1S2T, 10 µL for 1S4T-Type1, 22 µL for 1S4T-Type2, 20 µL for 1S4T-Type3, and 16 µL 

for 1S8T. However, the required amounts of liquid sample did not dependent to 

fabrication parameters for each model of μPADs. Lastly, the timing of full saturation of 

liquid samples within the μPADs were measured as 30 seconds for 1S1T, 1S2T, 1S4T-

Type1, and 1S8T, 90 seconds for 1S4T-Type2, and 240 seconds for 1S4T-Type3.  

In the second section, the micro-paper enzyme linked immunosorbent assay (μP-

ELISA) was optimized and then evaluated via BSA detection. The problems, which is 

related to colour formation in the sample input area of 1S2T, 1S4T-Type1 and 1S8T 

µPADs were observed due to undesired accumulation of antibodies during washing steps; 

that’s why, 1S4T-Type2 and 1S4T-Type3 µPADs were designed and fabricated. In 1S4T-

Type2 and 1S4T-Type3 µPADs, the μP-ELISA protocol was evaluated via BSA 

detection. It was confirmed that there were no signals in negative control groups, and the 

BSA (1 mg/ml) in PBS solution was successfully detected via naked eyes.  

Later, HCV detection was performed in 1S4T-Type2 and 1S4T-Type3 µPADs 

through the evaluated μP-ELISA protocol. It was stated that the recombinant HCV protein 

(1 mg/ml) in PBS solution was successfully detected via naked eyes. To determine the 

limit of detection (LoD) value, the μP-ELISA protocol was repeated in 1S4T-Type2 

µPAD for the recombinant HCV protein. The LoD curves were plotted from 0 to 1 mg/ml 

of recombinant HCV protein and had an excellent coefficient of determination, R2 = 0.993 

and R2 = 0.978, when the smart-phone and bright-field microscope were used as detector, 

respectively. Moreover, the LoD values were calculated as 1.00 ng/ml (by naked eyes), 

8.83 X 10-1 ng/ml (by smart-phone), and 7.96 X 10-1 ng/ml (by bright-field microscope).  

In summary, we have successfully designed and fabricated the paper-based 

microfluidic device, which could be used in point-of-care applications. The developed 

µPAD was tested by the detection of recombinant HCV protein. According to results, the 

1S4T-Type2 µPADs provided highly sensitive, rapid and cost-effective detection of 

recombinant HCV protein compared to conventional ELISA techniques. 
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