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The overall concept of reducing laboratory operations to a scale that fits on a single 

microfluidic chip has been an attractive area of research over the last several decades.  Despite 

a surge in research, few commercial success stories have been written.  Lab-on-a-chip 

technologies have the capability to be cost effective due to reduced reagent consumption, offer 

shorter analysis times due to their small scale, i.e. path lengths, and have the ability to work 

with decreased sample sizes.  Due to these benefits, microfluidic devices show great promise 

as point-of-care devices for the analysis of biologically relevant analytes as they are inherently 

compact, have the potential to be produced at low-cost, and can be manufactured out of 

materials that allow for single-use followed by responsible disposal.  In this work, a series of 

new fabrication techniques for low-cost microfluidic platforms in both capillary-driven 

(wicking) and pressure-driven platforms as well as their potential applications in low-cost 

clinical chemistry analysis are explored.   

In the first component of this research effort a new method of fabricating microfluidic 

paper-based analytical devices (µPADs) using aerosolized deposition of polycaprolactone 

(PCL) was developed.  PCL is a biodegradable, semicrystalline polyester with excellent thermal 

properties including a glass transition temperature (Tg) of -60 ˚C and a melting point of 60 ˚C.  

Hydrophilic substrates were masked with low-adhesive painter’s tape and PCL was applied 



 

 

using an airbrush to create capillary-driven microfluidic devices.  With this approach, the 

traditional fabrication processes used for manufacturing µPADs have been simplified allowing 

rapid, low-cost fabrication of µPADs with hydrophilic features as small as 480 µm, and 

hydrophobic barriers as small as 260 µm.  Point-of-care applications involving enzymatic 

determination of glucose and chemical determination of protein concentration were 

successfully demonstrated.   

 The second portion of this research involved the development of a smartphone (iOS) 

application for conducting colorimetric analysis of µPADs.  The application, OccuChrome, was 

created as a capstone project with the School of Electrical Engineering and Computer Science 

at Oregon State University.  OccuChrome was designed to allow all aspects of colorimetric 

analysis including model development, calibration curve development, unknown analysis, and 

results sharing on a single platform.  Results obtained from OccuChrome compared favorably 

with those obtained using traditional colorimetric image analysis via ImageJ. 

 The next stage of work explored the application of PCL saturated paper as a low-cost 

material for the fabrication of open channel microfluidic devices in both pressure-driven and 

capillary-driven formats.  The favorable thermal properties of PCL, namely the low Tg and low 

Tm allow for easy fabrication using a simple method of cut and stack lamination to assemble 

both 2D and 3D microfluidic devices.  A variety of bonding techniques including microwave 

adhesion and laser welding were explored as alternatives to thermal lamination.  The classic 

diffusion limited laminar flow of two miscible solutions observed in traditional open-channel 

microfluidic devices was able to be replicated.  Other pressure-driven microfluidic applications 

including passive mixing, droplet generators, and serial dilution generators were also 

demonstrated in this low-cost platform.  Despite being composed primarily of high porosity 

material; these devices were able to operate under normal conditions for hours without leaking 

so long as a maximum operating pressure of ~1.2 psi is maintained.   

 The final stage of work involved the development of PCL saturated paper hybrid 

microfluidic devices, that is devices consisting of both open channel and paper wicking regions.  

Creatinine and urea assays were developed using creatinine deiminase and urease for the in-

situ generation of NH3 as a product.  Using one of the unique properties of PCL saturated paper, 



 

 

gas permeability, the enzymatic reaction is able to be separated from the detection reaction 

allowing simple pH indicators to be used for the detection of gaseous NH3.  Reaction conditions 

were optimized to increase the percentage of volatile NH3 generated via the enzymatic 

processes in an effort to decrease the overall assay time.  It was experimentally determined that 

a pH of ~10 was ideal to increase the relative NH3 concentration without impairing the enzyme 

activity.     
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Polycaprolactone-Based Microfluidic Devices: Fabrication Methods and 

Applications in Low-Cost Analytical Devices 

Chapter 1  

Introduction 
This introductory chapter is divided into three sections.  The first is a review of 

microfluidic devices, including background, materials, fabrication methods, and applications of 

traditional as well as newer alternative microfluidic technologies (e.g. microfluidic paper-based 

analytical devices (µPADs), and paper-based open channel microfluidic devices).  The second 

section is an introduction to the field of clinical chemistry, including common assay formats, 

instrumentation, and a comparison between common analysis platforms.  The final section 

focuses on detection methodologies, with an emphasis on portable technologies including 

smartphones and telemedicine.  Each of these sections is intended to provide background and 

familiarity with the highlights and recent developments of the selected topics as well as 

establish connections for the work covered throughout the dissertation.   

 
1.1 Microfluidics 

1.1.1 Introduction to microfluidics 

Over the last several decades, considerable time, effort, and capital has been invested 

into the field of miniaturization of devices for biological and chemical analysis.  Thanks to these 

efforts all manner of systems including mechanical, fluidic, electromechanical, and thermal can 

be miniaturized, in some instances to submicron dimensions.  During the 1970s and 1980s this 

miniaturization effort led to the establishment of the field of MEMS (microelectro-mechanical 

systems). Perhaps two of the most successful MEMS devices are the accelerometer-based crash 

sensor used in airbags, and the inkjet print head commercialized at Hewlett Packard in 

Corvallis, OR.[1, 2]  MEMS devices have quickly become a part of everyday life and can now 

be found in many everyday items including smartphones (accelerometers and gyroscopes), 

projectors (digital light processors, DLP), and pressure sensors in the automotive and medical 

sectors. 
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In the early 1990s the MEMS revolution led to the creation of the field of microfluidics.  

Microfluidics encompasses the behavior, precise control, manipulation, and analysis of fluids 

that are geometrically constrained to a small, typically sub-millimeter, scale. [3]   Microfluidics 

exists at the intersection of engineering, physics, chemistry, microtechnology, and 

biotechnology.  Microfluidic devices, often referred to as micro total analysis systems (µTAS) 

or lab-on-a-chip devices, have advanced rapidly over the last decade as their potential for 

chemical analysis applications has been explored.  The first microfluidic device was a 

miniaturized gas chromatography system developed in the mid 1970s at Stanford University.  

The system, fabricated on a 5 cm diameter silicon wafer, consisted of a 1.5 m long open-tubular 

capillary column, two sample injection valves, and a thermal conductivity detector.  The system 

was able to separate a simple mixture in a matter of seconds. [4] Despite a slow adoption rate 

for microfluidic platforms, new applications, detection methods, and device components as well 

as fabrication techniques and materials have been developed and demonstrated at a rapid rate 

since the 1990s (Figure 1-1).  There are now several manufacturers of commercial microfluidic 

systems including Abbott Laboratories, Agilent, Caliper, Dolomite, Micralyne, Micofluidic 

Chip Shop, Micrux Technologies, Lab Smith, and Waters to name a few. [5] 

 
Figure 1-1 Microfluidic Publications by year. Web of Science results for the topic 
“microfluidics” show the number has rapidly increased over the last two decades. 
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When compared to standard laboratory-scale chemistry, microfluidics offers many 

advantages.  First, decreasing the dimensions of the system and therefore the diffusion distances 

across which analytes must travel results in more rapid/efficient transport.  Smaller dimensions 

also lead to another advantage, decreased sample (as small as the femtoliter to nanoliter range) 

and reagent volumes, which can also decrease the cost of analysis.  Reduced dimensions also 

allow for much greater portability, enabling field-based and point-of-care testing and analysis.  

Finally, the ability to integrate multiple processes including synthesis, labeling, purification, 

separation, mixing, and detection in a microfluidic device has enabled the development of micro 

total analysis systems (µTAS) or lab-on-a-chip (LOC) systems.[5]  

The core components of microfluidic devices can be divided into two groups, negative 

features and positive features.  Negative features, or areas that are defined by empty space 

(although this is an imperfect definition given the advent of paper microfluidics), include 

reservoirs or wells, chambers, and microchannels and are the main fluidic pathway.  Positive 

features, which make up the bulk of the device, are defined by areas of solid material, are 

capable of adding functionality to the device, and include features such as beams and pillars, 

membranes, channel walls, and pneumatic controls.  Perhaps the most intriguing part of 

microfluidics lies in in the channels themselves.   

These microchannels have small overall volumes, large surface-to-volume ratios, and 

pressure-driven liquids exhibit laminar flow within them.  The Reynolds number, which can be 

used to define the flow condition within the channels, is defined as the ratio of inertial forces to 

viscous forces within the system and can be used to describe flow conditions; laminar flow 

occurs at Re < 2300, turbulent flow occurs at Re > 4000, and transition flow, where both laminar 

and turbulent flow is possible occurs in between.  Flow within these channels is typically non-

turbulent due to low Reynolds numbers (<<2300), a condition in which viscous forces 

dominate.  Take for example a typical separation channel with a rectangular cross section of 

100 µm by 20 µm, and a length of 5 cm.  Water flowing within this channel at 20 ˚C with a 

flow rate of 1 µl/min (2.22 cm/s) results in a Reynolds number of ~0.73 resulting in laminar 

flow and diffusion limited mixing.  Along with the interesting flow conditions, the high surface 

area to volume ratio within the channels creates opportunities for fluidic movement via 
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electroosmotic flow, and surface interactions such as non-specific adsorption of charged 

molecules.[5]    

  

1.1.2 Materials for microfluidics 

Microfluidic devices were initially fabricated in silicon and glass substrates; however, 

these materials are both difficult to work with and expensive.  As the field of microfluidics 

advanced, so too did the catalog of materials that have been used.  There are three main 

categories of materials used for microfluidic devices: inorganic materials including glass, 

silicon, and ceramics; polymeric materials including elastomers and thermoplastics; and paper.  

When selecting a material and/or design there are several factors to consider: required function, 

degree of integration, and application.  Similarly, material features including flexibility, air 

permeability, electrical conductivity, nonspecific adsorption, solvent compatibility, optical 

transparency, and bio compatibility must be considered.[5] 

Table 1-1 provides an overview of the characteristics of common materials used in the 

fabrication of microfluidic devices.[6] 
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Table 1-1 Comparison of common materials used to produce microfluidic devices.[6, 7] 

 -------- Inorganic Materials -------- --------------------- Polymeric Materials ---------------------         Paper -----   

Property Silicon Glass 

Technical 
Thermoplastics 
(e.g. PMMA, PC, 
PEEK) 

Thermoset 
Polymers Elastomers Paper 

Common 
microfabrication 
techniques 

Photolithography Photolithography Thermomolding Casting, 
photopolymerization Casting Photolithography, 

printing 

Microfabrication Easy – Medium Easy – Medium Easy Medium Easy Easy 

Structuring 
Process 

Wet and dry 
etching 

Wet etching, 
photo structuring 

Injection molding, 
hot embossing, 
thermoforming, 
laser ablation 

Casting, 
lithography, etching Casting Varies 

Possible 
Geometries Limited, 2D Limited, 2D Many, 2D, 3D Mostly 2D,  

3D possible 
Mostly 2D,  
3D possible 2D and 3D 

Assembly Easy Medium Easy Medium Easy Medium 

Interconnections Difficult Difficult Easy Easy Easy - 
Medium Medium 

Mechanical 
Stability 
Young’s Modulus 
(GPa) 

High 
130 - 180 

High 
50 - 90 

Low – Medium 
1.4 - 4.1 

Low - Medium 
2.0 - 2.7 

Very low 
~0.0005 

Low 
0.0003 – 0.0025 

Temperature 
Stability High High Low – Medium Medium Low Low 

Acid Stability High High High High High Medium 

Alkaline Stability Limited High High High High Medium 

Organic Solvent 
Stability High High Low – Medium Medium – High Low Low 

Optical 
Transparency No High Medium to High High High Low 

Gas Permeability 
Oxygen (Barrer) 

No 
<0.01 

No 
<0.01 

No 
0.05-5 

No 
0.03 - 1 

Yes 
~500 

Yes 
>1 

Material Price Medium Medium – High Low – Medium Medium Low Very low 

1 Barrer = 10−11 (Scm3 ) cm cm−2 s−1 torr−1 
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1.1.2.1 Inorganic Materials 

The first microfluidic device, a gas chromatograph, was fabricated using silicon, 

however the material was quickly replaced with glass and later polymers as the substrate of 

choice.[4] Glass has many of the characteristics of silicon including the ability for surface 

modification via well-known silane chemistry, a relatively low tendency for nonspecific 

adsorption, and a lack of gas permeability.  Unlike silicon, which is only transparent to infrared 

light, glass is transparent to a variety of wavelengths enabling both fluorescence and visible 

detection schemes to be used.  Hybrid systems composed of silicon and an alternative material 

like glass or polymer can overcome these issues of optical transparency.  Fabrication of both 

silicon and glass substrates utilizes either subtractive methods such as wet or dry chemical 

etching, or additive methods such as metal or chemical vapor deposition, and standard 

photolithography to create microfluidic structures.[8]  Glass remains a popular platform for 

microfluidic devices owing to its favorable optical properties, surface chemistry, and robust 

support of electroosmotic flow.  Ceramics such as aluminum oxide have also been used in the 

fabrication of microfluidic devices, and offer the advantage of low nonspecific adsorption when 

used for enzyme-linked immunosorbent assays (ELISA) [9] with the drawback of instability in 

acidic and alkaline mediums.[10] Several applications including electrophoretic separations of 

phenolic compounds,[11, 12] and inorganic ions have been demonstrated.[13]   

 

1.1.2.2 Polymers 

Organic polymers have quickly risen to the top for popularity in microfluidic device 

fabrication.  These materials enable rapid prototyping using methods such as casting, 

machining, and more recently 3D printing, and lend themselves to mass production via 

processes including hot embossing and injection molding.  Polymers are easily modified via 

formulation changes (blending) and chemical modification.  The mechanical properties of 

polymers vary over a wide range, allowing the user to fine-tune optical characteristics, 

temperature stability, chemical resistance, and biocompatibility.  A particularly important 

parameter in manufacturing of microfluidic devices is the glass transition temperature (Tg) of 

the bulk polymer.  When polymers are heated above the Tg softening occurs and the materials 
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switch from a brittle, glasslike state to a plastic (elastic) state.  In general, polymers can be 

divided into several classes based on the degree of interconnection holding them together and 

subsequently the position of Tg and the behavior of the polymer.  These classifications include 

elastomers, thermoplastics, and thermosets.[6] 

 

1.1.2.2.1 Elastomers 

 Elastomeric polymers are rubber-like solids consisting of polymer chains held together 

with the weakest intermolecular forces.  The weak binding forces allow these polymers to be 

stretched, while the small number of crosslinks between the chains help the polymer return to 

its original shape after the force is released.  The most common elastomeric polymer in the field 

of microfluidics is polydimethylsiloxane (PDMS).  PDMS was first widely used as a substrate 

in the late 1990’s with the introduction of soft lithography.[14, 15]  PDMS devices can be easily 

fabricated using casting techniques.  Device molds are prepared with traditional 

photolithography or micromachining techniques before PDMS is cast and cured on them.  The 

open features are then sealed by bonding to glass, PDMS, or other polymers reversibly (relying 

on van der Waals forces) or irreversibly by exposing the substrates to an oxygen plasma prior 

to assembly.  The ability of PDMS to bond to itself and its extremely low Young’s modulus 

enables multiple layer devices with complex fluidic designs as well as valves and pumps to be 

created.[16] PDMS is hailed for its useful properties namely, optical clarity, biocompatibility, 

and gas permeability, all of which enable a variety of applications and detection mechanisms.  

Although PDMS is frequently used in academic microfluidic applications and for rapid 

prototyping, it is rarely seen in commercial applications.   

PDMS is quite hydrophobic and therefore strongly adsorbs hydrophobic molecules.  It 

also swells and degrades in some solvents.  Recently, alternative elastomeric polymers such as 

perfluoropolyether (PFPE), sometimes described as “liquid Teflon”, have been use in 

microfluidic device fabrication.[17]  PFPE has a low Young’s modulus (~10 times higher than 

PDMS), but it is still able to be utilized for valve applications and showed less swelling in the 

presence of organic solvents.[18] Polyurethanes can also be molded and have been 

demonstrated as alternatives to PDMS.  Tests have shown the polyurethane to be much more 
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resistant to adsorption of hydrophobic molecules when compared to PDMS.  However, it is also 

significantly less porous to gases, is more difficult to mold, and requires more careful handling 

and storage conditions. [19]  

 

1.1.2.2.2 Thermosetting Polymers 

Thermosetting polymers usually exist initially as viscous liquids called prepolymers: 

this enables them to be shaped into desired forms prior to the curing process.  Curing typically 

consists of heating or irradiating under pressure forming a tightly cross-linked polymer 

network.  Unlike thermoplastics which are composed of linear and branched molecules, 

thermosets are composed of cross-linked molecules and are not able to be reshaped after curing, 

rather thermal decomposition occurs before significant softening occurs.  These materials are 

normally stable at high temperatures, resistant to most solvents, and possess high tensile 

strength allowing fabrication of microfluidic devices and free-standing structures like post-

arrays.[7]        

Prior to their use in microfluidic devices, thermosets such as SU-8 and polyimide were 

used as negative photoresists for photolithography.  Previous methods were adapted for the 

fabrication of microchannel structures,[6] and later entire 2D [18] and 3D microfabricated 

devices. [20] The relatively high cost and fabrication process complexity of thermosets, and 

their structural rigidity (which makes them unacceptable for the fabrication of valves or pumps) 

has limited their applications in microfluidics.[7]        

 
1.1.2.2.3 Thermoplastic Polymers 

 Thermoplastics are a class of polymers that exhibit softening upon heating above their 

Tg.  When heated, the presence of weakly cross-linked linear and branched chain molecules 

enables long-range motion of the polymer backbone. [21] Unlike elastomeric and thermosetting 

polymers, thermoplastics are able to be softened or even fully melted and reshaped with the 

addition of heat, while remaining chemically and dimensionally stable over a wide range of 

temperatures and pressures.  These materials are generally durable, well-suited for 

micromachining and replication processes, are often optically clear, and are more rigid than 

elastomers.[5]  In general, thermoplastics offer slightly better solvent compatibility than PDMS, 



 

9  

but are incompatible with most organic solvents except for alcohols.[7]  Unlike elastomers and 

thermosets, common thermoplastics such as poly(methyl methacrylate) (PMMA), 

polycarbonate (PC), polystyrene (PS), polyethylene terephthalate (PET), and polyvinyl chloride 

(PVC) are typically purchased as solid stock and processed via thermomolding or 

micromachining. 

PMMA, known commercially as Plexiglass and Lucite, is a popular choice for 

microfluidic fabrication as it possesses good characteristics including: good optical clarity in 

both the visible and UV regions, biocompatibility, gas impermeability, and can be processed 

through hot embossing, injection molding, or micromachining at relatively low temperatures 

(~100˚C).[22] Another common polymer choice is cyclic-olefin copolymer (COC).  COC 

possesses many of the same qualities as PMMA including optical transparency, good 

moldability, and low background fluorescence.  COC is also suitable for use with most solvents 

and aqueous solutions.[23-25]  However, the surface of COC is hydrophobic and therefore 

requires an additional plasma treatment step to enhance fluid flow and limit non-specific 

adsorption of hydrophobic molecules.  PS is a desirable material for cell culture and analysis as 

many conventional sell culture systems are composed of PS.[26]  PS is hydrophobic and again 

requires chemical modification or plasma treatment to render the surface hydrophilic.[27]  In 

applications requiring a higher operating temperature such as DNA thermal cycling, PC is a 

common choice as it has a very high softening temperature of ~145˚C.[5] 

Table 1-2 provides a detailed overview of many common elastomeric, thermosetting, 

and thermoplastic polymers used in microfluidic device fabrication. 

 

 



 

 

Table 1-2 Overview of properties of common microfluidic device polymers. [6] 

Name Density 
(g/cm3) 

Tg  
(˚C) 

Heat 
Distortion 
Temperature 
(˚C) 

Tm  
(˚C) 

Resistivity 
(Ω/cm) 

Water 
Absorption 
(%) 

Refractive 
Index 

Young’s 
(Tensile) 
Modulus 
(Mpa) 

Thermal 
Expansion 
Coefficient 
(10-6/K) 

Resistant 
Against 

Not 
Resistant 
Against 

Organic Solvent 
Stability 

Polymethylmethacrylate 
(PMMA) 1.19 110 90 160 1x1015 2 1.492 3,200 80 

Acids, bases 
(medium 
conc.) oil, 
petrol 

Alcohols, 
acetone, 
benzole, UV 
radiation 

Attacked by most 
solvents (e.g. 
acetone, benzene, 
dichloromethane) 

Polycarbonate  
(PC) 

1.19-
1.24 148 125 265 1x1014 0.3 1.58-1.6 2,200-

2,400 70 Alcohols, acids Hydrocarbons, 
ketones, KOH 

Attacked by most 
solvents (e.g. 
acetone, methylene 
chloride) 

Polypropylene  
(PP) 0.9 0-10 100-200 176 >1x1014 0.01-0.1 1.49 1,450 100-200 

Acids, bases, 
alcohol, 
organic 
solvents, fats 

Petrol, 
benzole, 
hydrocarbons 

Xylol, tetraline, 
decaline 

Polystyrene  
(PS) 0.9-1.24 100 70 239 >1x1016 <0.4 1.59 2,300-

4,100 30-210 Bases, alcohols 
Conc. acids, 
ether, 
hydrocarbons 

Attacked by most 
solvents(e.g. 
acetone, benzene, 
dichloromethane) 

Polyethylene Low 
Density  
(PE LD) 

0.91 110 80 115 
1x1015-
1x1018 <0.015 

1.51 200 170 
Acids, bases, 
alcohols, oil Hydrocarbons 

Trichlorobenzole, 
xylole, hexane 
 Polyethylene High 

Density  
(PE HD) 

0.967 140 100 137  1,000 220 

Cyclicolefin Copolymer  
(COC) 1.02 78 170 190-

230 >1x1014 0.01 1.53 2,600 70 Acids, bases   

Cyclicolefin polymer  
(COP) 1.01 138 140  >1x1017 0.01 1.525 2,400 70    

Polyetheretherketone  
(PEEK) 1.3 143 250 343 >1x1016 0.5  3,700 17 

Most organic 
and inorganic 
substances 

Conc. nitric 
acid, sulfuric 
acid, UV light 

 

Polydimethoxysilane  
(PDMS) 1.03 -210 200 N/A 1.2x1014 0.1 1.43  960 Weak acids 

and bases 
Strong acids, 
hydrocarbons  

SU-8 1.19 210  N/A 2.8x1016  1.58 2,000 52 Acids, bases, 
most solvents   

Polyimide  
(PI) 1.42 360-

410 400 >700 >1x1012 2.9-4 1.7 2,500 20 Acids, bases, 
solvents  No known solvents 
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1.1.2.3 Paper 

 Paper, available in a wide range of materials and properties, is a very useful substrate in 

applications that require low cost, flexibility, disposability, porosity, and scalability for large-

scale manufacturing.  Paper is a highly porous network of cellulosic fibers that possesses 

excellent wicking (hydrophilic) properties.  Paper substrates are capable of being selectively 

modified to render certain regions hydrophobic while others remain hydrophilic, guiding fluid 

flow via capillary action.  A detailed discussion of capillary driven paper microfluidic devices 

is provided in section 1.2. Paper Microfluidics.  Recently, a new form of paper microfluidics 

has been introduced that combines the low-cost and ease of fabrication that capillary driven 

microfluidic devices offer with the benefits of pressure-driven flow used in traditional open-

channel microfluidics.   

Glavan et al. introduced fluoroalkylated paper (“Rf paper”) as a new substrate for use in 

open-channel microfluidic applications.[28] Rf paper is produced by vapor phase silanization 

of paper with fluoroalkyl trichlorosilanes.  This rapid process produces an omniphobic 

(hydrophobic and oleophobic) paper substrate that not only repels water, but also non-polar 

liquids such as n-hexadecane while maintaining the mechanical flexibility and a low resistance 

to transport of gas of the untreated paper.  This material was then used for rapid fabrication of 

pressure-driven open-channel microfluidic devices.  A digital craft cutter was used to cut 

channels into filter paper before vapor phase silanization rendered the substrate omniphobic.  

The channels were then sealed using adhesive tape as a capping layer and interconnects attached 

using double-sided adhesive allowing for the use of a syringe pump for fluid flow.  This process 

was used to demonstrate several of the common elements of pressure-driven microfluidics 

including laminar flow, passive mixing, on/off valves, gradient generators, and droplet 

generators in 2D formats.  The use of Rf paper also allowed for gas phase sensing in parallel 

channels.[29] Later, embossing was used to produce similar devices, albeit in larger channel 

dimensions, suitable for use in 3D devices.  The silanization process has also been demonstrated 

on adhesive labels allowing for simple cut and stack fabrication of microfluidic devices.[30] 

     Table 1-3 provides an overview of the applicability of microfluidic systems made 

with different materials. 
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     Table 1-3 Overview of microfluidic systems/applications made with different materials.[7] 

 ------Inorganic Materials----- ------------------Polymeric Materials------------------ ---Paper--- 

Application Silicon Glass Thermoplastics  Thermoset  Elastomers Paper 

Capillary Electrophoresis Excellent Excellent Good Good Moderate N/A 

Electrochemical Detection Good Good Moderate Moderate Limited Moderate 

Organic Synthesis Excellent Excellent Moderate to Good Good Poor N/A 

Droplet Formation Excellent Excellent Good Good Moderate Moderate 

PCR Excellent Excellent Good Good Good N/A 

Protein Crystallization Poor Poor Moderate Poor Good N/A 

Bioculture Moderate Moderate Moderate Moderate Good Good 

Cost of Production High High Low High Medium Low 

Reusability Yes Yes Yes Yes No No 

Disposable Device Use Expensive Expensive Good Expensive Good Good 

 

1.1.3 Microfabrication Method 

As indicated in the previous sections, the method of fabrication varies based on the 

substrate choice.  Microfluidic fabrication for inorganic substrates such as silicon and glass 

typically consists of photolithography to both define the microfluidic structure as well as protect 

the underlying substrate.  Next, subtractive techniques such as chemical etching, or additive 

techniques such as thin-film deposition are used to create the microfluidic structure before the 

channels are sealed using bonding techniques.  Polymeric microfluidic fabrication techniques 

can be divided into two general methods, replication methods and direct fabrication methods.  

Replication methods such as hot and cold embossing, thermoforming, injection molding, and 

casting require the fabrication of a master mold that the final device is then created from.  Direct 

fabrication methods including laser ablation, micromachining, stereolithography, and recently 

3D printing.  The general process for microfabrication is outlined in Figure 1-2. 
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Figure 1-2 Process diagram of polymer microfluidic fabrication technologies.[6] 

 

 The most popular replication methods including hot and cold embossing, injection 

molding, thermoforming, and casting - all being accomplished with the use of a master mold 

(the geometrical inverse of the desired structure).  The master is typically made using traditional 

photolithography on silicon substrates or by micromachining a polymeric substrate.  The quality 

of the finished device is directly related to the quality of the master mold, so accuracy and 

precision during mold fabrication are critical.  In the case of hot embossing, a thermoplastic 

substrate is heated above its Tg and the master mold (also heated) is pressed into the polymer 

substrate before both mold and substrate are cooled below the Tg for demolding.  

Thermoforming follows a similar path, using pneumatic pressure to compress the substrate, a 

thin polymer film, into the master mold.  When compared to hot embossing, thermoforming has 

lower replication accuracy and is unable to form high aspect ratio structures with sharp angles, 

making it more suitable for rounded structures where geometric accuracy is not critical.  

Injection molding utilizes pre-dried polymer granules fed into a heated barrel via a screw.  The 

polymer melts while it is transported to the mold where it is injected under high pressure as 

liquid polymer.  Finally, elastomer casting is the simplest of the replication methods requiring 

the prepared elastomer (a mixture of monomer and curing agent) to be poured over the master 
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mold and allowed to cure.  While casting is the simplest method, it does have a lower throughput 

compared to other methods.  Recently, 3D printing was used to fabricate a 3D representation 

of microfluidic channels (positive mold) out of acrylonitrile butadiene styrene (ABS).[31]  The 

mold was then suspended in PDMS and the PDMS was allowed to cure. The mold was then 

removed by dissolving the ABS with acetone.  This process allowed for rapid prototyping of 

truly 3D PDMS microfluidic devices without the need to bond multiple layers.  Casting has 

become very popular due to its numerous beneficial properties including simplicity, material 

properties, cost, surface chemistries, and high replication accuracy. Hot embossing, injection 

molding, and thermoforming make up the bulk of commercially utilized methods, with 

elastomer casting dominating the academic research sector.[6] 

Direct fabrication methods such as precision micromachining and laser ablation have 

the advantage of a very short turnaround time from computer aided design (CAD) to a finished 

device making them ideal for prototyping.  However, there are also several disadvantages.  

While the time from concept to finished device may be short, the overall fabrication time per 

device is very high, usually hours, making these methods unsuitable for mass production.  

Another limitation is the inherent surface roughness that is left behind by these fabrication 

methods which might not be smooth enough for some applications, particularly those requiring 

optical clarity although solvent polishing can be used to minimize the roughness.[6] 

Micromachining makes use of very small machine tools (available in diameters in the 10s of 

µm) to remove material from the substrate.  Laser ablation uses a high intensity laser beam to 

evaporate the material at the focal point of the laser.   

3D printing refers to a family of additive-based manufacturing techniques including 

selective laser sintering (SLS), fused deposition modeling (FDM, also called thermoplastic 

extrusion), photopolymer inkjet printing, inkjet-based binder jetting, laminated object 

manufacturing (LOM), and stereolithography (SL).  Currently, only SL and LOM are capable 

of making enclosed microfluidic channels.  SLS uses a laser to fuse powdered material together 

in a layer-by-layer fashion.  Once the layer is complete, the build plate is lowered and a thin 

layer of powder applied.  This can be used to produce parts in a variety of materials, including 

metals.  Photopolymer inkjet printing dispenses thin layers of UV-curable monomer which are 
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then cured layer by layer.  The technique is cost prohibitive compared to other 3D techniques.  

FDM printing, in which an inexpensive polymer filament is forced through a positionable 

heated nozzle to build a solid object layer by layer, is the most common method of 3D printing 

in part due to its low cost.  Since the expiration of the original patent, U.S. Patent 511329, 

(awarded in 1992) the field has exploded with low cost offerings from a variety of 

manufacturers.[32]  The current FDM technology and materials are ill-suited for microfluidics 

as layer adhesion and feature resolution are relatively poor resulting in frequent leaks and large 

feature dimensions. In LOM, plastic, metal, and ceramic laminated are laser cut before being 

assembled layer-by-layer with glue or chemical bonding.  While the method generates fully 3D 

objects, it is labor intensive as each layer must be etched and assembled; registration of the 

several layers can also be a challenge.  Because of these limitations, most work has focused on 

metals and ceramics which are typically difficult to produce by other methods.[33]  SL, 

invented in 1986 (U.S. Patent 4575330) is very similar to SLS, except that instead of a fusible 

powder, a liquid photopolymer resin is used.[32-34] Newer desktop SL machines, averaging 

<$5000 are capable of producing feature sizes down to 25 µm.[35]  3D printing currently plays 

a limited role in microfluidics, but as new materials and capabilities are developed it will likely 

allow for unprecedented growth in the field much like soft lithography.[36] 

Regardless of the method of fabrication, the final step in device fabrication is bonding.  

Most microfluidic devices, excluding certain simple paper-based devices, require sealed 

channels for operation.  Since very few fabrication methods are capable of creating fully 

enclosed channels, the channel plate must be bonded to another material to seal the channels.  

This presents a unique set of challenges as the channels must be sealed without altering their 

dimensions, changing their physical parameters, or clogging.  A variety of bonding techniques 

have been developed including thermal, solvent, and adhesive bonding.  The bonding of PDMS 

is typically conducted via conformal contact for a temporary bond or oxygen plasma exposure 

for a permanent bond.  For the bonding of thermoplastics, adhesive and thermal bonding 

techniques are widely used.  Thermal bonding usually consists of heating the fabricated 

structure and cover plate to a temperature above the Tg while pressure is applied.  Care must be 

taken to minimize variations in temperature and pressure that may lead to channel deformation.  
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Adhesive based techniques are inherently simple and therefore widely used.  The gluing of 

layers can be achieved by the application of a thin film of glue such as an adhesive that sets 

through the evaporation of solvent or a UV curable material between the polymer substrates.  

Other bonding techniques such as microwave adhesion,[37] ultrasonic welding,[38] and laser 

welding,[39] are all variations on thermal boding and offer localized, rather than global, heating 

reducing the possibility of channel deformation.  Another common method of bonding layers 

is through solvent welding.  By applying a suitable solvent to the polymer surface, the polymer 

chains become mobile and are able to diffuse into the solvated layer.  This mobility leads to 

extensive intertwining of the chains between the contacting surfaces and a very strong bond.  

Solvents can be applied in either the liquid or vapor phase.[40]  Since the process is conducted 

at room temperature, thermal distortion of the channels is of little concern.  However, solvent 

welding can still cause channel deformation or clogging during the sealing process.  The use of 

a sacrificial material such as ice or wax to fill the channels during the process offers protection 

and can then be removed prior to device use.[41]   

 
1.1.4 Microfluidic Functions 

Microfluidic devices rely on several basic operations in a microchip format that when 

combined are able to accomplish a multitude of laboratory operations and analyses.  These key 

functions include sample preparation, separation methods, detection, and liquid transport.   
 
1.1.4.1 Sample Preparation 

Sample preparation in microfluidic devices is often challenging, but the advantages 

including reduction of analysis time, automation, improved throughput, and reduced reagent 

consumption make the investment worthwhile.  Significant progress has been made in sample 

preparation, specifically in the areas of extraction/purification, preconcentration, and on-chip 

labeling.  Solid phase extraction (SPE) has proven to be a useful technique for purification and 

enrichment of analytes in a microfluidic form.[42] SPE concentrates analytes by first being 

retaining them on a solid support and subsequently eluting them in a concentrated plug.  

Affinity-based extraction techniques in which a receptor and target bind through strong 

interactions have also been explored.  Aptamers, short segments of single stranded DNA, have 
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been functionalized on the surface of microbeads and used to selectively extract and concentrate 

arginine vasopressin in a microfluidic chip.  The analyte was then released via temperature 

dependent bonding using an integrated microheater.[43] Preconcentration is a necessary step to 

overcome the limited signal obtained from short optical pathlengths in microfluidic devices.  

Several methods including isotachophoresis, and selective filtration have been used to 

concentrate a-fetoprotein (200x enrichment) and anionic analytes respectively.[44, 45] Often 

times, analytes must be labeled or derivatized with fluorescent tags to take advantage of the low 

detection limits afforded by fluorescence detection.  On-chip labeling of amino acids has been 

demonstrated both pre and post separation.[46, 47]   

 

1.1.4.2 Separation Methods 

Chromatography, electrophoresis, and fractionation have all been demonstrated in 

microfluidic systems.  Chromatographic separation has several benefits including versatility, 

sensitivity, and reliability.  The first microfluidic device was an open tubular gas chromatograph 

fabricated in silicon.[4] Since then, liquid chromatography has been applied in both open 

tubular and packed column formats.[48]  Containing solid support material such as silica beads 

in defined regions can be difficult and has led to the innovation of alternative stationary phases 

including functionalized pillars and monolithic columns.[49, 50] Electrophoretic separation has 

been one of the most widely utilized microfluidic separations techniques due to its speed, high 

resolving power, and the relative simplicity of electroosmotic flow as a means of bulk 

displacement.[5] Electrophoretic separation occurs when analytes migrate based on their charge 

and size in response to an applied electric field, resulting in distinctly separated bands.  Various 

forms of electrophoresis including isoelectric focusing and micellar electrokinetic 

chromatography (MEKC) have been used in the analysis of biomolecules.[51, 52] Finally, 

fractionation methods have been developed to separate based on isoelectric point using pH-

specific membranes,[53] remove platelets from other blood components by size,[54] and 

separate nanoparticles by size.[55] 
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1.1.4.3 Detection Methods 

Optical detection methods such as fluorescence and chemiluminescence are popular 

choices in microfluidics as they generally have good detection limits, can be isolated from the 

fluid flow, and can monitor a variety of compounds.  Fluorescence detection remains the most 

popular optical detection method due to its high sensitivity.  Laser-induced fluorescence, as 

well as LED-based excitation have been conducted with good results.[56, 57] The main 

drawback to these methods is that the majority of analytes do not natively fluoresce and 

therefore require derivatization prior to analysis.  Chemiluminescence assays have also been 

conducted in microfluidic formats.  They have the distinct advantage of not requiring an 

excitation source as the light is generated through a chemical reaction; however, they do require 

very sensitive detectors.[58]  UV-visible absorbance can be a label free detection method, 

though its sensitivity suffers due to the short pathlengths typical of microfluidic channels. 

Electrochemical detection has the unique advantage that the scaling down of electrodes 

does not result in reduced sensitivity.  Electrochemical methods have proven popular with 

conductivity, amperometry, and potentiometry being the most common.[59]  Conductivity 

detection relies on the difference in conductivity of the background electrolyte solution and the 

analyte.  This can be accomplished in two ways: contact, in which the electrodes are in direct 

contact with the solution, and contactless, where the electrodes are isolated from the solution 

resulting in less electrode fouling.  Unlike other amperometric methods, conductivity detection 

can be applied to non-electroactive species like anions of organic acids, inorganic cations and 

anions, and even biomolecules. [60] Signals in amperometric detection are generated when an 

electrical current is produced from the oxidation or reduction of an electroactive species by an 

applied voltage between the reference and working electrodes.  Potentiometric detection in 

microfluidic devices is rarely employed due to the fact that separation techniques coupled with 

amperometric or conductivity detection can be used to detect a numerous analytes 

simultaneously.[60] Nevertheless, the use of the potential of an ion selective electrode to a 

reference electrode has been employed in the detection of creatinine and urea using an enzyme-

functionalized ammonia selective electrode.[61] 
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Other detection techniques including mass spectrometry, and various biosensors that 

rely on optical and/or electrochemical transducers for signal generation have become more 

common in recent years.[5] 

 
1.1.4.4 Fluid Manipulation 

Fluid manipulation in microfluidic devices consists of three main functions: pumping, 

valving, and mixing.  Each of these functions has been achieved in a variety of ways.  An 

overview of pumping, valving, and mixing mechanisms is provided in Table 1-4. 

 The most basic pumping mechanism relies solely on capillary action for fluid flow.  This 

passive technique offers little to no control over the rate at which fluids flow but requires no 

external influence for fluid flow.  Two of the most popular active pumping mechanisms are 

electroosmotic pumping and pneumatic pumping.  Electroosmotic pumps utilize electroosmotic 

flow (EOF) to drive liquids through microchannels.  A potential is applied across the channel 

resulting in movement within the electric double layer near the channel surface.[62] Pneumatic 

pumps operate by applying pressure to displace a thin membrane above a microfluidic channel.  

Serial actuation of this thin membrane is the basis of peristaltic pumping and is a common 

method in glass/PDMS devices.[63] 

Valves play another important role in microfluidics as they enable fluidic manipulation 

by controlling both the movement and direction of fluid flow.  Simple passive valves include 

check and burst valves.  Check valves allow one direction flow and have been utilized for 

quantitative mixing for the colorimetric determination of glucose and uric acid.[64] Burst 

valves control flow by a controlled failure under applied pressure.  This style of valve is popular 

in centripetal microfluidic devices.  Active valves include pneumatic valving, which is very 

similar to pneumatic pumping, and magnetic valves which rely on an applied magnetic field to 

move a spacer into the flexible PDMS substrate thereby opening the channel.[65] 
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Pressure-driven flow within microfluidic channels falls in the laminar regime and 

mixing is diffusion limited.  Depending solely on diffusion leads to extremely long channels 

for satisfactory mixing.  Passive mixers rely on enhancing diffusion with chaotic advection by 

introducing tortuous flow patterns through channel geometry.  A variety of channel geometries 

including repeating “L” shaped features,[66] zig-zags,[67] and serpentine channels have proven 

successful in mixing at low Reynolds numbers.[68]   

 



 

 

Table 1-4 Summary of fluidic manipulation employed in microfluidic devices.[5] 

Function Category Actuation 
Mechanism Approach Advantages Disadvantages Refs 

--
--

--
--

--
--

--
--

- P
um

pi
ng

 --
--

--
--

--
--

--
--

--
 Passive Capillary 

(nonmechanical) 
Spontaneous fluid motion by capillary action Simple and straightforward; no additional fabrication 

steps 
Flow is not continuous over a long period of time; 
flow cannot be controlled easily 

Many 

Active Electroosmotic 
(nonmechanical) 

Electroosmotic force through interaction of 
applied electric field with electrical double layer 

Ease of manufacture; constant flow rate can be 
manipulated by the applied voltage 

Adsorption can affect flow; only works with 
conductive solutions 

[62, 69] 

Active Electrochemical 
(nonmechanical) 

Generation of gas bubbles, such as by electrolysis Ease of manufacture; small size; low power Gas bubbles and electrochemical by- products can 
block conduction between the electrodes and 
hinder actuation 

[61, 70] 

Active Pneumatic peristaltic 
(mechanical) 

Sequential actuation of a series of pneumatic 
microvalves with pressurized air 

Easily integrated; fast response time Requires external equipment to supply compressed 
air; pulsed fluid flow 

[71, 72] 

Active Electrohydrodynamic 
(nonmechanical) 

Interaction between electrostatic forces and ions in 
nonconducting fluids 

Easily integrated; can pump a variety of liquids; 
requires low voltages 

Flow rate depends on material surface properties; 
typically low flow rates and pressures 

[73] 

Active Acoustic (mechanical) Force produced by the interaction of longitudinal 
waves with the surrounding fluid 

Does not generate byproducts that can contaminate 
sample 

Applied frequencies can denature biomolecules and 
lyse cells 
 

[74] 

Active Magnetohydrodynamic 
(nonmechanical) 

Lorentz force produced when orthogonal electric and 
magnetic fields are applied to a conducting solution in 
a microchannel 

Ease of integration; continuous flow Possible electrolysis of water at the electrodes; 
bubble formation 

[75, 76] 

--
--

--
--

--
--

- V
al

ve
s -

--
--

--
--

--
 Passive Check valve (mechanical) Unidirectional flow; valve is opened by employs fixed 

membranes, flaps, etc. 
increase in pressure; 

Simple; can withstand high backpressures Can have a large dead volume [77] 

Passive Capillary burst valve 
(nonmechanical) 

Sudden changes in geometry or surface chemistry of 
microchannel 

Simple design and fabrication Efficiency is lower with low surface tension liquids [77] 

Active Pneumatic (mechanical) Deflection of an elastomeric membrane by application 
of external pressure 

Easily integrated; large actuation force Requires a control layer; needs external pneumatic 
inputs 

[77, 78] 

Active Phase-change 
(nonmechanical) 

Employs materials with a volume difference in a 
phase change, such as a hydrogel, paraffin wax, or 
water/ice 

Ease of fabrication and operation Materials can contaminate samples if in direct 
contact 

[79] 

Active Magnetic (mechanical) External or integrated magnets for moving magnetic 
materials 

Generates high force Complex fabrication [65] 

--
--

--
--

--
--

--
 M

ix
in

g 
--

--
--

--
--

--
- Passive T- or Y-mixers Fluid streams from separate inlets combine at a 

channel intersection and mix by diffusion 
Simple design; easy fabrication Slow mixing; requires long channels [68] 

Passive Lamination Designs that split the main flow stream into multiple 
streams and then recombine them 

Reduces diffusion distance; uniform mixing across 
entire channels 

Fabrication is complex [80] 

Passive Chaotic advection Secondary flows generated when fluid passes through 
twisted 2D or 3D structures, zigzag microchannels, or 
channels with ridges and grooves 

Increases contact surface; mixing achieved at almost 
all flow rates 

Mixing is not uniform over the entire channel cross 
section 

[81] 

Active Electrokinetic Unstable flow caused by a force in the bulk liquid 
generated by coupling of electric fields and 
conductivity gradients 

Ease of fabrication and integration Requires high electric fields [82] 

Active Acoustic Acoustic waves that cause secondary flow and mixing Does not generate byproducts that applied voltages 
can 

Temperature increase may damage biological 
samples 

[68] 

Active Magnetohydrodynamic Fluid is mixed through changing flow caused by 
nonsynchronous magnetic and electric fields 

Simple fabrication; fast and effective Only works with conductive solutions [68] 
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1.2. Paper Microfluidics 

1.2.1 Background 

 Success stories for PDMS-based microfluidic devices becoming consumer products 

have been few and far between.[83]  Even with the use of new materials (thermoplastics) and 

fabrication methods, progress has been slow.  Some observers have pointed to an apparent 

disconnect between microfluidics researchers and end-users, who are primarily interested in 

low-cost options featuring simple technologies that solve a problem.      [84, 85] Over the last 

decade a new approach to overcoming this disconnect has seen a surge in research and 

development effort, as evidenced in the publication record Figure 1-3.  Microfluidic paper-

based analytical devices (µPADs) utilize porous paper substrates patterned with hydrophobic 

materials to define fluidic pathways.[86] Microfluidics devices fabricated in this fashion offer 

several basic capabilities on a single analytical device: (i) samples can be distributed into 

multiple spatially segregated regions enabling multiplexed assays or replicates of the same 

assay on a single device; (ii) no pumps are required as capillary action drives the fluid flow; 

(iii) they offer compatibility with small sample volumes which is especially useful in biological 

samples (i.e. tears, saliva, blood from finger sticks) or others where sample volume is limited; 

(iv) they are compatible with a variety of detection methods (i.e. colorimetric, fluorescence, 

electrochemical, etc.); (v) sample filtration can be conducted as part of the fluid flow process; 

and (vi) they offer easy disposal of hazardous waste via incineration.[84, 87]  
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Figure 1-3 Paper microfluidic publications by year.  Web of Science results for 
the topic “paper microfluidics” show the number has rapidly increased over the 
last decade. 

The foundation of paper microfluidics dates back much earlier than the last decade.  In 

1902, paper strips were impregnated with paraffin wax as a means to prevent cross 

contamination of reaction zones thereby allowing both red and blue litmus tests to be placed on 

a single strip. [88] The first fabrication method for the impregnation of paper with paraffin for 

qualitative spot tests was published in 1937.[89] Paper plates with uniform detection zones were 

fabricated by using a heated embossing tool, composed of metal and wood which was dipped 

into paraffin wax and  transferred to filter paper (Figure 1-4a). ).[90] The determination of 

nickel and copper salt concentrations was demonstrated as a diagnostic application for this 

fabrication method.  Paraffin wax was selected as a means of rendering paper hydrophobic due 

to its general inertness and ability to easily form a wide array of patterns.  In 1949, Müller et al. 

demonstrated the benefits of defining hydrophobic and hydrophilic regions in filter paper for 

the preferential elution of pigment mixtures.  A heated die was used to transfer paraffin wax to 

filter paper from a sheet of wax paper.  By confining the fluid to a narrow channel the speed of 

the diffusion process was increased while simultaneously decreasing the required sample size 

(Figure 1-4b).  The successive elution of various sample components was then studied 

spectrophotometrically.[91]   
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Figure 1-4 Schematics for some of the earliest paper-based microfluidic devices.  Filter paper was 
impregnated with paraffin wax to define uniform hydrophilic test zones for qualitative spot tests (a).[89]  
A paper microfluidic device for automatic paper chromatography for the analysis of pigment mixtures 
was prepared by impregnating filter paper with paraffin wax.  The narrow channel increased the rate of 
diffusion and allowed for smaller sample volumes (b).[91]  

 

1.2.2 Fabrication Methods 

µPADs are produced by defining fluidic pathways and test zones by building 

hydrophobic barriers on porous substrates such as paper, nitrocellulose, or fabric.  Several 

methods for accomplishing this have been demonstrated in the literature, the most popular of 

which are photolithography, wax printing, and screen printing.  Additional techniques are 

summarized in Table 1-5, and select methods are explained in more detail in the following 

sections. 

 

(a) (b)



 

 

Table 1-5 Overview of µPAD fabrication methods.[84] 

Fabrication 

Technique 
Substrate Equipment Consumables Limitations Ref. 

Photolithography Chromatography paper 
Lithography equipment, UV lamp, 

printer, hot plate 
Photoresist (SU-8 or in-house) 

Vulnerable to bending, SU-8 clogs paper pores, solvent exposure for 

hydrophilic regions 
[92-96] 
 

Silane and UV/O3 

Patterning 
Filter paper 

Quartz mask, clamp, mercury lamp, UV 

cleaner 

Octadecyltrichlorosilane, organic 

solvent, nitrogen 

Requires organic solvents, needs a customized mask, component assembly 

for each batch, time consuming 
[97] 

PDMS Printing Filter paper Desktop plotter PDMS Inconsistent control over barrier formation, curing step required [98] 

Inkjet Etching Filter paper Modified inkjet printer Polystyrene, organic solvents Uses organic solvents, requires multiple printing steps [99] 

Plasma Treatment Filter paper 
Customized masks, hot plate or oven, 

vacuum plasma reactor 
Alkenyl ketene dimer (AKD), solvents Requires customized mask for each pattern [100] 

Wax Printing 
Filter and chromatography 

papers 
Solid ink printer, hot plate Wax cartridges Unstable at elevated temperatures 

[101-
111]  
 

Alkenyl Ketene 

Dimer Printing  
Filter paper Modified inkjet printer AKD, solvents Requires a heating cycle [112] 

Screen Printing Filter paper Customized silk screens Solid wax,  
Inconsistent deposition of hydrophobic agent results in low feature 

resolution  

[113-
116] 
 

Flexographic 

Printing 

Chromatography and clean 

room papers 
Commercial printing equipment Polystyrene, solvents 

Requires frequent cleaning, printing quality depends on substrate 

smoothness, layers must be printed sequentially 
[117] 

Subtractive Laser 

Treatment 
Parchment and wax papers CO2 laser cutting and engraving system None 

Requires specialized laser equipment, fluid flow is limited, additional 

treatment step needed to enable fluid flow 
[118] 

Wax Dipping Filter paper Customized iron mold, hot plate Solid Wax Inconsistent between batches due to dipping time variations [119] 

CNC Knife 

Shaping and CO2  

Laser Cutting 

Chromatography paper and 

nitrocellulose 
X-Y plotter or CO2 laser None Wastes raw material, low mechanical stability 

[120-

123] 

Printed Circuit 

Technology 
Filter paper 

Desktop printer, thermal transfer paper, 

printed circuit board, electric iron 

Copper sheets, ferric trichloride solution, 

paraffin 
Multistep process [124] 

Wet Etching Filter paper Printer and knife, or X-Y plotter 
Trimethoxyoctadecysilane (TMOS), 

NaOH 
Multistep process [125] 
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1.2.2.1 Photolithography 

Modern µPADs were first introduced in 2007 by Martinez et al.[96] Photolithography 

was used to create well defined millimeter-sized channels comprised of hydrophilic 

chromatography paper bordered by hydrophobic polymeric photoresist.  A multistep process 

consisting of treating the chromatography paper with photoresist (SU-8), prebaking, UV 

exposure through a photomask, post baking to polymerize the exposed photoresist, followed by 

developing and washing to remove unpolymerized photoresist was used to prepare µPADs. 

(Figure 1-5 a).  Later, the Whitesides group worked to decrease the cost of producing µPADs 

and extend photolithography into the prototyping realm. [93] Fast lithographic activation of 

sheets (FLASH) was introduced to offset the need for photolithography.  FLASH paper is 

prepared by impregnating paper with photoresist, drying, affixing an adhesive backed 

transparency to one side and a piece of black construction paper to the other to minimize 

reflected light. µPADs are then fabricated by printing the desired pattern on the transparency 

using a printer, photocopier, or a pen, followed by exposure to UV light and removal of the 

unpolymerized photoresist.  Channels as small as 250 µm in width were produced, though 

barriers of at least 200 µm were required.  Other research groups have used similarly employed 

photolithography to make µPADs for electrochemical [94, 95] and colorimetric assays.[126-

128] These 2D approaches led later to 3D µPADs (Figure 1-5 b). [92]  
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Figure 1-5 µPADs fabricated using photolithography.  Overview of the photolithographic process used 
to fabricate 2D µPADs for the analysis of glucose and protein (a). [96]  Photolithography used to fabricate 
3D µPADs by joining 2D µPADs using double sided tape and cellulose powder (b). [92]   

(a) (b)
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1.2.2.2 Printing 

Printing has also proven popular for the fabrication of hydrophilic microchannels and 

test zones. µPADs have been made via wax printing, [101-103]inkjet printing,[112] inkjet 

etching (Figure 1-6c), Abe, 2008 #935} X-Y plotter deposition of PDMS,[98] flexographic 

printing of polystyrene,[117] and screen printing of various materials [113] [114]  [116]  [115]  

Of these methods, wax printing, first introduced in 2009, has gained the largest following due 

to its ease of use and the ability to perform rapid prototyping.[129]  Wax ink is printed onto the 

surface of filter paper, then heated on a hotplate allowing the wax to penetrate through the entire 

thickness of the paper (Figure 1-6a).  Although wax printing has a lower resolution than 

photolithography and many of the other printing techniques (~700 µm minimum hydrophobic 

barrier width), the hydrophilic areas are not exposed to photoresists, polymers, or solvents and 

therefore do not require an additional processing step to render them hydrophilic.[96, 113]  

Today a large number of research groups have adopted wax printing to define hydrophilic 

channels, reservoirs, and reaction/test zones from simple computer designs for bioanalysis[101, 

104] environmental analysis, [105-108] explosives detection,[109] and other areas of interest. 

[110, 111] Recently, wax printing has also been used to fabricate partially and fully enclosed 

channels in a single sheet of paper by selectively printing wax on one or both sides of the 

substrate followed by heating.[130]  

Screen printing is another popular means by which to define boundaries in a variety of 

materials.  Screen printing was first demonstrated as a method for the fabrication of µPADs in 

2011 by Dungchai et al.[113]  (Figure 1-6b).  The same research group later modified this 

method to use polystyrene dissolved in toluene increasing the resolution of the method 

(minimum hydrophobic barrier width 380 µm vs 1300 µm).[114]  PDMS and a polymeric roof 

sealant have also been successfully screen printed to produce µPADs.[115, 116]  All of these 

methods produced similar resolutions (~600 µm) for the minimum hydrophilic channel width.  

Screen printing is simple, cost effective and scalable, and has been used in the large scale 

manufacturing of electrochemical glucose test strips.[131]    
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Figure 1-6 Printing-based µPAD fabrication. Wax printing consists of using a commercial wax 
printer to deposit wax on the surface of paper before the paper is heated to melt the wax into the 
paper creating a hydrophobic barrier (a).[103]  Wax screen printing uses a patterned screen to 
deposit solid wax on the surface of filter paper before the wax is melted into the paper (b).[113]   
Inkjet etching of polystyrene begins by treating filter paper with polystyrene in toluene followed 
by selectively etching the polystyrene with toluene (c).[99]  
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1.2.2.3 Other Methods 

µPAD fabrication involving printing has quickly become a favorite approach.  However, 

these methods are not without their drawbacks: they require expensive equipment and offer 

only low resolution.  In an effort to further reduce the cost and flexibility of µPAD fabrication, 

several other fabrication methods have been developed.  µPADs have been fabricated by 

masking a paper substrate with an iron mold held in place by magnets and dipping the assembly 

into melted wax (Figure 1-7).  Using this technique µPADs can be fabricated in under a minute 

at a rate of ~90 pieces per hour with very cheap laboratory equipment, though a separate iron 

mold is required for each new design iteration.[119]  Hydrophilic patterns can be created on a 

hydrophobic paper substrate such as wax paper, parchment paper, or palette paper using a laser 

cutter or oxygen plasma treatment.[100, 118]  Another approach for the generation of 

microchannels relies on a digital craft cutter or laser cutter to simply cut the desired device 

shape out of paper. [120-123] This is perhaps the simplest methods, but results in devices with 

low mechanical strength and requires relatively simple designs when a craft cutter is used as 

the knife physically contacts the surface and exerts lateral forces causing substrate damage.  

Other methods include wet etching,[125] silane patterning,[97] and printed circuit 

technology.[124] While these methods offer flexibility in fabrication, none of them are 

particularly well suited for large scale manufacturing due to their low yield, multistep nature, 

and/or relatively expensive instrument requirements.[84] 

 
Figure 1-7 µPAD fabrication via wax dipping.  Paper is placed on a glass slide and an iron mold is 
magnetically held in place over the paper (a).  After assembly, the paper is dipped into melted wax and 
allowed to dry resulting in hydrophilic areas with hydrophobic barriers (b).[119]  

(a) (b)
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1.2.3 Alternative Substrates 

Cellulose-based paper remains the most popular substrate for low cost capillary-based 

microfluidic applications; however, for all of its positive attributes it also suffers from 

limitations.  One of these limitations is the high retention of sample within the channels: 

typically, less than half of the applied sample reaches the test areas.  Cellulosic media offer only 

poor mechanical strength when wet, and hydrophobic barriers in paper do not effectively block 

samples of low surface tension.[132] Thread has emerged as an alternative.  Like paper, thread 

is porous and fibrous which enables capillary-driven wicking, is inexpensive, and available 

globally.  Li et al. first demonstrated the use of thread for microfluidic devices by sewing 

threads on to polymeric supports to create 3D, semi-quantitative diagnostic devices.[133] 

Fabrication of hybrid systems composed of paper and thread have recently been discussed.[134] 

1.2.4 µPAD functionality and capabilities 

Paper is an excellent substrate for low cost devices due in part to its ability to support 

fluid flow without external pumping and the ability to be modified to constrain fluids to 

particular regions.  Unfortunately, the porous nature of paper also means that there is limited 

control over the rate and direction of fluid flow.  Recently, research groups have been 

embedding functionality reminiscent of traditional analytical methods and microfluidic systems 

into paper devices allowing better liquid handling, autonomous operation of more complex 

methods of analysis, and greater portability through less reliance on laboratory facilities.  These 

developed functionalities and capabilities are summarized in Table 1-6. 
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Table 1-6 µPAD functionality and capability.  

Category Function Platform Capabilities Ref. 

Pr
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Valves 3D Single-use buttons that function by closing a gap between two physically 
separated paper membranes.  Uses double-sided tape. 

[135] 

Metering 3D Paraffin wax embedded in the flow path decreases the flow rate.  Varying the 
amount of wax provides control over when and how fluids are delivered into 
detection areas. 

[136] 

Metering 2D Absorbent shunts of varying size placed on the channel to delay fluid flow. [137] 
Metering 2D Channel geometry and/or embedded trehalose solutions alter the solution flow rate 

and delivery time.  
[138] 

Metering 2D Sucrose solutions (10-70% saturation) added to paper strips delayed fluid flow for 
minutes to nearly an hour. 

[139] 

Metering 2D Paper is scored perpendicular (decrease flow) or parallel (increase flow) to the 
channel to control flow rate. 

[140] 

Switching 2D Dissolvable bridges composed of sugar (trehalose or mannose) stop the fluid flow 
at a predetermined time via bridge composition and geometry. 

[141] 

Switching 3D Hydrophlic paper treated with poly(carbamate) oligomers that depolymerize in the 
presence of H2O2. Depolymerization rate is dependent on H2O2 concentration 
enabling time based assays. 

[142-
144] 

Dilution 2D Adapts adjacent fluid flows for dilution. [145] 

M
ul

tis
te

p 
Pr

oc
es

si
ng

 

Valves 2D Magnetically controlled single use valve.  Valve state (open or close) was 
controlled via an ionic resistor at the end of a timing channel.  Length of the 
timing channel controls the length of delay. 

[146] 

Metering 2D Channel geometry in 2D networks varied enabling sequential delivery of reagents 
for multi-step assays. 

[147, 
148] 

Metering 2D Timed delivery of reagents controlled by channel length and geometry in 
combination with printed hydrophobic baffels of dipropylene glycol methyl ether 
acetate 

[149] 

Metering 2D Selective reagent patterning and channel geometry enables timed delivery of 
multi-step assay reagents. 

[150] 

Su
rf

ac
e 

C
he

m
is

try
 Improved color 

distribution 
2D Surface –OH groups converted to aldehydes allowing covalent modification of 

enzymes 
[151] 

Increased diffusion 
rate  

2D Poly(carboxybetaine) functionalized cellulose paper achieved more rapid diffusion 
and allowed for covalently immobilized enzymes. 

[152] 

El
ec

tro
ch

em
ic

al
 

 

Fluidic batteries 3D Galvanic cells incorporated into the device are capable of powering a surface-
mount UV-LED and on-chip fluorescent assay. 

[153] 

Fluidic diode 2D A two-terminal component that allows and stops wicking.  It can be used as a 
delay mechanism. 

[154] 

Thermochromic 
displays 

3D Consists of electrically conductive wires and thermochromic inks on the opposite 
sides of paper.  The color change is achieved by passing current through the wires 
and heating the thermochromic inks. 

[155] 

Flow visulatization 2D Visualization and measurements of fluid flow can be demonstrated by 
electrochemical pH change. 

[156] 

Separation 3D The mechanism consists of a gold electrochemical microcell on polyester allowing 
chromatographic separation.  It may perform separation and quantification of 
complex solutions. 

[145] 

 
	  



 

33  

1.2.5 Transduction/Sensors 

Cellulosic paper serves as an excellent platform for capillary driven microfluidic 

devices, but it has no significant optical, electrical, or chemical properties that can be harnessed 

for transduction.  Transduction, which is the conversion of a bio/chemical reaction into a visible 

signal, is required for sensing applications.  A variety of transduction methods including 

colorimetric, fluorescence, chemiluminescence, and electrochemical techniques have been 

demonstrated for a wide range of applications and analytes.  An overview of established 

detection mechanisms and the specific analytes are provided in Table 1-7.  It is perhaps not 

surprising that the majority of µPADs make use of mature sensing mechanisms and chemistries 

based on colorimetric and electrochemical measurements.[84] 

 
Table 1-7 Comparison of transduction methods used in µPAD applications.  Applications include medical 
diagnostics, environmental monitoring, workplace safety, and food safety.[84, 129]  

Transduction 
Method Detection Mechanism Analyte/Target 

C
ol

or
im

et
ri

c 

Enzymatic reactions and 
molecular dyes 

Protein (BSA or HSA), [87, 96, 99, 119, 124, 157], glucose,[87, 96, 99, 128, 
158, 159] pH,[99] liver enzymes (ALP, AST, ALT) , [160, 161] 
pesticides/neurotoxins bendiocarb, carbaryl, paraoxon, malathion, and aflatoxin 
B1),[162, 163] ketones,[164] uric acid,[128, 159] total iron,[113] lactate,[128] 
heavy metals (Cu(II), Cd(II), Pb(II), Cr(VI), Ni(II)),[165] particulate metals 
(Fe, Ni, Cu),[105] nitrite and nitrate,[166] organic solvents,[167] volatile 
organic compounds,[168] H2O2,[169] antibodies to the HV-1 envelope antigen 
gp41,[170] red cell antigens (A, B, and D),[171-173] urinary acetoacetate and 
salivary nitrite,[174] iodide,[175, 176] E. coli strain K12 ER2738,[177] E. coli 
O157:H7, salmonella typhimurium, and L. monocytogenes,[178] aerosol 
oxidative activity,[179] reactive phosphate,[180] acid/base titration,[181] 
antioxidants,[182] 

Fluorescence FITC-labeled BSA,[183] DNA,[184] nucleic acids,[185] miRNA (lung 
cancer),[186] nucleic acid hybridization,[187] and asian soybean rust[188] 

Chemiluminescence Glucose,[189] uric acid,[189, 190] tumor markers[191, 192] 
Nanoparticles/Nanoplates DNase I,[193] adenosine, [193, 194] human immunoglobulin G,[195] human 

chorionic gonadotropin,[196] Pseudomonas aeruginosa and staphylococcus 
aureus,[197] glucose,[198] Hg(II),[199] PfHRP2,[196]  goat IgG,[200] 
prostate-specific antigen,[201] Cu2+,[202, 203] HIV DNA,[204] Myobacterium 
tuberculosis,[205] immunoglobulin E,[206] and Cd2+[207] aerosol oxidative 
activity[208] 

 Hybrid techniques Dual electrochemical/colorimetric (Au(III) & Fe(III),[126] (Ni, Fe, Cu, Cr, Cd, 
Pb),[209] (glucose & total iron)[113] 

E
le

ct
ro

ch
em

ic
al

 

Electrochemiluminescence 2-(Dibutylamine)-ethanol and nicotinamide adenine dinucleotide,[210] tumor 
markers,[211-213] carcinoembryonic antigens,[214] dopamine,[215] Pb2+ and 
Hg2+,[216] and genotoxic activity[217] 

Electrochemistry Glucose,[94, 95, 218-220] lactate,[95, 219] uric acid,[95, 145] ascorbic 
acid,[145] cholesterol and ethanol,[219] heavy metals (Pb(II), Cd(II))[94, 221-
223] cancer and tumor markers,[191, 211, 224, 225] H2O2,[218] pH; K+ and 
NH4

+,[226] dopamine,[227] paracetomal and 4-aminophenol,[228] 1-
butanethiol,[229] and ion selective electrodes (Pb(III), Cd(II), Cl-),[230] 
pesticides,[231] antioxidants.[232] electrophoresis of proteins[233] and small 
molecules.[234] 
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1.2.5.1 Colorimetric 

Since their inception, µPADs have been touted as a low-cost platform for analytical 

measurements, as such colorimetric detection represent the simplest and most used method of 

analysis.  Colorimetric detection systems can produce qualitative results (example: home 

pregnancy tests), semi-quantitative results (via comparison to a calibration chart; example: 

urinalysis dipsticks), or quantitative results (via use of an external reader).  In µPADs multiplex 

assays are conducted by fabricating multiple detection zones and applying specific assay 

reagents to each zone.  Upon the introduction of a sample to the device it distributes into the 

reaction zones ultimately yielding a color change.   

Early examples of µPADs demonstrated semi-quantitative detection of glucose and 

protein in artificial urine.[235] The glucose assay relies on the enzymatic oxidation of iodide to 

iodine and the subsequent color shift from colorless to brown, the intensity of which correlates 

to glucose concentration.  Similarly, the protein concentration can be determined by the extent 

of color change, from yellow to blue, of tetrabromophenol blue in the presence of protein.  In 

an effort to improve the accuracy of semi-quantitative colorimetric analysis, which is subject to 

the user’s interpretation of the developed color, a study showed the benefits of using multiple 

colorimetric indicators for the same assay.[128] The photolithographically fabricated µPADs 

consisted of nine test zones, glucose (x4), lactate(x3), and uric acid(x2).  Each of these test areas 

used different indicators which develop at different rates and hues increasing the visual 

discrimination between different analyte concentrations.  In order to improve the accuracy and 

sensitivity of their previous method, Martinez et al. measured the visible color change using a 

camera phone or scanner and Photoshop (Adobe).[87]  µPADs have been shown to be suitable 

for quantitative analysis by using an external reader such as a handheld reader,[236] 

camera,[159] camera phone,[87] or scanner[105] and software to obtain the colorimetric values.  

This method of image acquisition followed by offline image analysis has become a common 

practice for quantitative colorimetric analysis using µPADs. 

Since these preliminary studies, the development and interpretation of colorimetric 

output has been demonstrated by numerous methods including enzymatic reactions and 

molecular dyes, nanoparticles/plates, fluorescence, and chemiluminescence.[84, 129]  
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Recently, airborne particulate metals (Ni, Cu, and Fe) were measured using a distance based 

colorimetric µPAD prepared by printing concentration gradients of reagents along 

channels.[237]  Metal-ligand precipitates formed within the channels, the distance of color 

correlates to the analyte concentration. µPADs have also been developed for the detection of 

explosive materials including TNT, RDX, chlorate, nitrate, ammonium, nitrite, perchlorate, 

urea nitrate, and hydrogen peroxide based on standard colorimetric methods.[109] 

Colorimetric sensing in lateral flow and flow through style µPADs suffers from several 

drawbacks including the inhomogeneity of color distribution, environmental lighting effects, as 

well as background noise of the paper or sample.  All of these drawbacks make the final color 

interpretation challenging with the naked eye.  These issues can be limited through careful 

substrate selection,[238]the use of optimal assay chemistries, using controlled lighting, and 

using the appropriate color space for quantitative measurements.  Despite the apparent 

drawbacks, colorimetric sensing remains the most adopted mechanism for analysis in µPADs. 

 

1.2.5.2 Chemiluminescence and Fluorescence 

Chemiluminescence and fluorescence detection have been explored for use in µPADs, 

but are not very popular due to their requirement for extra equipment.  In paper-based 

microfluidics, chemiluminescence has been demonstrated for biological analytes including 

glucose and uric acid,[189, 190] as well as tumor markers.[191, 192] In the glucose and uric 

acid studies, chemiluminescence reactions of a rhodamine derivative and hydrogen peroxide 

generated via oxidase enzymes.[189] Quantitation in these systems is based on the correlation 

between analyte concentration and the max intensity of the emitted light.  Fluorescence in 

paper-based devices was first demonstrated on paper-based well plates.[183] This study showed 

comparable concentration and mass sensitivity to plastic well plates but the average relative 

standard deviation was higher, likely due to the increased scattering of light from the cellulose 

fibers and the index of refraction between the fibers and air. Recently, fluorophore based 

µPADs have been applied to the detection of bacteria,[239] proteins, [240] and cancer 

biomarkers.[186]  The inherent sensitivity of fluorescence detection is attractive, though paper 
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has proven to be a difficult medium to work with due to increased background, signal, likely 

from whitening additives in the paper.[241] 

 

1.2.5.3 Electrochemistry 

The second most popular transduction system after colorimetry for µPADs is 

electrochemistry.  Unlike colorimetric systems, electrochemical methods are insensitive to 

ambient lighting conditions, are less prone to interference from paper (color/deterioration), and 

largely insensitive to sample impurities, which makes them well suited for use in the field.[129]  

Electrochemistry has been well exploited thanks in part to its maturity, rapid sensor response, 

and higher sensitivity (often down to the nM ranges).[84]  Electrochemical µPADs are 

fabricated in the same fashion as other µPADs except for an additional step to create the 

electrodes (working, counter, and reference).  This extra step has been conducted through screen 

printing, stencil-printing, pencil/pen drawing, inkjet printing, sputter/evaporation deposition, 

application of metallic wires, and nanoparticle growth/deposition with screen printing being the 

most common method.[242]  

Electrochemical µPADs have been applied to the detection of environmental, biological 

and a variety of other species.  Nie et al. made use of square wave anodic stripping voltammetry 

for the detection of Pb in stagnant waters.[94]  Electrochemical and colorimetric detection was 

combined to detect Au(III) (electrochemical) and Fe(III) (colorimetric).[126]  Other analytes 

of interest including p-nitrophenol (an example of pesticide degradation),[231] and antioxidants 

found in plants have also been demonstrated.[232]  

Initial biological applications included the detection of metabolites used in clinical 

chemistry.  The first demonstration performed simultaneous detection of glucose, lactate, and 

uric acid.[95] The ability to use electrochemical detection for point of care testing has been 

shown using existing technology for the detection of glucose, lactate, and ethanol.[219] Many 

methods use specific recognition elements in the form of enzymes, however direct detection of 

ascorbic and uric acid has also been performed.[145] Immunoassays for the detection of DNA 

and proteins such as cancer markers have been studied.  Zang et al. used antibodies immobilized 

on chitosan/CNT-modified cellulose fibers placed in contact with screen printed carbon 
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electrodes for the detection of several cancer markers.  HRP labeled antibodies were then 

introduced to label the previously captured proteins before electrochemical detection.[243]  

Ion selective electrodes have been prepared by drop casting an ion selective membrane 

(ISM) on carbon nanotube saturated paper (conducting).[226]  This method was used for the 

detection of K+, NH4
+, and pH.   Ion selective electrodes have also been prepared by 

incorporating ISMs in contact with electrodes and sample saturated paper for a disposable 

platform for ion detection of metals.[230] Electrophoresis for the separation of proteins[233] 

and small molecules[234] has been demonstrated.  

 

1.2.6 Future Opportunities 

Since the advent of microfluidics, numerous new materials and methods for device 

fabrication have been introduced. One main factor driving this development is cost, followed 

closely by manufacturability.  In order for microfluidics to be commercially successful, new 

materials and fabrication methods that rely on commercially available materials and methods, 

and are easily scaled for production, must be developed.  Paper-based microfluidic devices have 

helped advance the field of microfluidics towards more mainstream adaptation, but the current 

materials and methods that rely solely on capillary action cannot solve everything.  What is 

truly needed are new materials and fabrication methods that provide flexibility of application 

and ease of fabrication while minimizing environmental impact and remaining low cost.  Hybrid 

devices consisting of low-cost polymers and porous substrates such as paper have the potential 

to bridge the gap between open-channel microfluidic devices and capillary-based devices while 

capturing the best of both approaches and utilizing each materials unique properties. 
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1.3 Clinical Diagnostics 

Clinical diagnostic tests are carried out countless times a day in a variety of locations 

including hospital/central laboratories, decentralized labs including small clinics and 

physicians’ offices, and at patient bedsides and homes worldwide.  These in vitro diagnostic 

tests are used to detect and monitor a wide range of diseases and conditions such as chronic 

diseases like diabetes and nutrient deficiencies, as well as monitoring therapeutic drugs as well 

as drugs of abuse.  Diagnostic tests are used for a variety of purposes including early detection 

of diseases (screening), selecting and monitoring disease treatment, diagnosis of diseases, and 

disease surveillance.  The healthcare environment is changing rapidly and shows no sign of 

slowing down.  Although the central lab still carries the bulk of the workload in clinical 

diagnostics, the landscape is changing as new advances in technology drive more analysis 

towards satellite labs at pharmacies and small clinics, as well as to the point-of-care market.  A 

simple breakdown of features and benefits of these technologies is provided in Table 1-8. 

 
Table 1-8 Clinical diagnostic platform comparison. 

 
	  

Criteria

Central	Lab Decentralized	Labs	/	Small	Clinics Point-of-Care	 Testing

Central	Lab	Testin
ABAXIS	Spinning	

Disk	Technology

IDEXX	Dry-Slide	

Technology

Abbott	Labs	

iSTAT

Lateral	Flow	

Devices

Paper-Based	

Analytical	Devices

Cost	per	Test Low High High High Medium Low

Chemistry	Flexibility High Low Medium Low Low High

Multiplex	Flexibility Medium High Low High Medium High

Technology	Maturity High Medium High Medium High Low

New Assay	

Development	Cost Medium High High High Medium Low

Portability Low Medium Medium High High High

Sample	Complexity	

Tolerance High Medium Medium Low Medium Medium

Low	Sample	Volume
No Yes/No Yes/No Yes Yes/No Yes

Quantitative	Result Yes Yes Yes Yes Yes/No Yes
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1.3.1 Central Laboratory 

Central laboratories, processing thousands of samples per day from a variety of sources 

including blood, urine, saliva, etc., are the core of clinical diagnostics.  On average, more than 

15 tests are requested per patient sample.  Although most of these tests consist of normal 

laboratory analyses such as blood cell counts, coagulation tests, electrolytes, substrates, and 

enzymes, about 10% of tests are scattered over a wider variety of different parameters that are 

requested in special cases, thus increasing complexity.[244]  The vast majority of assays are 

conducted using highly automated clinical analyzers such as the AU480 from Beckman Coulter, 

or the Vitros 5600 Integrated System from Ortho Clinical Diagnostics.[245, 246]  These 

systems require significant infrastructure but are capable of hundreds of assays in several 

formats including liquid assays and dry-slide technologies.  Most analytes are now able to be 

measured directly without the need for further treatment or handling (Table 1-9).  Central 

laboratories have a distinct advantage in the variety of analysis they are able to conduct due to 

the infrastructure at their disposal (Table 1-10).  While central lab testing has several benefits, 

the most significant being reduced cost/test, there are also drawbacks including increased time-

to-result and an increased chance of mistakes due to the multistep process that takes place after 

a test is ordered.  Studies have tried to pinpoint the source of errors and have revealed that the 

majority of errors occur not during the analytical testing phase, but rather during the pre- and 

post- analytical phase when the sample is being acquired, transported, or the results are being 

used.[247]  These pre- and post-analytical phase errors present an area where more localized 

testing like point-of-care diagnostics can have an impact. 
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Table 1-9 Common analytes in body fluids determined in routine clinical chemistry laboratories.[244] 

Categories Analytes 
Blood cells, haemoglobin 
(Hb) 

erythrocyte-, leukocyte-, thrombocyte count, differential leukocyte count, erythrocyte sedimentation rate, 
Hb content, Hb A1c, HbA2, HbF 

Electrolytes, blood gas 
analysis Na+, K+, Ca2+, free Ca2+, Mg2+, Cl−, PO4

3−, pH, pCO2, pO2 

Substrates/lipids ammonia (NH3
+), bilirubin, creatinine, ethanol, glucose, lactate, urea, uric acid, total cholesterol, 

triglyceride, HDL- and LDL-cholesterol, free fatty acids 
Enzymes alkaline phosphatase (AP) amylase, lipase cholinesterase (CHE), creatine kinase (CK), glutamate 

oxaloacetic transaminase (GOT), glutamate pyruvate transaminase (GPT), γ-glutamyl transferase (γ-GT), 
lactate dehydrogenase (LDH) 

Coagulation parameters prothrombin time (PT) (Quick), partial thromboplastin time (PTT), antithrombin-III, APC-resistance, D-
Dimer, factor II, V, VII, VIII, IX, X, XI, XII, XIII, heparin (antiXa), fibrin degradation products, fibrin 
monomers, protein-S/-C, thrombocyte antibodies, complement C3, C4, C1 esterase-inhibitor 

Hormones free thyroxine (fT4), free triiodothyronine (fT3), thyreoidea-stimulating hormone (TSH), cortisol and 
other steroid hormones, corticotrophin (ACTH), insulin, C-peptide, proinsulin, insulin-like growth factor 
(IGF)−1, erythropoetin, follitropin (FSH), lutropin (LH), gastrin, glucagon, growth hormone, prolactin, 
renin 

Inflammation markers, 
cytokines 

C-reactive protein (CRP), interleukins (IL)–1β, –6,–8,–10, tumour necrosis factor (TNF) α 

Plasma proteins albumin immunoglobulin G, –A, –M, –E, transferrin, ceruloplasmin, fibrinogen, Apo-protein A, Apo-
protein B, carbohydrate deficient transferrin (CDT), ferritin, myoglobin, troponin, haptoglobin, 
hemoglobin, α1-fetoprotein (AFP), α1-antitrypsin, α1-orosomucoid, β2-microglobulin 

Autoantibodies Autoantibodies against: glutamic-acid-decarboxylase (GAD), cardiolipin, phospholipid, anti-
mitochondrial (AMA), anti-cytoplasmatic-(ANCA), anti-nuclear-(ANA), anti-thyreoglobulin-anti-
thyreoideaperoxidase antibodies, thyreotropine receptor antibodies, rheuma factors 

Drugs drug screening: barbiturate, tricyclic antidepressants, opiates, benzodiazepine, tetrahydrocannabinol 
therapeutic drug monitoring (TDM): acetylsalicylate, carbamazepine, coffein, digoxin, digitoxin, 
disopyramide, ethosuximid, immunosuppressants (e.g. cyclosporin, tacrolimus), methotrexate, 
paracetamol, phenobarbital, phenytoin, primidone, theophylline, valproate, etc. 

Electrophoresis serum protein electrophoresis, immune electrophoresis, urine electrophoresis, haemoglobin 
electrophoresis 

Tumour markers carcino-embryonic antigen (CEA), CA 125, CA 15–3, CA 19–9, CA 72–4, CYFRA 21–1, neuron-specific 
enolase 
(NSE), prostata specific antigen (PSA), chromogranine 

Trace elements, vitamins Cu, Fe, Zn, Se, Pb, etc. vitamin A, B1, B2, B6, B12, C, D, E, K, folate 
Special analytes in plasma 
or urine 

catecholamines (adrenaline, noradrenaline, dopamine) and degradation products (metanephrines, vanillyl-
mandelic acid (VMA), homo-vanillyl-mandelic acid (HVA)), porphyrins, 5-hydroxyindol acetic acid 
(HAA), osmolarity 

Neonatal screening TSH, galactose, phenylalanine, etc. 
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Table 1-10 Common analytical principles used in central labs for the determination of analytes.[244]    

Principle of Analysis Principles of 
measurement 

Examples 

Light scatter Laser-induced forward 
scatter 

Blood cell count 

Electrodes Voltage changes Electrolytes 
Chemical Optical/transmission Creatinine 
Biochemical assay Optical/transmission GOT, LDH, CK, etc. 
Antibody-based assay Optical/light scattering, 

etc. 
Hormones, drugs 

Electrochemical-based 
assay 

Electric current Catecholamines and degradation 
products 

Separation by charge Electrophoresis Plasma proteins, Hbs 
Trace elements Atomic absorption Se, Zn, etc. 

 
 
1.3.2 Point-of-Care Diagnostics 

Throughout the world, the dominant model of laboratory testing remains the centralized 

laboratory.  Despite ever increasing levels of automation in order to reduce cost while enabling 

the analysis of large numbers of samples, the healthcare market is changing.[248]  This change 

is attributable to several factors including economic pressures, as well as a general consensus 

that healthcare needs to be less fragmented and more personalized.[249] One of the ways of 

achieving this is by shifting patients from expensive secondary and tertiary hospitals to more 

focused primary care facilities and community clinics and pharmacies. This has led to the 

creation wellness centers in within community pharmacies and the generation of new startup 

companies specializing in point-of-care testing (PoCT).  Perhaps the most well-known example 

of this is consumer healthcare startup Theranos, whose valuation quickly rose to the billions as 

it established new methods and devices for PoCT with minimal sample sizes 

(www.theranos.com) before crashing due to the lack of substantive new technology to support 

the model.  Various reports have shown the in vitro diagnostics testing market to be worth 

US$51 billion in 2011, with approximately US$15 billion coming from PoCT.  This value is 

expected to reach over US$18 billion by the end of 2016.[248] 
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Point-of-care testing is defined as testing performed outside of the central laboratory at 

or near the location of the patient.[250] This practice distinguishes PoCT from traditional 

analysis where the specimen is extracted from the patient, physically transported to the central 

lab for analysis, and the results sent back to the patient or doctor.  PoCT can be divided into 

two categories, over the counter (non-professional testing) such as blood glucose monitoring 

and pregnancy testing and the professional market which includes all other testing.  When 

designing PoCT devices several features including making them simple to use, have robust 

reagents and consumables appropriate for the area of use, results should be concordant with an 

established laboratory method, and all components of the device and reagents are safe to use.  

PoCT devices come in a myriad of different formats from simple dipstick and lateral 

flow tests to complex benchtop centrifugal microfluidic platforms.  The simple dipstick test has 

stood the test of time due to its simplicity and ease of use.  Sample is applied directly to a porous 

pad(s) containing assay reagents and allowed to develop for a fixed time before being read by 

eye or a small reading device resulting in semi-quantitative results for multiple analytes 

including whole blood.[251, 252] Common lateral flow strips are often immunosensors where 

the recognition element is an antibody that binds to the analyte and is detected by simple 

reflectance or fluorescence spectrophotometry, their design has changed little since their 

introduction.  The most common use of lateral flow technology is in the measurement of human 

chorionic gonadotropin (a hormone produced during pregnancy) as well as cardiac markers and 

other acute care parameters.[248]  These devices are often used in a qualitative fashion, but 

quantitative results can be obtained through the use of specially designed strip readers.  The 

most well-known PoCT based on strip technology is the glucose meter.  Introduced in the 1970s 

these thick film sensors are composed of several layers and deliver whole blood to the detection 

region via capillary action.  Once at the detection region, enzymes including glucose oxidase, 

glucose dehydrogenase, or hexokinase are used as recognition elements and detection is 

photometric or electrochemical with the latter being the most popular.  Recently, research has 

centered around the design of new assays with the same format as glucose strips enabling the 

use of the common glucose meter for a variety of analytical targets.[253] The final class of 

handheld PoCT are based on cartridge technology.  Abbott Labs introduced the i-STAT system, 
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a handheld device that uses thin-film sensors in concert with microfluidics to analyze a variety 

of analytical targets from a few drops of blood (Figure 1-8a).  The i-STAT has gained popularity 

in the more than two decades since introduction due to the extensive critical care testing menu 

available on a single device.[254] 

The second class of PoCT devices are larger benchtop models that overlap with some 

of those used in central laboratories (Figure 1-8).  These devices first migrated to outpatient 

clinics for management of chronic diseases such as diabetes.  Space is often at a premium in 

these locations and companies have strived for compact instruments that are easy to use so they 

can be operated in these locations by non-laboratory staff.  Examples of these devices include 

the Piccolo Xpress by Abaxis, the LABGEO by Samsung, and the Cobas Liat by Roche.  The 

Piccolo uses centrifugal microfluidics in a disposable rotor containing all of the necessary 

reagents and diluents to perform a group of tests via colorimetric analysis.[248, 255]  A 

relatively new entry into the PoCT market is the LABGEO by Samsung.  While there is 

currently limited information available about the system, it makes use of cartridge technology 

to analyze up to 15 analytes at a time in a compact system.[256] Similarly, the Cobas Liat is a 

compact PCR system that makes use of cartridge technology for the detection of infectious 

disease such as influenza A/B and streptococcal A with other infectious disease assays in 

development.  The reagents are stored in liquid form and mixed with the sample via pressure 

and temperature control.[257] 
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Figure 1-8 Images of selected benchtop point-of-care systems.  i-stat system and cartridge (Abbott 
Laboratories). Taken from www.abbottpointofcare.com (a), Piccolo Xpress (Abaxis).  Taken from 
www.piccoloxpress.com (b), LABGEO PT10 (Samsung).  Taken from www.samsung.com (c), Cobas Liat 
PCR system (Roche Molecular Diagnostics).  Taken from www.molecular.roche.com (d). 

 

1.1.4 Future Opportunities 

The increase in testing performed outside the centralized lab will undoubtedly continue 

to grow and with it, the development of new point-of-care devices must also grow to enable 

higher levels of personalized healthcare.  Over the last 20 years the number of assays offered 

as point-of-care tests has risen considerably by using previously established technologies such 

as lateral flow strips.  In order for the point-of-care market to truly take off as it is predicted to 

do, new materials, methods, and assays are needed.  Over the last 10 years, paper-based 

analytical devices have shown promise as low cost diagnostic devices that have been able to 

overcome some of the shortcomings seen in lateral flow tests, namely the ability to multiplex 

assays and to a certain extent show increased assay sensitivity.  In order for point-of-care 

devices to be successful the integration of simple to use, low-cost devices with simple detection 

mechanisms are critical.  The recent research into lab on a chip platforms and paper-based 

analytical devices using smartphone-based detection systems shows great promise that 

consumer level point-of-care devices are on the horizon.   

(c) (d)

(a) (b)
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1.4 Smartphones as Analytical Instrumentation 

Over the last decade there has been significant research interest in the use of smartphone 

technology to enable a broad range of applications including environmental and food safety 

monitoring as well as point-of-care chemical sensors and biosensors for disease diagnosis.  This 

increased interest in smartphones as portable analytical instrumentation is directly tied to the 

technological revolution and widespread adoption of smartphone technology across the 

globe.[258] Smartphones are capable of analyzing assays in a number of ways including 

optically, as with colorimetric, fluorescence, chemo- and immunosensors, or electrically, as 

with potentiostat-controlled or interdigitated microelectrode immunosensors.[259] 

Smartphones have been previously employed in a variety of roles from simple readers and 

instrument interfaces, to fully integrated sensors, with detectors, processors, and even signal 

inducers in a complete package.  As smartphone technology has improved, especially in optical 

hardware, research has favored the use of smartphones as stand-alone optical sensors for 

colorimetric, fluorescence, spectroscopy, and microscopy applications.[210, 260-262]    

The most common use of smartphone technology in the field of analytical detection has 

been done in the optical regime.  Custom made enclosures are often used allowing close 

proximity of the smartphone and the assay platform in a lighting controlled environment.  There 

are of course exceptions that use image processing as a means of overcoming environmental 

lighting rather than relying on additional attachments.  Depending on the particular assay 

conditions, additional light sources, optics (lenses, filters, or diffraction gratings), and power 

sources can be added to enhance and enable colorimetric, fluorescent, bio/chemiluminescence-

based, and scattering-based assays.  

Smartphones are particularly well suited for monitoring colorimetric assays since the 

CMOS array within the device’s camera assigns an RGB value to each pixel it registers.  This 

allows for the evaluation of broad changes in the absorbance or reflected intensity of the 

developing assay.  Thus, simple colorimetric analysis via smartphone requires only illumination 

and signal processing.  More complex systems incorporating additional lenses and light sources 

can be used to fine tune specific analyte-reagent absorbance.  Colorimetric smartphone sensing 

has been demonstrated for a wide variety of targets (Table 1-11) including heavy metals,[263] 
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ions and inorganic molecules,[264, 265] organic molecules,[266] and biological targets.[267] 

Assays have been conducted in a both liquid and solid formats.  While many reflectance-based 

solid format assays (films, µPADs, and hydrogels) offer shorter analysis times due to reduced 

diffusional distances, liquid assays offer greater sensitivity as signal (absorbance) is directly 

related to the pathlength according to the Beer-Lambert law. 

 Smartphone-based fluorescence assays have been a popular area of research as they 

detect narrow bands of emitted light upon the decay of radiatively excited fluorophores.  Unlike 

colorimetric assays, external lighting sources are necessary for the excitation process, and the 

reduction of environmental light is key in assay sensitivity.  Assay sensitivity can be increased 

by increasing the intensity of the excitation source as well as fine tuning the spectrum and 

intensity of light illuminating the CMOS sensor.  Since fluorescence emission is very narrow, 

these assays can be multiplexed in a single sample if multiple fluorophores are used.  To 

overcome the CMOS limitations of wavelength resolution, specific bandpass filters can be used 

to distinguish neighboring wavelengths.  Fluorescence-based smartphone sensing has been 

demonstrated for a variety of targets (Table 1-11) and is particularly well suited for biological 

targets such as bacterial and viral antigens, protein, nucleic acids, and toxins.[268-270] 

Luminescence-based assays have also been demonstrated using smartphones.  Similar 

to fluorescent assays in that the signal is the emission of a narrow band of light, except that the 

excitation comes from a chemical reaction rather than an external excitation source.  While this 

may seem beneficial since no external excitation source is required, in practice it can be 

problematic as luminescence is often short lived.  Nonetheless bio and chemiluminescence 

assays have appeared in the literature for the determination of H2O2 concentrations,[271] and 

biological targets.[272] Assays based on the measurement of light scattering, that is a change 

in the direction of light but not its wavelength for the measurement of bacteria, and turbidity in 

water samples have also been demonstrated.[273, 274]  Finally, spectroscopic attachments in 

which light is split into various wavelengths across the entirety of the CMOS array have been 

used for the detection of biological compounds and ions.[275-277] 

 

 



 

 

Table 1-11 Overview of optical detection smartphone integrated assays.[259] 

Assay Type Target(s) Sample Platform Sample Matrix Detection Range Assay 
Time Smartphone Device 

Integration* Ref. 

Colorimetric 
 

Chlorine Tube Water 0.3–1.0 mg/L 1.9 s Samsung Galaxy S GT-
19000 

C, D [264] 

Cholesterol Commercial strip 
(CardioChek) 

Blood 140-400 mg/dL 1 min iPhone (unspecified) A, B, C, D [278] 

Cr(III), Cr(VI) Tube DMSA-Au NP 10-500 nM 5 min Unspecified C [263] 
DENV DNA  SSC buffer-Au Np 5-50 nM 10 min Unspecified B, C, D [279] 
Fluoride Tube Groundwater 0.1-2 mg/L <1 min ASUS Zenphone; Moto G; 

Samsung DUOS 
A, B, C, D [265] 

Formaldehyde Tube Air sample, dissolved 1-600µM <4 min Samsung Galaxy Note II B, C, D [280] 
Furfural Polymeric film Beer 39-500 µg/L 60 min Samsung Galaxy S4 B, C, D [266] 
Glucose PET film chip Blood 3-1000 mg/dL 10 min Samsung (unspecified) B, C, D [281] 
Glucose; lactate Paper analytical 

device 
PBS 0.9-8 mM;  

0.06-0.50mM 
60 s Unspecified A, B, C [282] 

HIV, (non) treponemal 
syphilis antigens 

Cassette Blood ±Serum classification 15 min iPod Touch E [267] 

Peanut allergen 
(unspecified) 

Commercial kit 
(Veratox-Neogen kit) 

Water 1-25 mg/L 20 min Samsung Galaxy SII B, C, D [283] 

Saxitoxin; okadaic acid Elisa microplate ELISA reagents 0.02-0.32 µg/L;  
0.2-5 µg/L 

<100 min iPhone 4S B, C, D [284] 

Ultraviolet light Photochromic card Ormosil 1-12 UVI < 30 s Samsung Galaxy Grand 2 C, D [285] 

Fluorescent 
 

Collegenase, trypsin Well plate TESCA 3.75-40 µg/ml; 3.72 
ng/mL – 1.2 µg/mL 

< 90 min HTC EVO 3D B, C, D [286] 

Dissolve O2, pH Chitosan film Water 5-100% pO2; pH 4-8 < 60 s iPhone 5S C [287] 
HSV-2 virus PCR (LAMP) DMEM 21-2100 PFU/mL < 1 hr Samsung Galaxy S3 A, B, C [268] 
Ochratoxin A Commercial columns 

(Ochraprep) 
Beer 2 µg/L 5 min iPhone 4S B, C [270] 

pH Tube DI, chemosensor dye pH 7-9, D0.12 pH unit Unspecified Agora HD A, B, C, D [288] 
Staphylococcus aureus, 
Ebola, l-phage 

PCR Human serum Positive identification 
(150 bp; 147 bp; 237 bp) 

20 min iPhone 4S B, C, D [269] 

Thiram Paper test strip Apple juice 0.1 µM – 1 mM < 1 min Xiaomi III smartphone B, C [289] 

Fluorescent/ 
microscopy 

 

Nanoparticles, viruses Cover glass Di water, dried >100 nm 0.5 s Nokia PureView 808 B, C, D [290] 
Red/white blood cells Cell counting 

chamber 
Blood 3 x 106 to 5.5 x 106 

cells/µL; 3,000-12,000 
cells/µL 

<10 s Samsung Galaxy SII B, C, D [291] 

Bio/chemi-
luminescence 

DMSA toxicity 
(HEK293T cells) 

Well cartridge DMEM 0.25 – 30% DMSO (v/v) 45 min Samsung Galaxy Note II B, C, D [292] 

H2O2 Paper-plastic 
cartridge 

10mM TCPO 250 nM to 100 µM 5-30 s iPhone 5S B, F [271] 

H1V1-p17 IgG Well plate Blood plasma 10 pM to 5 nM 30 min Nokia Lumia 920 C, D [272] 
         



 

 

Table 1-11  Overview of optical detection smartphone integrated assays (Contd.)     

Assay Type Target(s) Sample Platform Sample Matrix Detection Range Assay 
Time Smartphone Device 

Integration* Ref. 

Spectroscopy 

BSA Cuvette DI water >0.1 mg/mL 10 min HTC One (M8) B, C [293] 
Paraoxon Cuvette PBS 5 nM to 25 µM 30 min iPhone 5 B, C [275] 
pH Cuvette Ground/river water pH 6-9 Unspecified iPhone 4 B, C [276] 
Protein A IgG PC-crystal PBS, dried >4.25 nM 40 min iPhone 4 B, C, D [277] 

Spectroscopy/ 
fluorescent 

miRNA Cuvette PBS 10 pM - 1 µM 1 s iPhone 4 B, C, D [294] 

Scattering 

E. coli K12 Paper analytical 
device 

Field water 10-105 CFU/mL 90 s iPhone 4 C, D [274] 

Hepatitis B, HIV 
antigens 

Cuvette Blood serum 10-200 ng/mL 20 min HTC Desire HD A, B, C, D [295] 

Turbidity Tube Water 0.1-400 NTU 2 h Sony Xperia E3, Asus 
Zenfone2, Moto G xt1033 

B, C, D [273] 

* Smartphone integration methods: A: light source (flash), B: attached enclosure, C: imaging, D: processing (on board app), E: attached electrical device, F: video 
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 Electrochemical techniques have broad applicability in the quantitative determination 

of important analytes such as proteins, metabolites, nucleic acids, and metal ions in workplace 

and environmental monitoring as well as clinical diagnostics.  Unfortunately, these methods are 

often limited to areas with suitable infrastructure, namely a steady supply of electricity.  

Smartphones can serve as a suitable platform for electrochemical detection, as they are capable 

of controlling, recording, and displaying electrochemical signals.  Smartphone-based 

electrochemical sensors can be classified into three main groups: amperometric, potentiometric, 

and impedimetric.  An overview of these is provided in Table 1-12. 

 

 
Table 1-12 Smartphone-based electrochemical sensor systems for biochemical detections.[296]  

Technique Detecting Method Recognition Element Analyte Detection 
Range 

Ref. 

Amperometry 

Chronoamperometry Anti-PfHRP2 PfHRP2 16–1024 
ng/mL 

[297] 

Chronoamperometry Glucose Oxidase Blood 
Glucose 

50–500 
mg/dL 

[298] 

Chronoamperometry Anti-PfHRP2 PfHRP2 20–150 
ng/mL 

[298] 

Cyclic voltammetry Complementary DNA Bacillus 
cereus DNA 

>33.3 pg/mL [299] 

Cyclic voltammetry Complementary DNA Nitrate 0.2–70 ppm [300] 
Cyclic voltammetry Complementary DNA Redox 

couples 
 [298] 

SWASV/DPV Complementary DNA Pb2+, Cd2+, 
Zn2+ 

4–40 µg/mL [298] 

Potentiometry 
Potentiometry Complementary DNA Na+ (Urine) 10 -4 to 10 -

1M 

[298] 

Potentiometry Complementary DNA Oxygen 0 – 100% [301] 

Impedimetry 

EIS Microholes/nanoporous E. Coli 101–104 
CFU/mL 

[302] 

EIS Peptide TNT 10 -6 to 10 -
3M 

[303] 
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1.1.4 Future Opportunities 

The most challenging aspect of smartphone optical detection lies in the interference 

caused by uncontrolled and uneven lighting.  Currently, the most common way to solve this 

issue is through the use of specially made enclosures/attachments that isolate the testing 

platform from environmental variations.  While these attachments provide some level of control 

over surrounding conditions, they also greatly limit the usability to a single platform reducing 

the appeal of the sensor platform.  The elimination of these attachments through the use of 

computational image processing methods can bring broad applicability to the use of 

smartphones as analytical instruments as they reduce the cost, alleviate platform specificity, 

and allow greater flexibility in assay choices.  Several image processing algorithms have been 

proposed and demonstrated for removal of background interferences caused by lighting 

variations through the use of reference points within the assay platform for correction.[264, 

287] These studies are excellent stepping stones towards a flexible sensing platform. An 

additional benefit of the smartphone detection platform is the possibility of correlating assay 

results with GPS coordinates to map environmental and epidemiological data and 

simultaneously provide for real-time contact with doctors and scientists. 
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Chapter 2  

A Rapid, Low-Cost Method for Fabrication of Microfluidic Paper-Based 

Analytical Devices via Aerosolized Deposition of Polycaprolactone  
 
2.1 Abstract 

Paper-based microfluidics have received increasing attention over the last decade as 

many researchers have realized the usefulness of this simple platform as an alternative for 

traditional analytical methods.  This article describes a low cost method for rapid fabrication of 

paper-based microfluidic devices using an aerosolized polymeric solution and substrates 

masked with painter’s tape.  This fabrication method requires minimal tools, and uses low cost 

supplies to achieve fully functional microfluidic paper-based analytical devices.  This method 

is capable of producing devices with minimum hydrophilic channel widths of 480 ± 40 µm, 

with the channel height being dictated by the substrate thickness.  Complete hydrophobic 

barriers can be achieved with widths of only 260 ± 20 µm.  In order to demonstrate the 

applicability of this fabrication method for clinical diagnostics, two colorimetric assays, one for 

total protein content and one for glucose concentration, were developed and measurements 

made using a newly designed smartphone application for analyzing colorimetric assays.   

 
2.2 Introduction 

Since the Whitesides group demonstrated the analytical capabilities of a simple paper 

platform in 2007,[235] microfluidic paper-based analytical devices (µPADs) have become an 

increasingly attractive alternative to traditional analytical techniques due to their low cost, 

portability, user-friendly design, biocompatibility and environmental friendliness on 

disposal.[84, 132] Several research areas including medical diagnostics,[161] clinical 

analysis,[95, 304, 305] drug monitoring,[306, 307] food science,[308, 309] environmental 

testing,[105, 309-311] and chemical education,[312, 313] have been demonstrated with a 

variety of analytical methods including colorimetric,[92, 119, 122] electrochemical,[95, 126] 

chemiluminescence,[314, 315] and fluorescence-based assays.[316]   In their most basic design 

µPADs are fabricated by defining flow paths and various zones in paper substrates with 
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hydrophobic materials.[132, 317, 318] The hydrophilic nature of the cellulose fibers that make 

up the paper substrate serves as a self-priming capillary pump that allows solutions to wick 

horizontally and vertically without the use of an external pump.[138, 319] 

Several methods for µPAD fabrication have been developed including 

photolithography,[92, 93, 159] wax printing,[101, 102, 106, 315] wax and polymer screen 

printing,[113, 114] inkjet printing,[99, 112] knife and laser-based cutting,[320, 321] plasma 

etching,[100] laser treatment,[118] and simple plotting techniques.[322] Although each of these 

methods has its own advantages, there are also disadvantages to each of them.  

Photolithography, while having the highest resolution of all of the methods, requires costly 

specialized equipment and multiple post processing steps to render hydrophilic patterns that are 

susceptible to damage by bending.[132] Wax printing requires expensive wax printers and 

costly consumables as well as an extra heating step for final device production.  Wax and 

polymer screen printing, while having lower resolution, offers promise for large scale 

manufacturing, however specialized equipment is necessary for the generation of screens of 

which a separate one is required for each new pattern making prototype work difficult. Knife 

and laser-based cutting as well as simple plotting techniques are limited to simple microfluidic 

architectures and are not suitable for large scale manufacturing.  Inkjet printing requires an 

additional heating step as well as the use of customized printing set ups which increases overall 

cost.  Laser treatment allows for very high resolution, but additional steps are necessary to allow 

lateral flow of fluids.[132]  While each of these methods are suitable for laboratory scale 

manufacturing, there is still a need for a µPAD fabrication method that allows for low cost, 

rapid prototyping and is suitable for large scale manufacturing with few modifications.            

This chapter describes a method for rapid fabrication and prototyping of paper 

microfluidic platforms in a way that is customizable to the available laboratory facilities.  

Fabricating via aerosolized deposition of polymer solutions involves: (i) masking a paper 

substrate with low-adhesion painters tape; (ii) transferring the desired microfluidic structure to 

the mask (examples, depending on available facilities, include a laser cutter, knife plotter, or 

hobby knife); (iii) removal of masking to reveal areas of desired hydrophobicity leaving the 

microfluidic design behind; (iv) treatment of the masked paper with a solution of polymer 
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dissolved in an appropriate solvent using an airbrush (or other aerosol deposition method) and 

subsequent drying; (v) removal of the masking material to reveal the completed hydrophilic 

structure (Figure 2-1).   
This method offers flexibility as steps 1 through 3 can be performed several days prior 

to treatment.  Also, this prototyping method is suitable for both 2 dimensional as well as 3 

dimensional devices, as the resulting devices can be folded without impacting the microfluidic 

structure.  Whatman no. 1 chromatography paper with a porosity and thickness of 11 µm and 

180 µm respectively, was used exclusively here due to its popularity in the field and excellent 

colorimetric results,[93, 113, 114, 238] however, it stands to reason that other paper substrates 

would also be suitable. 

Several polymers have previously been used for fabrication of paper-based microfluidic 

devices including polystyrene,[114, 323] and poly(dimethylsiloxane) (PDMS).[98] While these 

methods demonstrated the usefulness of polymers for patterning paper-based microfluidics, the 

characteristics of the final devices could be improved upon; specifically, issues with 

polystyrene and PDMS patterned µPADs include their lack of biodegradability, need for 

specialty or modified equipment for fabrication, lack of flexibility, and increased cost.  To 

mitigate these issues, we chose to work with polycaprolactone (PCL), a polyester, due to its 

low melting point of 60°C, low glass transition temperature (TG) of -60°C, and biodegradability, 

as well as its widespread commercial availability. [324] All of these properties allow for a final 

device that is low-cost, flexible, and biodegradable should the final application allow such 

disposal.   

Finally, a smartphone application for the quantification of colorimetric results was 

developed in cooperation with the Oregon State University School of Electrical Engineering 

and Computer Science, through their Capstone Course for Computer Science majors.  Several 

studies have made use of camera phones in the quantification of colorimetric assays; however, 

these methods often require offline analysis [325] [326], or rely on highly specified applications 

and accessories. [327] An application capable of combining all of the necessary steps of 

quantitative colorimetric analysis into a portable and flexible system was developed as a step 

towards increasing the portability of quantitative µPADs. 
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2.3 Materials and methods 

2.3.1 Chemicals and instrumentation 

Whatman no. 1 chromatography paper was obtained from VWR (Radnor, PA, USA).  

Scotch Blue with Edgelock, Scotch Blue original, and Intertape Polymer Group masking tape 

were all purchased at a local Bi-Mart (Eugene, OR, USA).  Polycaprolactone samples were 

obtained from Perstorp (Malmö, Sweden) and covered a wide range of their CAPA line of 

resins, and Sigma (St. Louis, MO, USA). Toluene (AR ACS Grade) was purchased from 

Macron Fine Chemicals (Avantor Performance Materials, Center Valley, PA, USA).  D-(+) 

Glucose (99.5%), protein standard (80mg/ml HSA and Gamma Globulin), 4-Aminoantipyrine 

(reagent grade), and 4-Hydroxybenzoic acid (99%) were obtained from Sigma (St. Louis, MO, 

USA).  Horseradish peroxidase (reagent grade, 230 U/mg) and glucose oxidase (Aspergillus 

niger, high purity grade, 106 U/mg) were purchased from Amresco (Solon, OH, USA). Normal 

human serum, and trehalose (for biochemistry) were obtained from EMD Millipore (Billerica, 

MA, USA).  Tetrabromophenol blue, sodium dehydrate citrate (99%) was purchased from Alfa 

Aesar (Ward Hill, MA, USA).  Citric acid (enzyme grade) was purchased from Fisher 

(Pittsburgh, PA, USA).  Sodium chloride (ACS 99.5%) was purchased from Fluka (St. Louis, 

MO, USA).  Potassium chloride, and sodium monohydrogen phosphate (AR ACS grade) were 

purchased from Mallinckrodt (Paris, KY, USA).  Potassium dihydrogen phosphate was 

purchased from J.T. Baker (Avantor Performance Materials, Center Valley, PA, USA).  All 

chemicals were used as received without further purification.  All solutions were prepared with 

deionized water (specific resistivity >18 MΩ cm) from an ultrapure water system (Millipore 

Milli-Q Advantage A10) that was purchased from EMD Millipore (Billerica, MA, USA) unless 

otherwise specified.  An iPhone 5S, which used for capturing images and app development, 

was purchased from Apple (Cupertino, CA, USA).  A USB microscope, MiScope MP was 

purchased from Zarbeco (Randolph, NJ, USA) and was used for imaging and measurements. 

 

2.3.2 µPAD fabrication by aerosolized polymer deposition 

Microfluidic patterns were drawn using computer-aided design (CAD) software 

(Solidworks 2014, Dassault Systemes, Inc., Waltham, MA, USA) and defined by color as either 
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blue or red allowing individual laser settings to be used for various regions of the pattern.  Paper 

substrates were prepared by covering sheets of Whatman no. 1 CHR with a single layer of 

painter’s tape (Scotch Blue with Edgelock™ for delicate surfaces).  The prepared substrates 

were then placed flat onto the cutting bed of a 50 watt CO2 laser cutter/engraver (VLS 3.50, 

Universal Lasers, Scottsdale, AZ, USA). The following settings were used to cut through the 

entire substrate thickness (blue lines), power = 19%, speed = 100%, PPI = 1000, z-axis = 0.4 

mm (material thickness) while settings of power = 3%, speed = 25%, PPI = 1000, and z-axis = 

0.4 mm were used to cut through the tape while leaving the underlying paper undamaged (red 

lines).  Next, the tape was removed from areas where the desired outcome was a hydrophobic 

surface such that a solution of PCL in toluene could be applied with an airbrush (Paasche VL 

double action airbrush, Paasche Airbrush Inc., Chicago, IL, USA) until the paper began to turn 

translucent indicating good penetration of the PCL solution.  Treated substrates were allowed 

to dry for 30 minutes under ambient conditions prior to removing the mask revealing the 

hydrophilic design (Figure 2-1). 

 

 
Figure 2-1 Schematic of µPAD fabrication method via aerosolized polymer deposition. 

Paper	Substrate

Cut	desired	structure

Apply	polymer	solution

Remove	masking	material

Cross	Section

Apply	painter’s	tape
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2.3.4 Polymer optimization study 

PCL is available in a variety of molecular weights and appearances from waxy low 

molecular weight copolymers to high molecular weight pellets.  PCL optimization studies were 

conducted by dissolving PCL of a various molecular weights in toluene to concentrations of 

5%, 7.5%, 10%, 15%, and 20% (w/v).  Test coupons consisting of 2 x 2 arrays of 5 mm circular 

hydrophilic regions were prepared as previously described.  Aqueous food coloring was applied 

in order to visualize the ability of the PCL to form a complete hydrophobic barrier.    

 
2.3.5 Masking material selection 

Given the integral part that tape plays in this fabrication method several tests were 

conducted to determine the best type of tape to use.  The first test was to determine substrate 

loss on removal of the tape from the Whatman no. 1 paper substrate.  25.4 mm x 25.4 mm 

squares of masking tape were applied to pre-weighed 50.8 mm x 50.8 mm squares of Whatman 

no. 1 and pressed by hand to ensure complete adhesion.   Following removal of the tape, the 

paper squares were weighed again to determine the amount of substrate lost.  The second set of 

experiments was to determine the amount of residue that each of the three tapes left upon 

removal.  By starting with a cleaned glass slide, any reside that was left could be visualized by 

eye, as well as measured by mass.  A 25.4 mm by 25.4 mm square of tape was affixed to a 

cleaned and weighed glass microscope slide and pressed by hand to ensure complete adhesion.  

Following the removal of the tape, the slides were weighed once again to determine the amount 

of residue that was left.  Finally, the masking ability of each tape was tested in order to 

determine its effectiveness as a masking material for device fabrication.  Arrays of 6mm circular 

masks were fabricated using each tape and measured using a handheld USB microscope.  

Following treatment with 7.5% (w/v) PCL in toluene the masks were removed and an aqueous 

red dye solution was applied.  The diameter of each circular hydrophilic region was measured 

on the top and bottom surfaces of the paper substrate.   
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2.3.6 Resolution study 

Unlike traditional polymeric and glass microfluidic devices, which have dimensions on 

the order of 10’s to 100’s of microns, paper-based microfluidic devices often have channel 

widths on the order of 100’s to 1000’s of microns with height governed by substrate thickness.  

The resolution of this fabrication method was studied using a previously described method.[93] 

In order to determine the minimum dimensions necessary for functional channels and 

hydrophobic barriers, two circular devices with radiating arms were designed.  Channel widths 

were studied in the range of 100 µm to 2000 µm while barrier widths covering the range of 50 

µm to 2000 µm were investigated.  

 
2.3.7 Applications 

2.3.7.1 Bicinchoninic acid (BCA) Assay 

In order to determine the effect of this fabrication method on the background signal of 

colorimetric assays, a modified bicinchoninic acid (BCA, or Smith) assay was used.[113]  

Briefly, 1 µL of a 50:1 mixture of BCA and Cu2+ were applied to the test zone of fabricated 

devices and allowed to dry at room temperature for 10 minutes.  9 µL of uric acid solution, 

prepared in physiological buffer (100mM HEPES, 10mM KCl, 4mM CaCl2, 208 mM NaCl, pH 

= 7.4), was applied to the sample region and allowed to wick into the test zone.  Images of the 

resulting color development were captured using a benchtop light box (SANOTO MK45, 

purchased via Amazon.com, Seattle, WA, USA) and a USB document camera (Point 2 View, 

IPEVO, Sunnyvale, CA, USA).  As a further demonstration of the applicability of aerosolized 

polymer deposition for the fabrication of µPADS, an additional protein assay and a glucose 

assay were also adapted to the PCL/paper chip platform.   

 

2.3.7.2 Tetra bromophenol blue (TBPB) protein assay 

µPads for the analysis of total protein via the tetrabromophenol blue (TBPB) assay were 

prepared by sequentially applying 250 mM citrate buffer (pH 1.8) in 8% ethanol and 3.3mM 

tetrabromophenol blue in 95% ethanol in a volumetric ratio of 3:2 to the detection zone.  The 

µPADs were allowed to dry for 10 minutes at 23 ˚C prior to use.  Finally, 8 µl of sample was 
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applied to the device and allowed to wick into the detection zone.  Images were captured using 

an iPhone 5s after a period of five minutes.    

 
2.3.7.3 Trinder’s glucose activity assay 

The glucose assay was prepared by first creating an enzyme reagent stock solution 

composed of equal parts of glucose oxidase (645 U/ml) and horseradish peroxidase (339 U/ml) 

dissolved in 100 mM phosphate buffer (pH 6.2).[128] Next, a modified Trinder’s reagent was 

prepared by mixing equal parts of 4-aminoantipyrine (0.032 M) and 4-hydroxybenzoic acid 

(0.064 M) dissolved in water.  These two solutions were then mixed in a 1:2 ratio of enzyme 

reagent to Trinder’s reagent creating a glucose assay solution.  The final working reagent was 

prepared by mixing equal parts of the glucose assay solutions and 10% (w/v) PVA.  Glucose 

µPADs were prepared by depositing 4 µL of the working reagent in the detection zone of the 

fabricated paper devices.  The µPADs were allowed to dry under ambient conditions (23 ˚C) 

prior to use.  Finally, 8 µl of sample was applied to the device and allowed to wick into the 

detection zone.  Images were captured after a period of ten minutes. 

 

2.4 Results and discussion 

2.4.1 Aerosolized deposition 

An airbrush is a tool used to spray various types of liquid media through the process of 

nebulization, in which a stream of gas is passed over a vertical tube resulting in an area of low 

pressure.  When the vertical tube is in contact with a liquid, the solution is drawn upwards into 

the gas stream and broken into fine particles.  This technique has been applied to several areas 

including fuel injection systems and spray bottles, but perhaps the most common application is 

painting.  Airbrushing is a very common technique for the application of paints as a fine mist 

of liquid is created allowing for the controlled deposition of thin layers of paint and fine details.  

By utilizing this application method for the fabrication of µPADs, a well-controlled application 

of polymer is possible which reduces the amount of solvent that the final device is exposed to 

thereby reducing the possibility for cross reactions during assays.   
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This method can be used for the fabrication of 2-dimensional microfluidic devices 

(Figure 2-2).  Unlike some other hydrophobic agents such as photoresist and wax, PCL remains 

flexible at ambient temperatures due to its low glass transition temperature (Tg) of -60 ˚C.  This 

flexibility means that 3-dimensional devices can also be achieved using the same fabrication 

method and folding the 2D devices into 3D microfluidic devices and securing them with either 

external clamps or single sided tape around the outside of the device (Figure 2-3).  3D µPADs 

have been achieved using other fabrication methods but they often require additional layers of 

double sided tape or other adhesives in between the paper layers increasing the complexity of 

fabrication. [92, 328]  

 

 

 

 

 
Figure 2-2 Examples of 2D paper microfluidic devices fabricated with this method.  These 
demonstrate the flexibility of this fabrication method for devices with varying levels of 
complexity. 
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Figure 2-3 Examples of 3D paper microfluidic devices fabricated with this method.  A 2D device is first 
fabricated and folded (a) after securing with paper clips blue and yellow dye is applied to the top surface 
(b) the dye flows through the 3D structure reaching the bottom side with no mixing (c) the fluidic pathway 
is apparent after the device is unfolded (d) devices of increasing complexity are possible allowing 4 
samples to be distributed to 16 test zones (e).  It is important to note that the masking for these devices 
was cut using an inexpensive cutting plotter (Silhouette SD digital craft cutter, Silhouette America, Lehi, 
Utah, USA) demonstrating the increased flexibility of this method. 

 

The fundamental principle underlying the fabrication of µPADs, with a few exceptions, 

is to deposit hydrophobic material onto a hydrophilic substrate, defining hydrophilic channels.  

Depending on the hydrophobic material that is being used there are three main methods to 

rendering the substrate hydrophobic, including chemical modification of the cellulose fiber 

surface (alkyl ketene dimer [AKD] treatment), physical deposition of hydrophobizing reagent 

on the cellulose fiber surface (wax and polystyrene), and physically blocking the pores within 

the paper substrate (photoresist and PDMS).[132]   Scanning electron microscopy (SEM) was 

used to determine the method of hydrophobization in our PCL/paper devices.  Figure 2-4 shows 

a comparison of the two different regions that make up a fabricated µPAD (a), hydrophilic 

channels (b) and hydrophobic barriers (c).  Prior to PCL deposition, the raw Whatman no. 1 

CHR consists of intertwined cellulose fibers with large pore spaces in between (Figure 2-4b).  

Following the application of PCL, the cellulose fibers have a smoother appearance indicating 

some level of polymer deposition onto the surface of the fiber, as well as a large decrease in the 

porosity as PCL fills the available pore spaces decreasing porosity (Figure 2-4c).  This 

combination of effects is responsible for the conversion of the hydrophilic paper substrate into 

a hydrophobic material.   

(a)

(b) (c)

(d)

2.5	mm2.5	mm

2.5	mm

(e)
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Figure 2-4 SEM of aerosolized PCL µPADs. Developed µPAD with red dye to help visualized the 
hydrophilic and hydrophobic regions (a), Untreated Whatman no 1 CHR paper (hydrophilic) (b), PCL 
treated Whatman no 1 CHR (hydrophobic) showing the PCL coating filling the pore spaces between the 
fibers as well as an apparent coating on the fiber surface (c). 

 

2.4.2 Polymer optimization 

The molecular weight and concentration of the polycaprolactone (PCL) used to pattern 

the fluidic device has an effect on the ability to create a well-defined and fully sealed 

hydrophobic sidewall in the paper substrate.  The results shown in Table 2-1 demonstrate that 

both the molecular weight and the concentration of PCL affect the surface and performance 

characteristics of the finished device.  As the molecular weight of the polymer increases, so too 

does the viscosity of the final solution. This increase in viscosity impacts the ability of the PCL 

solution to achieve adequate penetration into the paper substrate as is evident by the defined 

circular region on the top layer with spreading within the paper matrix, as well as its ability to 

be sprayed effectively via airbrush.  It should also be noted that increasing the molecular weight 

and concentration of the PCL in the PCL/toluene solution also led to an increase in the volume 

of fibrous material ejected from the airbrush, which arises due to evaporation of the solvent and 

subsequent drying of the dissolved polymer, requiring more frequent cleanings Table 2-2. 

CAPA 6400 offered good pattern definition, full hydrophobicity of the treated regions of the 

paper, and a low amount of fiber generation during the airbrushing process.  Based on these 

findings, it was determined that the optimal PCL solution for this fabrication method was 

composed of PCL having a molecular weight of 37,000 at a concentration of 7.5% in toluene; 

all subsequent devices were fabricated using this solution composition.  

1.5	mm

(a) 100	µm(c)100	µm(b)
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Whatman no. 1 CHR was used exclusively as the paper substrate for this study due 

primarily to the favorable findings by Evans et al., who determined that Whatman no. 1 (pore 

size = 11 µm) offered the greatest color intensity and uniformity for colorimetric µPADs. It 

should be noted that other porous media are also suitable for this fabrication method and will 

have different optimal PCL conditions.  It is likely that increasing the pore size of the substrate 

will lead to more favorable conditions for higher PCL molecular weights and concentrations, 

while decreasing the pore size will likely favor lower molecular weights and concentrations as 

the extent of penetration changes with changing pore size.  

 

 

 
Table 2-1 Results of aerosolized PCL optimization study.  The effects of molecular weight and concentration are 
easily distinguishable.  Increasing molecular weight and concentration results in decreased penetration into the 
paper leading to spreading within the paper, under the layer of PCL on the top surface.  CAPA is the tradename 
for Perstorp’s line of PCL resin. 

% 
W/V 

CAPA 
7201A 
MW  
2K 

CAPA 
6100 
MW 
10K 

CAPA 
6200 
MW 
20K 

CAPA 
6250 
MW 
25K 

CAPA 
6400 
MW 
37K 

CAPA 
6506 
MW 
50K 

CAPA 
6800 
MW 
80K 

Sigma 
MW 
80K 

5% 
        

7.5% 
        

10% 
        

15% 
      

Too viscous to 
be aerosolized 

20% 
     

Too viscous to 
be aerosolized 
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Table 2-2 Results of aerosolized PCL film study.  The effects of molecular weight and concentration 
are easily distinguishable when varying concentrations and molecular weights of PCL solution are 
sprayed on glass slides.  Increasing molecular weight and concentration results in an increase in fibrous 
material being ejected from the airbrush. 

% 
(W/V) CAPA 6200 CAPA 6400 CAPA 6800 

7.5%  

   

15%  

   
	
 

2.4.3 Masking material selection 

There is a wide array of available tapes to use for mask fabrication.  To narrow the 

possibilities, only low adhesive tapes designed for painting applications were considered.  This 

category was chosen for several reasons.  First, the low adhesive nature of the tape allows for 

easier removal from the paper substrate and minimizes surface disturbances.  Second, painter’s 

tape is designed to prevent the penetration of liquids through the surface or under the edge of 

the tape, which is a desired characteristic for this fabrication method.  Finally, this category of 

tape is also designed to leave little or no residue behind, which could potentially block narrow 

channels.  With these characteristics in mind, three tapes were chosen for consideration: 

Intertape Polymer Group masking tape (IPG) (Intertape Polymer Group, Sarasota, FL, USA), 

Scotch Blue Original (SBO), and Scotch Blue with Edge Lock for delicate surfaces (SBwE), 

(3M, Maplewood, Minnesota, USA). 
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Following removal of the masking material, remnants of the paper substrate were visible 

on the backing of all tape samples.  Scotch Blue with Edge-lock for delicate surfaces caused 

the least substrate damage, removing 2.84% ± 0.64 of the substrate mass while Scotch Blue 

Original and Intertape Polymer Group masking tape removed 3.89% ± 1.06 and 3.83% ± 1.05 

respectively.  This coincides well with the low level of adhesion of Scotch Blue with Edge-

Lock for delicate surfaces with a company claim of a 60-day removal period with no residue or 

surface damage.  These values translate to a substrate removal rate of 9.82 µg/mm2, 13.34 

µg/mm2 and 13.19 µg/mm2 for Scotch Blue with Edge-Lock, Scotch Blue Original, and IPT 

masking tape respectively (Figure 2-5a).  During the residue analysis experiments a noticeable 

edge of residue was left by all three types of tape following removal, with the most noticeable 

residue coming from IPG masking tape (image not shown).  This visual inspection was 

confirmed by measuring the mass of residue left on the glass by difference.  IPG masking tape 

left 45 µg ± 41 while Scotch Blue Original and Scotch Blue with Edge-Lock left 32 µg ± 27 

and 31 µg ± 43 (Figure 2-5b).   

The last parameter investigated was how effective each tape was at masking and 

creating vertical hydrophobic boundaries following the application of PCL solutions.  The 

diameter of each circular hydrophilic region was measured on the top and bottom surfaces of 

the paper substrate.  Comparing the difference between the diameters on the top and bottom of 

the paper allows for determination of the effectiveness of the tape to mask the material and 

create vertical hydrophobic boundaries.  SBwE was the most effective masking material 

yielding a difference of 55.05 µm ± 56.06 while SBO and IPG had differences of 80.95 µm ± 

68.03 and 90.45 µm ± 59.87 respectively.  These values translate to a percent difference of 

1.88%, 2.72%, and 3.08% for SBwE, SBO, and IPG respectively (Figure 2-5c).  

While these differences are not statistically significant, they are reproducible such that 

the preferred masking material for the subsequent work was determined to be SBwE.   
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Figure 2-5 Results of masking material selection.  Scotch Blue with Edge Lock for delicate surfaces (SBwE) 
caused the least amount of surface disturbance with a material removal rate of 9.82 µg/mm2, while Scotch Blue 
Original (SBO) and Intertape Polymer Group masking tape (IPG) had rates of 13.34 µg/mm2 and 13.19 µg/mm2 
respectively (a).  Residue analysis indicated SBwE had left the lowest amount of residue at 31 µg, SBO left 32, 
and IPG resulted in 45 µg of residue (b).  SBwE was the most effective at masking with an average difference in 
diameter from top to bottom of 1.88%, SBO and IPG had larger differences at 2.72% and 3.08% (c). 
 

2.4.4 Laser cutter optimization and PCL spreading 

The influence of laser spot size and heat-affected zone on the final mask dimensions 

was studied using two different optical systems, a 2.0” lens (the standard optic on most laser 

cutting systems), and a high power density focusing optic (HPDFO) which allows for smaller 

laser spot sizes.  Fabrication of masks for both hydrophilic (channels) and hydrophobic 

(barriers) features was investigated.  Channels with designed widths ranging from 100 µm to 

2.0 mm were fabricated and subsequently measured allowing the linear trend, WM = 0.9931WD  

– 85.30 WM = measured width of the mask in µm and WD = designed width of the mask in µm 

to be established for the 2.0” lens (Figure 2-6a). 

 

WM = 0.9931WD  – 85.30                            eqn. 1 
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Figure 2-6 Laser cutter calibration results. The quantitative comparison between the designed width programmed 
in Solidworks and the resulting width of the mask for channels (a) and barriers (b) using a 2.0” lens and for 
channels (c) and barriers (d) using HPDFO. A linear trend with the equation WM = 0.9931WD – 85.30 (r2 = 
0.9993) can be established when using the standard 2.0” lens for channel mask fabrication (a).  Inset images show 
examples of resulting masking material on Whatman no. 1 CHR following laser cutting.   

Another critical parameter of this fabrication method is the inherent spreading that 

occurs when the PCL solution interacts with the porous paper substrate.  In this case, the 

spreading of PCL solution was studied by comparing the mask width and the resulting channel 

width using the optimized mask fabrication parameters.  The results, shown in Figure 2-7, 

demonstrate that the resulting hydrophilic region can be calculated from the mask width using 

the equation WA = 1.013WM – 0.003108 (R2 = 0.997), where WA and WM represent the actual 

width of the resulting hydrophilic region, and the mask width respectively when using Scotch 

Blue with Edgelock (Figure 2-7a).   

 WA = 1.013WM – 0.003108               eqn. 2 
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Figure 2-7 Results of PCL spreading study.  The extent of PCL spreading underneath the mask was determined by 
comparing the actual mask width in µm and the resulting width in µm after the application of PCL.  Masks 
consisting of Scotch Blue with Edgelock (a) resulted in a linear trend with the equation WA = 1.013WM – 
0.003108 (r2 = 0.9969).  Scotch Blue Original (b), and IPG masking tape (c) also produced linear trends, although 
the results were much less consistent.     

Combining eqn. 1 and eqn. 2 allows the necessary width in Solidworks (WP) to be 

calculated from the desired final width of the feature (WD). 

 
WD = 1.006WP  – 86.1323                eqn. 3 
 

  
Following optimization, the average percent difference between the designed width and actual 

width was 1.02% ± 1.19 for channels and 1.25% ± 0.92 for barriers (n = 10).   It was 

experimentally determined that the smallest channel mask that could be reliably created was 

105.1 µm ± 0.006 in width, while a single line drawn in Solidworks allowed for a barrier with 

a width of approximately 50 µm. 
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2.4.5 Reproducibility and resolution 

The reproducibility and the resolution of the fabrication method were tested using the 

experimentally determined optimal PCL conditions.  Reproducibility was accessed by 

fabricating arrays of circular hydrophilic regions with diameters of 3, 4, 5, 6, and 7mm.  After 

fabrication was complete, red dye (1.0, 1.5, 2.0, 2.5, and 3.0 µl respectively) was applied to the 

hydrophilic regions to better visualize the fabricated devices.  Average diameters were 

measured using a handheld USB microscope (MiScope MP, Zarbeco, Randolph, NJ) and 

accompanying software (Video ToolBox premium, Zarbeco, Randolph, NJ) and found to be 

2.98 mm, 3.99 mm, 4.98 mm, 5.99 mm, and 6.99 mm respectively (n=40).  Relative standard 

deviations were calculated for each diameter and found to be 2.08%, 0.42%, 0.64%, 1.12%, and 

1.18% respectively indicating good reproducibility (<2.5%) from device to device (Figure 2-8). 

 

 
Figure 2-8 Reproducibility of aerosolized PCL solution deposition fabrication method. Arrays of circular paper-
based microfluidics in a well-plate layout with designed diameters of 3, 4, 5, 6, and 7 mm visualized with red 
dye (a).  Measured diameters of the 40 circular hydrophilic regions shown in part A (b). 
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The minimum channel dimensions, defined as the smallest channel width that could 

effectively wick a solution the entire length of the channel, were measured as having a width 

of 480 ± 40 µm with a designed width of 500 µm (n=10).  The minimum hydrophobic barrier 

width necessary to fully block the flow of fluid along a channel was determined to be 260 ± 20 

µm with a designed width of 250 µm (n=10) (Figure 2-9).  Channel and barrier dimensions were 

obtained using the previously described handheld USB microscope. 

 
Figure 2-9 Resolution testing of aerosolized µPAD fabrication.  Schematic of channel size test device with 
radiating channels covering the width range from 100 to 2000 µm (a), prepared channel size test device treated 
with red dye showing the smallest channel that filled completely with a designed width of 500 µm (b), schematic 
of hydrophobic barrier test piece with radiating µm wide channels with hydrophobic barriers of widths from 0 to 
1000 µm (c), prepared barrier test device treated with red dye showing a minimum barrier size of 250 µm is needed 
to fully stop the flow of dye within the channel (d). 
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2.4.6 Smartphone Application 

In an effort to broaden the potential utility of uPADs by eliminating the need for external 

components such as scanners and desktop computers, an iOS application, OccuChrome, was 

developed for the quantification of colorimetric assays using the now almost ubiquitous iPhone 

platform. The app was developed in cooperation with the OSU School of Electrical Engineering 

and Computer Science (EECS), through their Capstone Course program for senior Computer 

Science majors.    OccuChrome was designed to work with either front- or the back-camera on 

iOS devices allowing for flexibility in device design (top read or bottom read).  OccuChrome 

makes use of OpenCV (www.opencv.org) to determine RGB values of a user-defined region.  

Unlike previous studies that have used a smartphone for colorimetric analysis, which required 

offline processing for calibration curve generation and unknown analysis, calibration curves are 

established within the app and stored as models for future unknown analysis.  Specific model 

components such as color channel, type of assay (kinetic or endpoint), assay times, and 

detection region are defined on a model by model basis and recalled when an unknown is 

analyzed (Figure 2-10).   

 

 

 
Figure 2-10 OccuChrome process overview. 
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OccuChrome was designed to follow the same process that is typically undertaken in a 

laboratory setting, yet in a portable format with an intuitive interface.  Figure 2-11 outlines the 

process that is used to create a model and analyze an unknown in a series of screenshots.  The 

main settings screen allows the user to select which camera is used and what framerate (in 

frames per second, FPS) is used during the analysis (a).  The LED flash can also be activated 

during analysis to help provide more consistent or brighter lighting.  Following the creation of 

a new model file, the file is named and the concentration units are assigned.  Next, the region 

of interest (ROI), or area to be sampled, is selected by dragging the circle and using familiar 

pinch to zoom gestures (b).  Individual components of interest are then assigned including the 

style of test (endpoint or kinetic), color channel of interest, and the time of analysis (c).  After 

the model settings are complete, standards are analyzed (d) and the calibration curve is built 

using the selected regression type (e).  The model is saved locally and all settings as well as the 

regression formula are recalled when an unknown is analyzed (f).   
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Figure 2-11 OccuChrome screenshots (process overview).  Main settings screen for choosing camera location, 
adjusting frames per second (FPS) for kinetic assays, and controlling back lighting for the rear camera (a); model 
component screen for assigning individual attributes for a model including type of analysis, color, and timing (b); 
selecting the user defined region of interest (blue circle) (c); entering calibration values (concentrations) for model 
development (d); final calibration curve after all concentrations have been added (e); results from unknown 
analysis including statistical information and the ability to share results in a .csv file via email (f). 
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2.4.7 Applications 

2.4.7.1 BCA background assay 

In order to determine any possible background signal generation arising from 

aerosolized deposition of a polymer solution in the fabrication of µPADS, a previously reported 

method using bicinconinic acid (the previously described BCA assay) was employed to measure 

reducing agent concentration. [113]   Briefly, Cu2+ is oxidized to Cu+ by a reducing agent such 

as uric acid and couples with BCA yielding an intense violet compound.  The results in Figure 

2-12 show little to no reaction upon the addition of a buffer in the absence of a reducing species 

(uric acid).  This is in good agreement with other methods that do not rely on direct exposure 

of the hydrophilic channels and reaction zones to solvents such as those used during 

photolithography. [113]    

 

Design 

After BCA 
and Cu2+ 
reagent 

application 

--After uric acid application-- 

0 mg/dL 8 mg/dL 20 mg/dL 

     
Figure 2-12 Results of cross reaction test with BCA assay showing little to no reaction in the absence of 
a reducing species (uric acid), indicating a decreased likelihood of false positives in assays relying on 
redox chemistry.  
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2.4.7.2 Protein and Glucose µPADs 

To further demonstrate the applicability of this fabrication method for quantitative 

assays, standard assays for protein and glucose were adapted to work in the PCL/paper device 

format.  A simple device consisting of a 6 mm circular detection region connected to a 3mm 

sample application zone via a 1mm wide channel was developed.  It should be noted that these 

feature sizes can be scaled down, however reproducibility often suffers when working near the 

minimum or the maximum of standard micropipettes used for reagent and sample addition.   A 

single assay approach was chosen for testing the capabilities of the developed smartphone 

application.   

 

2.4.7.2.1 µPAD volume requirements 

The volume requirements of both the reagents as well as the sample were experimentally 

determined. First, the reagent volume necessary to wet the entire detection region was 

determined by dropping red food coloring, covering the range of 1.0 – 2.5 µl, into the detection 

zone.  The results, shown in Figure 2-13, show that a volume of 2.0 µl is sufficient to completely 

fill the detection zone without entering the channel, therefore a reagent volume of 2.0 µl was 

used moving forward.  A volume of 4 µl was used for the glucose assay to compensate for the 

increased solution viscosity caused by the inclusion of PVA.  The minimum sample volume 

that is needed to spread throughout the entirety of the device was also determined in a similar 

fashion.  Red food dye, covering the range of 3.5 to 8.0 µl, was applied at the sample end of the 

device and allowed to wick into the detection zone.  Figure 2-14 shows that a minimum of 8.0 

µl of sample is necessary to completely fill the device. 

 

Design --Reagent Volume Added-- 
1.0 µl 1.5 µl 2.0 µl 2.5 µl 

     
Figure 2-13 Reagent volume test results.  2 µl of aqueous red dye completely fill the test 
zone without running into the channel. 

3	mm 
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--Sample Volume Added-- 
3.5 µl 4.0 µl 4.5 µl 5.0 µl 5.5 µl 

     
--Sample Volume Added-- 

6.0 µl 6.5 µl 7.0 µl 7.5 µl 8.0 µl 

     
Figure 2-14 Sample volume test results.  8 µl of aqueous red dye completely fill the channel 
and detection region. 

 
2.4.7.2.2 Protein assay chemistry 

The protein assay implemented uses the principle of error of indicators to produce a 

visible colorimetric response.  Certain pH indicators, such as tetrabromophenol blue, are able 

to not only change color in response to a particular pH, but can also change color in the presence 

of proteins while the pH of the medium remains constant (pH < 3.0).  This is due to the ability 

of the proteins to accept hydrogen ions from the indicator causing an increase in apparent pH, 

triggering a color change (Figure 2-15).  While this particular assay is often described as a total 

protein assay for urinary samples, it is much more sensitive to albumin, the main protein present 

in urine when some level of renal disease is present, than it is to other proteins.  This is 

attributable to the large number of free amino groups on the surface of albumin.[329, 330]  

Clinical urinalysis results for protein content are typically reported in terms of negative, trace, 

+1, +2, +3, and +4 which translate to semi-quantitative values of 0, < 30, 30, 100, 300, and 

2000 mg/dL. [331] 
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Figure 2-15 Protein assay reaction scheme. 

 

Under normal conditions urine has little to no protein content as all protein is effectively 

filtered out by the kidneys.  However, in the event of renal failure, among other disease states, 

the kidneys may not effectively filter out all protein leading to a detectable level in the urine.  

The detection of low levels of urinary protein is of great importance as an early warning sign 

of renal disease, and can be an indicator of other disease states a well, including multiple 

myeloma.  Unlike urine (<100 mg/day), serum typically has a high concentration of protein (6.0 

to 8.3 g/dL) present with the most abundant protein being albumin.[332]   The urinary protein 

assay was modified for quantitative analysis of serum protein concentrations though two 

methods.  First, colorimetric image analysis was used rather than comparing the developed 

assay by eye.  Second, in order to extend the usable range of the assay to cover serum protein 

levels, the amount of buffer added to the test zone was increased when compared to other 

published methods which state a 1:1 or 1:2 volumetric ratio of indicator to buffer. [92, 120]  

µPADs for the detection of protein were prepared by depositing 250 mM citrate buffer 

onto the detection region of a previously prepared microfluidic device followed by 3.3 mM 

tetrabromophenol blue in 95% ethanol.  Devices were allowed to dry under ambient conditions 

for ten minutes after each reagent addition.  8 µL of bovine serum albumin standard was then 

applied to the sample zone and allowed to wick into the detection region resulting in a 

concentration dependent color change from yellow à green à blue (Figure 2-16).   
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Figure 2-16 Photographs of µPADs with increasing BSA concentrations covering the range from 0 to 
10 g/dL.   

2.4.7.2.3 Glucose assay chemistry 

µPads for the determination of glucose were fabricated in a similar fashion to those for 

protein, except that a bienzyme assay was employed using a modified version of the Trinder 

reaction.[333] In the presence of oxygen, glucose is oxidized to gluconic acid and hydrogen 

peroxide (H2O2) by glucose oxidase.  The resulting H2O2 then oxidizes the chromogenic 

substrate 4-aminoantipyrine and a phenolic compound in the presence of a peroxidase enzyme 

resulting in a red/purple quinoneimine dye (Figure 2-17).  The formation of the quinoneimine 

dye and the resulting red color development is proportional to the amount of glucose present in 

the sample (Figure 2-18).  Polyvinyl alcohol (PVA) was added to the assay due to its stabilizing 

effect on glucose oxidase as well as its ability to increase color intensity as seen in previous 

experiments. [334]  

 

 
Figure 2-17 Glucose assay reaction scheme. 

O
OH

OH

OH

OH
HO

O

N
N

NH2

OH

OH

OH

OH
HO

O

OH

O
N
N

N

H2O2

H2O2

Glucose 
Oxidase

Horseradish 
Peroxidase

Quinoneimine Dye4-Aminoantipyrine

Glucose Gluconic Acid

HO

HO

O OH

O

4-Hydroxybenzoic 
            Acid



 

 

91 

 

 

 
Figure 2-18 Photographs of µPADs with increasing glucose concentrations covering the range from 0 
to 400 mg/dL.    

 
2.4.7.2.4 Detection of protein and glucose 

Calibration curves for both protein and glucose were obtained using an iPhone 5S for 

data acquisition. Due to the effects of environmental lighting on reflectance based colorimetric 

techniques, consistent lighting is important for accurate results.  Environmental lighting was 

controlled throughout the experiment by using a black box equipped with LED lighting 

designed for digitizing photographs (ion pics2go, Ion Audio, Cumberland, RI, USA).  A data 

point for each standard or sample was collected using OccuChrome after a development period 

of 5 and 10 minutes for protein and glucose assays respectively.  For comparison to standard 

offline colorimetric analysis methods, an image of the fully developed µPAD was also captured 

immediately after the OccuChrome data point was acquired.  In order to account for the 

inhomogeneous color development that is often seen in devices based on porous media, the 

entire detection region was used for analysis.   

The following settings were used in the development of the OccuChrome models: a 

frame rate of 30 FPS, endpoint analysis, an acquisition time of 1 second, and a linear regression 

model for the red color channel, and the green color channel for protein and glucose assays 

respectively.  Offline analysis was conducted using ImageJ (NIH, Bethesda, MD, USA) in order 

to determine the RGB values of the developed µPAD.  In order to maintain a consistent analysis 
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area from sample to sample, a macro was developed to ensure the region of interest (ROI) used 

in RGB determination was the same size and position for all images.  It is important to note that 

even with the use of the macro some misalignment from image to image did occur and required 

fine adjustment of the ROI by hand.   

 Calibration curves for both protein and glucose were obtained.  The intensity of the red 

channel and green channel were found to be inversely proportional to the concentration of 

protein and glucose respectively within the linear range.  Standards were measured in triplicate 

and the average was plotted against concentration along with the standard deviation (Figure 

2-19).  A logarithmic trend was apparent when plotting the average red channel response vs. 

the protein concentration (a).  Logging the protein concentration yielded the linear trend y = -

108.52x + 174.95 with an R2 = 0.99047 from 0.25 g/dL to 10.0 g/dL (b).  In the current assay 

format, plotting the green channel response vs. the glucose concentration revealed a linear trend 

from 0 mg/dL to 200 mg/dL before plateauing at higher concentrations due oxygen depletion 

in the sample (c).  The linear equation y = -0.4263x + 248.67 with an R2 = 0.98604 was obtained 

when considering only the linear region for glucose (d).  The current compositions and formats 

resulted in detection limits of 0.2 g/dL and 18 mg/dL for protein and glucose assays 

respectively.   
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Figure 2-19 Calibration curves for µPAD protein and glucose assays. The average of 3 trials reveals a 
logarithmic relation between the red signal and the protein concentration (a).  Plotting the red signal vs 
the log of the protein concentration a linear trend, y = -108.52x + 174.95 (R2= 0.99047) is obtained (b). 
The average of three trial shows a linear relationship between the green signal and glucose 
concentration from 0 mg/dL to 200 mg/dL before plateauing at higher concentrations possibly due to a 
lack of available oxygen (c).  Examining the response from 0 mg/dL to 200 mg/dL reveals the linear 
trend y = -0.4263x + 248.67 (R2 = 0.98604) (d).  Data plotted is the average of three trials with the error 
bars representing the standard deviation.    
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2.4.7.2.5 Determination of protein and glucose in serum 

Normal human serum was used to test the applicability of the fabrication method and 

OccuChrome detection for handling complex biological samples.  The normal concentration 

range for serum protein is 6.0 to 8.3 g/dL, while serum glucose concentrations range from 70 

to 120 mg/dL in healthy adults, both of which fall within the linear range of the developed 

calibration curves.[332]  The same process that was used for the standard analysis was used 

with the serum sample.  The results, shown in Table 2-3, demonstrate that µPADs fabricated 

with the newly developed method yield results that are in agreement with provided values when 

analyzing serum samples.  The results also show the viability of OccuChrome as a platform for 

colorimetric analysis of µPADs when compared to standard offline methods.  The results of the 

protein assay are in good agreement with provided value for albumin further demonstrating the 

sensitivity of the assay with respect to albumin vs total protein.  The results for the protein assay 

within 2.1% error for both detection methods while the glucose assay shows errors of 1.0% and 

8.9% for ImageJ analysis and OccuChrome analysis respectively when compared to the 

certified values for the human serum.  A subsequent t-test reveals t-values (glucose ImageJ = 

0.192, OccuChrome = 2.159, protein ImageJ = 0.160, OccuChrome = 1.237) less than the 

critical value (2.920) indicating that the difference between the sample mean and the known 

value are not significant. 

 
 

Table 2-3 Results for the determination of protein and glucose in normal human serum samples (n=3).  
The results for the protein assay are within 2% error for both detection methods while the results for the 
glucose assay have errors of 0.9% and 8.9% for ImageJ and OccuChrome analysis respectively.    

Detection 
Method 

--Protein-- --Glucose-- 
Determined 

Value 
Serum 
Level 

Determined 
Value 

Serum Level 

ImageJ 4.29 ± 0.95 
g/dL 

Albumin = 
4.2 g/dL  

 
Total 

Protein = 
6.2 g/dL 

81.78 ± 7.04 
mg/dL 

81 mg/dL 
OccuChrome 4.25 ± 0.07 

g/dL 
73.82 ± 5.76 

mg/dL 
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The discrepancy between the determined values for glucose illustrate one potential 

weakness with the current black box approach for data collection with OccuChrome.  When a 

slight offset occurs between the previously defined detection region and the actual detection 

region of the µPAD, the white background is taken into account when the area is averaged and 

the RGB values are determined skewing the results.  In the case of glucose this leads to a 

decreased concentration because the additional white region (RGB = 255, 255, 255) increases 

the average response.  The black box, while offering consistent lighting, has limited room for 

finite adjustment to ensure the detection region is fully within the defined region of interest.  

Future versions of the app can combat this issue in several ways including background lighting 

correction which would remove the need for a controlled lighting environment allowing 

flexibility in sample positioning, the ability to adjust the detection region on the fly allowing 

fine tuning on a per assay basis, or support for other color spaces that are less susceptible to 

environmental lighting such as HSV.  Another possible approach for mitigating this issue is the 

inclusion of reference marks on the µPADs for optical registration within the app.   

 

2.5 Conclusions and future directions 

In conclusion, a rapid, simple, and inexpensive method of fabricating µPADs via 

aerosolized deposition of biodegradable polycaprolactone was developed.  This method proved 

convenient for prototyping and later for small-scale.  The rapid prototyping advantage is 

significant:  multiple designs can be tested in parallel without the need for additional photo 

masks or silk screens.  Devices can be prepared in <20 minutes allowing multiple prototypes to 

be tested quickly or final devices to be produced rapidly in larger quantities.  Roll to roll 

manufacturing is a possibility with aerosolized deposition through the use of more advanced 

application methods or reusable masks.  Minimum channel widths of 480 ± 40 µm and 

hydrophobic barrier widths of 260 ±20 µm as well as device flexibility allow for complex 2 and 

3-dimensional devices to be produced.  A linear equation was developed to predict the resulting 

width of hydrophilic channels after accounting for PCL spreading from the initial mask. This 

fabrication method was shown to be useful for both chemical and enzymatic colorimetric assays 

and was applied to the determination of protein and glucose in biologically relevant samples.     
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A smartphone application was developed allowing for portable and low-cost 

quantification of colorimetric assays.  The application allows all necessary steps for 

quantification, from model development to unknown analysis, to be conducted in the field.  

While the current application works well for single assays when lighting is controlled, newer 

versions of the application aim to eliminate the need for controlled lighting with support for 

new color models and background lighting correction as well as support for multipoint analysis 

allowing for simultaneous analyte detection.  These additions will greatly expand the capability 

of an already promising application. 
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Chapter 3  

 

Polycaprolactone Saturated Paper: A Novel Material for The Fabrication of 

Open Channel Paper-Based Microfluidic Devices  

 
3.1 Abstract 

Paper-based microfluidic devices, that is devices composed of porous media, namely 

paper, that rely on the fabrication of hydrophilic channels by defining hydrophobic barriers 

have shown great promise as low-cost analytical devices.  These µPADs are easy to fabricate, 

and easy to use enabling low cost devices suitable for point-of-care use.  However, open channel 

microfluidic devices have benefits that these wicking-based devices cannot match such as low 

non-specific adsorption, pressure driven flow, and the ability to handle complex fluids like 

blood and colloids.  This section describes the use of polycaprolactone (PCL) filled paper as a 

low cost substrate for open channel microfluidic devices capable of pressure-driven and 

capillary-driven fluid flow.  These low-cost microfluidic devices are fabricated using a simple 

cut and stack lamination process.  The resulting devices are capable of performing many of the 

same processes that traditional polymeric microfluidic devices are able to, at a much lower cost.  

The devices are able to withstand pressures of ~1.2 psi, operate for hours without leaking, and 

are permeable to gases. 

 
3.2 Introduction 

The multidisciplinary field of microfluidics dates back to the late 1970’s and the 

pioneering work on the development of an etched silicon gas chromatograph at Stanford, [4] 

and the development of inkjet printing nozzles at IBM.[335] While these devices were 

revolutionary, they relied on the same technology used to develop microelectronics; as such, 

the field was slow to develop due to the overwhelming cost, time, and required skill associated 

with research and development.[336] Since the introduction of soft lithography in the 1990s 

there has been a surge of research and development on microfluidic devices fabricated in 
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polymeric substrates. [337] While these methods reduce the cost and time associated with 

silicon microfluidic device fabrication, they still rely on specialized equipment, trained 

personnel, as well as moderately expensive polymeric materials.    

In an effort to overcome the challenges associated with microfluidic device fabrication, 

namely the cost and requirement for expensive specialized equipment, a wide range of 

alternative fabrication techniques have been developed. Polymeric materials have been the 

focus of many of these innovative fabrication approaches, including: the patterning of double-

sided tape or films with a laser cutter[338, 339] or cutting plotter, [340, 341] printing of toner 

onto poly(ethylene terephthalate) (PET), [342] patterning of superhydrophilic channels on the 

surface of superhydrophobic polymers, [343] injection molding of polystyrene and cyclic olefin 

copolymer (COC), [344-346] and hot embossing on polymeric sheeting. [347]  Recently, a 

novel method of fabricating PDMS microfluidic devices by 3D printing the microfluidic 

channels in acrylonitrile butadiene styrene (ABS) was demonstrated. [31]  Following 3D 

printing, PDMS was cast around the printed architecture before dissolving the ABS with 

acetone leaving behind the open channels.   

Microfluidic paper-based analytical devices (µPADs) have been developed as an 

alternative to traditional microfluidic systems fabricated with polydimethylsiloxane (PDMS) 

and other soft lithographic approaches.  Their low cost, ease of fabrication, inherent simplicity, 

and widespread availability of materials make them attractive alternatives for medical 

diagnostics [86, 192, 348, 349] and environmental monitoring in resource limited settings, [180, 

350] food safety testing,[309, 351, 352] workplace safety monitoring, [105] and drug 

monitoring. [306, 307]  Despite their apparent benefits, these paper microfluidics, in which 

fluid flow is driven by capillary action along flow paths defined with wax or various 

hydrophobic polymers (including photoresists for wafer fabrication and or PDMS), are not 

without drawbacks. The cellulose fibers that comprise the paper substrate result in increased 

complexity of fluid flow as well as increased surface area for non-specific adsorption of 

biomolecules.  The cellulose matrix retains much of the applied sample volume, often times 

more than 50%, resulting in inefficient fluid delivery to the detection zones; this can be 

especially detrimental in sample limited applications.[132]  Similarly, feature sizes (channels 
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and detection zones) are often necessarily much larger than those in traditional microfluidic 

devices, often times > 200 µm, resulting in increased sample sizes and larger device footprints.  

Finally, porous wicking devices are also susceptible to environmental conditions, particularly 

humidity, which can alter flow rates resulting in decreased performance.  

Recently, there has been increased interest in providing new, low-cost materials and 

fabrication methods for the development of open-channel microfluidic devices.  Microfluidic 

devices composed of polyester film (overhead transparencies) and laserjet toner have been well 

documented in recent years. [342, 353] Fabrication methodology consists of printing the 

microfluidic pattern and its mirror image on polyester sheets followed by thermal lamination.  

The channels, areas without any toner, are left open while the toner adheres to itself forming 

the completed device.  Applications have included micromixers, [354] microchip 

electrophoresis and electrospray tips, [355] low-cost clinical diagnostics, [342] and even DNA 

analysis. [356] This technique does not require any sophisticated instrumentation, relying 

instead on only standard office supplies as fabrication materials; however, the method does rely 

on the use of toner for the formation of the channel sidewalls – a potential interferent with some 

end applications.  While the devices are much cheaper to produce than traditional microfluidic 

devices, laserjet toner is not an inexpensive item and with an average layer thickness of ~6 µm, 

multiple applications of toner or additional materials are required to increase the channel height 

to a more useable height. [355] The hydrophilic nature of the polyester sheet that defines the 

channel floor and ceiling means that these devices are capable of capillary flow, and do not 

require external pumping for fluid transport.   

The newest generation of devices takes a page out of the µPAD playbook by using paper 

as the substrate of choice.  Cellulosic paper is silanized via exposure to gas phase fluoroalkyl 

trichlorosilane.  The silanation process generates a substrate that is both hydrophobic and 

oleophobic yet retains the gas permeability and mechanical flexibility of unmodified paper.[28]   

This novel substrate has been used in a variety of fabrication methods including etching of a 

channel, embossing, and cut and stack lamination.[29, 30] Together, these methods of 

fabricating devices have successfully demonstrated several key attributes and designs typically 

associated with traditional PDMS microfluidics including, laminar flow, mixing, gas 
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permeability, valving, serial dilution, and droplet generation.[29, 30]  One drawback of this 

method, as is often the case with µPADs, is the reliance on tape for sealing channels, or 

connecting multiple layers.  Another shortcoming, when compared to toner-based devices, is 

the fact that these devices are highly hydrophobic.  Possessing static contact angles ranging 

from 130˚ to 160˚ (depending on chain length and degree of fluorination of the organosilane) 

they are not capable of capillary flow.[28]  This reliance on external pumping to drive fluid 

flow limits there potential applications as point-of-care (POC) devices. 

This chapter describes the use of PCL saturated paper for the fabrication of open channel 

microfluidic devices that integrate many of the elements of traditional pressure-driven 

microfluidics such as laminar flow, mixing, serial dilution, and droplet generators.  These easy-

to-fabricate devices are not only capable of pressure-driven applications but can also 

incorporate capillary action, one of the main benefits of wicking µPADs, in a hybrid device 

composed of both open channels and paper wicking regions. This fabrication method is 

inexpensive and fast, allowing for rapid prototyping of both pressure-driven and capillary-

driven microfluidic devices incorporating a variety of materials to yield true hybrid devices 

composed of both open channels and wicking regions.     

 
3.3 Materials and Methods 

3.3.1 Chemicals and instrumentation 
Whatman no. 1 chromatography paper was obtained from VWR (Radnor, PA, USA).  

Scotch Blue original painter’s tape was purchased at a local Bi-Mart (Eugene, Oregon, USA).  

Polycaprolactone samples were obtained from Perstorp (Malmö, Sweden) and covered a wide 

range (from 2,000 to 79,000 average MW) of their CAPA line of resins, and Sigma (79,000 

MW) (St. Louis, MO, USA). Toluene (AR ACS Grade) was purchased from Macron Fine 

Chemicals (Avantor Performance Materials, Center Valley, PA, USA).  Tetrabromophenol blue 

was purchased from Alfa Aesar (Ward Hill, MA, USA). All solutions were prepared with 

deionized water (specific resistivity >18 MΩ cm) from an ultrapure water system (Millipore 

Milli-Q Advantage A10) that was purchased from EMD Millipore (Billerica, Massachusetts, 

USA) unless otherwise specified.  An iPhone 5S, which was used for capturing images, was 



 

 

104 

purchased from Apple (Cupertino, CA, USA).  A USB microscope, MiScope MP, was 

purchased from Zarbeco (Randolph, NJ, USA) and was used for imaging and measurements.   

 

3.3.2 Choice of Materials 
Polycaprolactone (PCL) was selected for the hydrophobization of paper due to its 

favorable properties for microfluidic device fabrication, namely its low-cost, widespread 

availability, low glass transition temperature (Tg) of -60˚C, low melting temperature (Tm) of 

60˚C, and biodegradability.  These properties allow for a device that can be fabricated without 

expensive specialized equipment at a minimal cost per device.  PCL has been shown to be 

biodegradable, and in combination with paper yields a device with minimal environmental 

impact following disposal, yet is still easily incinerated should the application require it. [357] 

Paper is rendered hydrophobic by saturating it with a solution of PCL dissolved in toluene.  

Toluene was selected due to its ability to dissolve PCL; its high vapor pressure, low cost, and 

widespread commercial availability were also contributing factors. [324]  

 
3.3.3 Fabrication of open-channel paper microfluidic devices  

Whatman no. 1 CHR was first treated by soaking in a PCL solution (15% W/V CAPA 

6800 (79,000 mw) in toluene).  Upon penetration through the entirety of the paper substrate, an 

even, translucent appearance was observed.  After treatment the paper was hung to dry allowing 

for uniform solvent evaporation and therefore a more uniform PCL deposition. Figure 3-1 
outlines the overall process used to fabricate open-channel paper microfluidic devices.  

Microfluidic designs were first created using computer-aided design software (CAD) 

(Solidworks 2014, Dassault Systèmes, Vélizy-Villacoublay, France) and cut into the prepared 

paper substrates using a 50 watt CO2 laser cutter/engraver (VLS 3.50, Universal Lasers, 

Scottsdale, AZ, USA).  The laser cutter gives the finest resolution of the tools at our disposal 

and an increased ability to generate complex features; however, a digital craft cutter (Silhouette 

SD digital craft cutter, Silhouette America, Lehi, Utah, USA) has also been used with very good 

success.  Following the cutting procedure, multiple layers were stacked on top of one another 

so as to align the holes with the inlets and outlets of the microchannels.  The stacked devices 



 

 

105 

were then laminated using a commercial benchtop laminator (Scotch TL901 thermal laminator, 

3M, Maplewood, MN, USA).  The laminator does not have fine temperature control, rather it 

has two settings for a lamination film thickness of 3mm and 5mm corresponding to 

temperatures of approximately 110 ˚C and 120 ˚C respectively.  In order to ensure complete 

adhesion, the 5mm setting was used for device assembly.  The devices were then interfaced to 

a syringe pump using PTFE tubing and nanoports.  This fabrication method allowed for the 

development of both pressure-driven, and capillary-driven microfluidic devices composed 

entirely of PCl treated paper, or hybrid systems consisting of PCL treated paper and other 

materials like polyethylene teraphthalate transparencies (Figure 3-2). 
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Figure 3-1 Fabrication of PCL filled paper microfluidic devices. Whatman no. 1 CHR (a) was treated with a 
solution of 15 % (w/v) PCL in toluene rendering the paper hydrophobic (b).  The microfluidic pattern, 
including inlets, outlets, and open channels were cut using a laser cutter (c).  Multiple layers were stacked 
and thermally bonded using a bench top laminator (d) yielding a device with fully enclosed channels (e) 
nanoports were then attached using 20% (w/v) PCL in toluene as adhesive resulting in the final multilayer 
hybrid paper-based microfluidic device (f).   

 

 
 

Cut Design

PCL Treatment

Whatman	no.	1	CHR 15%	(w/v)	 PCL⤈

Bonding⤈⤈

⤈ MW = 80,000    ⤈⤈ Thermal	Bonding	>	60	˚C

Interfacing
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Figure 3-2 Examples of pressure and capillary-driven microfluidic devices fabricated with this method.  
These demonstrate the flexibility of this fabrication method for devices with varying levels of complexity 
including channel dimensions down to 50 µm widths, and hybrid material sets composed of PCL treated 
paper and polymeric substrates.   

	
3.4 Results and Discussion 

3.4.1 Materials Characterization 

3.4.1.1 Contact Angle 

The contact angle of a material is a measure of its hydrophobicity with contact angles 

with water above 90˚ occurring for hydrophobic materials, while contact angles below 90˚ occur 

when a material is hydrophilic.  The contact angle of PCl treated paper was measured using a 

USB microscope (Dino-lite, AnMo Electronics, Taiwan).  Following PCL treatment, Whatman 

no. 1 CHR lies on the border of a hydrophobic and hydrophilic material (Table 3-1).  Lower 

molecular weight PCL solutions are less viscous and therefore able to penetrate deeper into the 

paper substrate, while higher molecular weight solutions form a film on the surface.  A higher 

level of surface roughness on a hydrophobic material is normally attributed to higher contact 

angles, as is the case with CAPA 6400 vs 6800 (MW=37K vs. 79K). Following lamination, an 

increase in contact angle was noticed potentially due to an increase in the amount of PCL on 
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the surface of the substrate.  Attenuated total reflectance Fourier transform infrared 

spectroscopy (ATR-FTIR) was used to examine the effect of lamination on the substrate.  

Following lamination, a slight decrease in the OH stretching region (3400 cm-1) associated with 

surface OH groups on cellulose fibers was noted as well as an increase in the C-H and C=O 

stretching regions associated with PCL (Figure 3-3).    

	
Table 3-1 Contact angle measurements of PCL treated paper (n=3). 

	 ----------------%	PCL	(w/v)---------------	
	 5%	 10%	 15%	 20%	
CAPA	6400*	Pre-lamination	 78.8˚	 81.9˚	 82.8˚	 64.8˚	
CAPA	6400*	Post-lamination	 80.8˚	 87.9˚	 81.0˚	 80.0˚	
CAPA	6800**	Pre-lamination	 77.8˚	 79.8˚	 80.5˚	 67.0˚	
CAPA	6800**	Post-lamination	 84.4˚	 82.3˚	 78.7˚	 73.6˚	

	 	 	 *CAPA 6400: MW=37,000  **CAPA 6800: MW=79,000 
 

	
Figure 3-3 ATR-FTIR study of the effects of lamination.  Following lamination, an increase in the C-
H stretching and C=O stretching regions as well as a decrease in theOH stretching region was noticed 
indicating more PCL on the surface of the substrate. 
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3.4.1.2 PCL molecular weight and concentration 

The molecular weight and concentration of the polycaprolactone (PCL) used to render 

the paper substrate hydrophobic has a pronounced effect on the ability of the user to create a 

fully hydrophobic paper substrate capable of being laminated to create multilayer devices. 

While all except for the lowest molecular weight are capable of blocking the penetration of 

water into the paper matrix, not all of the different PCL products available to use in these 

experiments proved workable for the production of multilayer devices.  Table 3-2 shows the 

results of the lamination study in a heat map format with green representing PCL molecular 

weight and concentration (w/v) levels that are suitable for lamination.  Sheets of Whatman no. 

1 CHR were saturated with various combinations of PCL (both MW and concentration (w/v)) 

and allowed to dry.  Once dry, strips were cut and overlapped before passing through a benchtop 

laminator (Scotch TL901 thermal laminator, 3M, Maplewood, MN).  Each set was sent through 

the laminator 4 times at the 5 mil setting (~120˚C).  The results in Table 3-2 demonstrate that 

both the molecular weight and the concentration of PCL affect the results achievable in 

fabrication of the device.  This effect is likely due to the large variation in viscosity of the PCL 

solutions.  As the MW and concentration increase, so too does the viscosity.  This altered the 

ability of the PCL to penetrate deeply into in the paper matrix while drying, leaving more of 

the PCL on the surface.   

 
Table 3-2 Effect of PCL molecular weight and concentration on the lamination ability of PCL treated 
Whatman no 1 CHR to create multilayer microfluidic devices.  Red cells indicate failure to laminate, 
yellow cells indicate partial lamination, and green cells indicate full lamination. 

Concentration 
(% w/v) 

CAPA 
7201A 

MW=2K 

CAPA 
6100 

MW=10K 

CAPA 
6200 

MW=20K 

CAPA 
6250 

MW=25K 

CAPA 
6400 

MW=37K 

CAPA 
6506 

MW=50K 

CAPA 
6800 

MW=79K 

5 % No No No No No No/Yes No/Yes 
7.5% No No No No/Yes No Yes Yes 
10% No No No No/Yes No Yes Yes 
15% No No No No/Yes No/Yes Yes Yes 
20% No No Yes Yes Yes Yes Yes 
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SEM analysis of 20% (w/v) 37,000 (Figure 3-4a) and 79,000 MW (Figure 3-4b) PCL treated 

paper showed a distinct decrease in the visibility of the cellulose fibers as the PCL MW 

increased, and evidence that more of the PCL remained on the surface, masking the underlying 

fiber structure.   

 

 
Figure 3-4 SEM analysis of PCL treated Whatman no. 1 CHR.  Whatman no. 1 CHR treated with 20% (w/v) 
CAPA 6400 (37,000 MW) (a) shows more of the underlying cellulose fibers than Whatman no. 1 CHR treated 
with 20% (w/v) CAPA 6800 (79,000 MW).    These images attest to the permeation of the various different PCL 
formulations studied.  The optimal balance between permeation and stable lamination was achieved with CAPA 
6800. 

 

The effect of MW was also confirmed using attenuated total reflectance Fourier 

transform infrared spectroscopy (ATR-FTIR) (Nicolet 6700, Thermo Scientific, Waltham, MA, 

USA).  15% (w/v) solutions of PCL were used to treat Whatman no. 1 CHR prior to ATR-FTIR 

analysis.  A decrease in the signal from the OH stretching region (3400 cm-1) occurred as the 

MW increased and the cellulose fibers were masked by PCL (Figure 3-5a).  This same effect is 

also apparent when molecular weight is held constant (79K) and concentration (% w/v) is 

varied.  Increasing concentration leads to a decrease in the OH stretching signal at 3400 cm-1 

(Figure 3-5b).  Based on these findings, all future fabrication of PCL paper microfluidic devices 

utilized 15% (w/v) 79,000 MW PCL, as this provided a good balance between lamination 

characteristics and viscosity. 

	

(a) (b)
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Figure 3-5 ATR-FTIR comparison of PCL penetration.  The increased viscosity of higher molecular weight PCL 
leads to a decrease in substrate penetration and a reduction in the amount of signal from the OH stretch of the OH 
groups on the surface of the cellulose fiber as they masked by PCL.(a)  This effect is also apparent with increasing 
concentration of the same molecular weight (79K).(b) 

 

3.4.1.3 Alternative Bonding Methods 

The	final	step	of	microfluidic	fabrication	consists	of	sealing	the	fabricate	channels	via	

bonding	by	one	of	several	methods	including	thermal	bonding,	solvent	welding,	and	adhesive	

agents.	 	Multiple	methods	 of	 bonding	 PCL	 saturated	 paper	 have	 been	 explored	 including	

thermal	 lamination,	 microwave	 adhesion,	 solvent	 welding,	 stamping,	 and	 laser	 welding.		

Thermal	lamination,	consisting	of	a	broad	application	of	heat	and	pressure	that	partially	melts	

the	PCL,	fusing	multiple	layers	together	has	been	the	most	successful	for	the	fabrication	of	

PCL	treated	paper	microfluidic	devices.		While	the	process	is	fast,	taking	under	a	minute	to	

assemble	 multilayer	 microfluidic	 devices,	 the	 non-specific	 application	 of	 heat	 can	 be	

detrimental	in	certain	situations	such	as	when	temperature	sensitive	reagents	are	used.		Due	

to	the	potential	limitations,	alternative	bonding	methods	were	explored.			

The	feasibility	of	bonding	via	microwave	heating	was	tested	by	spraying	PCL	solution	

onto	glass	slides	with	an	airbrush	to	form	a	PCL	film.		A	clean	glass	slide	was	placed	on	top	of	

the	treated	slide	and	heated	in	a	laboratory	microwave	(EMS-820	Pulsed	Microwave,	Electron	

Microscopy	Sciences,	Hatfield,	Pa,	USA)	at	60	˚C	for	4	minutes.		With	sufficient	pressure	and	

time.	successful	bonding	of	the	glass	slides	occurred.		Despite	successful	bonding,	the	process	
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was	inconvenient	for	fabrication	of	PCL	saturated	paper	microfluidic	devices	due	to	the	limited	

throughput	of	the	method.		Solvent	welding	using	toluene	applied	via	an	airbrush	was	also	

difficult	to	conduct	in	laboratory	scale	when	prototyping	PCL	saturated	microfluidic	devices.	

The	process	of	using	a	heated	stamp	was	also	explored,	while	successful	in	sealing	the	devices,	

a	new	stamp	was	required	for	each	device	design	and	accurate	placement	was	crucial.		

Laser	welding,	a	process	in	which	a	CO2	laser	is	used	to	generate	localized	heating	to	

bond	materials	 together,	 was	 also	 explored.	 	 A	 CO2	 laser	 was	 already	 being	 used	 in	 this	

fabrication	 method	 to	 cut	 the	 desired	 microfluidic	 patterns	 in	 the	 PCL	 treated	 paper,	 by	

running	the	laser	out	of	focus,	the	ability	for	the	laser	to	cut	through	the	material	was	reduced,	

and	a	broad	laser	spot	allowed	for	the	generation	of	heat.		By	varying	the	settings	of	the	laser	

cutter,	it	was	experimentally	determined	that	a	power	of	15%,	speed	of	75%,	pulses	per	inch	

(PPI)	of	1000,	and	a	z-axis	of	3mm	were	sufficient	for	successful	laser	welding	of	PCL	treated	

paper	 (15%	w/v	CAPA	6800).	 	The	z-axis	setting	 is	 typically	defined	by	the	thickness	of	 the	

material	being	processed,	in	the	case	of	PCL	treated	paper	0.2	mm	was	used	for	cutting,	but	

by	setting	the	z-axis	to	3	mm,	the	laser spot is no longer focused and the heat melts the PCL 

rather than cutting through the paper (Figure 3-6a&b).  Despite the apparent success of the 

technique, reproducibility suffered as accurate sample placement was extremely difficult and 

the welding process was time consuming due to the fact that the laser had to raster across the 

entire surface (Figure 3-6c).		

	

	
Figure 3-6 Laser welding of PCL treated paper.  A simple experimental setup in which PCL treated paper 
was overlapped, kept in contact with one another using magnets and the CO2 laser was rastered across 
the overlapping region (orange color) (a), Successful laser welding of 15% (w/v CAPA 6800) (Power = 
15%, Speed = 75%, PPI = 1000, Z-axis = 3mm).   

(a) (b)

(c)
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While	optimizing	the	laser	welding	conditions,	it	was	noticed	that	with	sufficient power 

the PCL treated paper took on a transparent appearance as though the paper was being ablated 

while the PCL remained intact (Figure 3-7).  Subsequent attenuated total reflectance Fourier 

transform infrared spectroscopy (ATR-FTIR) (Nicolet 6700, Thermo Scientific, Waltham, MA, 

USA) analysis showed increased OH stretching and consistent C-H and C=O stretching with 

increasing laser power (Figure 3-8).  Given that ATR only probes the surface of the substrate 

this effect is likely due to the increased exposure of the remaining cellulose, or increased 

breakdown of the ester linkage in the PCL film.				

	

	
Figure 3-7 Laser ablation of PCl treated paper.  The apparent selective ablation of paper upon exposure to sufficient 
laser power (Power = 20%, Speed = 100%, PPI = 1000, Z-Axis = 3mm) (a and b). Using a USB microscope, the 
transition from the unexposed region (left) to the exposed region (right) is apparent, also noticeable is the heat 
affected zone in between the two regions (center) (c). 

(b)

(a) (c)
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Figure 3-8 ATR-FTIR analysis of PCL treated paper.  Treatment of Whatman no. 1 CHR with PCL masks the 
signal from the stretching of the OH group in the cellulose structure while the C-H stretch and C=O stretch from 
PCL remain clearly visible. (a)  Increasing laser power results in an increase in OH stretching, likely from increased 
exposure to the remaining cellulose within the substrate, or breakdown of the ester linkage within the PCl structure. 
(b) 

3.4.1.4 Pressure testing 

Traditional microfluidic devices are often operated in one of two fluid flow regimes, 

capillary action (surface-derived flow) and pressure-driven (hydraulic) flow, though other bulk 

transport mechanisms such as electrokinetic flow are also occasionally used.  With capillary 

flow the pressure that a material can withstand is of little consequence so long as the material 

remains impermeable to the fluid being transported.  With pressure driven flow, the maximum 

operating pressure a substrate can handle becomes a critical factor.  When used as an adhesive 

layer with a solid polymeric substrate such as polymethylmethacralate (PMMA), PCL has been 

shown to be capable of withstanding pressures in excess of 1500 PSI.[358]  However, with a 

porous substrate such as paper the maximum operating pressure might be expected to be much 

lower.  As these data were not available for our novel fabrication method, experiments were 

designed to allow for their collection. 

The maximum pressure of PCL treated paper microfluidic devices was evaluated by 

creating a simple single channel device with channel dimensions of 800 µm in width and 180 

µm in height.  Nanoports (Upchurch Scientific, IDEX Health & Science, Oak Harbor, WA, 

USA) were attached via clamping mechanisms fashioned by custom-machining of 

poly(methylmethacrylate), PMMA, in order to limit the failure to the PCL paper microfluidic 
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channel and not the interface (Figure 3-9).  An aqueous solution of red food dye was injected 

using a high pressure syringe pump (uLC 5000, Teledyne Isco, Lincoln, NE, USA) while the 

back pressure was monitored using a high speed USB pressure transducer (PX409, OMEGA 

Engineering Inc., Stamford, CT, USA).  The solution was allowed to fill the channel before the 

outlet was plugged and pressure built until device failure at which point the pressure leveled off 

or dropped slightly.   The average maximum operating pressure that PCL paper microfluidic 

devices are capable of is approximately 1.33 ± 0.38 PSI (n=7).  Figure 3-10 presents typical 

data obtained during the pressure testing experiments.  Device failure occurred approximately 

4 minutes into the flow of solution at a pressure of approximately 1.1 PSI.  It is important to 

note that no device tested failed through delamination of device layers; rather, solution began 

to seep through the PCL treated paper on top of the channels.  While the maximum pressure is 

low compared to traditional microfluidic devices, it is comparable with other low-cost open-

channel paper-based microfluidic devices capable of pressure-driven flow. [29]  

 

 

 
Figure 3-9 Testing apparatus for burst pressure analysis of PCL paper microfluidic devices.  Schematic layout 
of the microfluidic channel (a) and a 3D rendering of the completed three-layer device and the PMMA 
clamping mechanism used to limit the failure to the channel, and not the interface (b). Top view (c) and side 
profile (d) of the completed testing setup with a PCL paper microfluidic chip in place.    

(a)

(b)

(c)

(d)
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Figure 3-10 Typical result of a burst pressure test for a PCL/paper microfluidic device.  800 µm wide 
single channel device fabricated with 15% CAPA 6800 (79K MW) PCl.  Approximately 4 minutes into 
the experiment critical failure, that is solution began to leak through the device when the pressure reached 
1.1 PSI as which point the pressure leveled off and ultimately began to drop.   

 
3.5 Applications 

3.5.1 Gas permeability 

PCL treated paper is repellant to many liquids thanks in part to the solvent compatibility 

of PCL, yet remains highly permeable to gases and compounds in the vapor phase.  This high 

level of permeability is due to the complex network of interconnected pores within the fibrous 

matrix of the paper. This complex network allows paper to be much more permeable to gases 

than is the case for other common materials used to fabricate microfluidic devices (Table 3-3).  

While the PCL treatment does coat much of the surface, many pores remain open, allowing 

access to the interconnected network throughout the substrate (Figure 3-4).  This high level of 

permeability can be used to transport gases through PCL treated paper enabling detection of 

gaseous compounds as well as to supply the necessary oxygen for many enzymatic processes 

and chemical reactions. 
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Table 3-3 Comparison of the oxygen permeability of a variety of materials used in the 
fabrication of microfluidic devices. [29, 359, 360] 

Material Oxygen Permeability 
(109 cm3 (STP) cm/s cmHg) 

Whatman #50 (pore size 2.7 µm) 8,000. 
PDMS 60. 
Natural Rubber  2.4 
Low Density Polyethylene 0.8 
Polystyrene 0.12 
High Density Polystyrene 0.1 
Cellulose Acetate 0.08 
Polyvinyl Chloride (PVC) 0.014 
Nylon 6 0.004 
Polyvinylidene Fluoride (PVDF) 0.003 
Mylar 0.0019 
Teflon (PTFE) 0.0004 

 

 
To demonstrate the extent and potential utility of diffusion of gaseous compounds 

through PCL treated paper, a pressure driven microfluidic device was created.  The device was 

comprised of 5 layers.  Two 800µm channels were fabricated running perpendicular to one 

another with a layer of PCL treated paper in between (Figure 3-11a).  Bromothymol blue (2mM) 

and 50% (v/v) NH4OH were introduced at flow rates of 5 µl/min using a syringe pump.  In 

order to facilitate proper interfacing, a clamping mechanism was designed to hold the four 

necessary nanoports allowing proper positioning.  The clamp was designed using CAD software 

(Solidworks 2014), and made out of poly(lactic acid) (PLA) using a 3D printer (Ultimaker 2, 

Ultimaker, The Netherlands) (Figure 3-11b).  NH4OH flowed underneath the bromothymol blue 

and the gaseous NH3 diffused through the PCL/paper separator and dissolved into the 

bromothymol blue solution increasing the pH and causing the visible color change (Figure 

3-11d).  
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Figure 3-11 NH3 detection in a pressure-driven PCL paper microfluidic device. 3D rendering of the 
complete 5-layer device with the 3D printed clamp for fluidic interfacing (a).  Bromothymol blue and 
50% NH4OH were delivered through a nanoport interface held in place with a 3D printed clamp made of 
PLA (b).  Before bromothyml blue was introduced to the top channel, no color was visible (c).  Upon 
bromophenol blue introduction, a color change was noticed as the indicator crossed over the NH4OH 
channel running orthogonal to, and two layers below, the top layer.  The color was attributable to the 
anticipated increase in solution pH (d).   

 

	  

(a) (b)

(c)

(d)
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3.5.2 Laminar flow and passive mixing in open channel PCL filled paper microfluidic 

devices 

In order to demonstrate the flexibility and applicability of this material set and 

fabrication method, several simple devices, including a double Y channel and a serpentine 

mixer, were prepared.  For simple devices consisting of mostly straight lines as in the double Y 

and single channel devices, a digital craft cutter was used and delivered a high level of 

reproducibility.  However, more complex designs, specifically those in which the blade must 

pass back along the same region as was previously cut as is the case for the serpentine mixer, 

are not appropriate for the cutting plotter, as the cutting action peels the substrate from the 

cutting surface during each subsequent pass of the blade.  While devices can still be produced 

with metal-bladed fabrication tools, a laser cutter which has no physical force interacting with 

the substrate greatly increases the reproducibility and success rate in manufacturing devices.   

Figure 3-12 shows a simple pressure-driven paper microfluidic device for testing the 

ability for low Reynolds number solutions to exhibit laminar flow.  A simple double Y channel 

was fabricated with a channel width of 800 µm and a height of 180 µm.  Two miscible aqueous 

solutions of food coloring (yellow and blue) were introduced at a flow rate of 7.5 µl/min using 

a syringe pump. Upon inspection, two parallel, co-flowing streams were clearly visible within 

the main channel of the device (Figure 3-12c).  These observations showed that, despite the 

uneven surface of the prepared paper substrates, the classic diffusion limited laminar flow of 

two miscible solutions observed in traditional open-channel microfluidic devices was able to 

be replicated in this low-cost platform.   
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Figure 3-12 Laminar flow in a PCL paper microfluidic device.  Schematic drawing of a double Y microfluidic 
channel (a) and an exploded 3D rendering of the completed PCL paper microfluidic device with positioned 
nanoports (b).  This device, with a channel geometry of 800 µm wide and 180 µm height, exhibits classic 
laminar flow with diffusion-limited mixing for two miscible aqueous solutions of dye (imaged from underside 
of device due to interfacing on top side) (c).  The black arrow indicates the direction of fluid flow.   

 A device capable of passively mixing two fluid streams at low Reynolds number was 

produced by cutting a channel with repeating C-shaped units that turn the fluid 180˚ multiple 

times along the length of the channel.  As shown in Figure 3-13, a three-layer device with two 

400 µm inlet channels joining through a Y junction with the 800 µm main serpentine channel 

was fabricated.  Two separate streams of aqueous blue and yellow food coloring were 

introduced at flow rates of 7.5 µl/min with an estimated back pressure of 0.7 psi.  This 

serpentine channel geometry has been shown to successfully and uniformly mix two miscible 

solutions at relatively low Reynolds numbers through the consecutive generation of Dean 

vortices and the introduction of chaotic advection in traditional polymeric microfluidic devices. 

[361, 362]  Figure 3-13f shows the enhanced mixing of the two streams as close to the inlet two 

distinct blue and yellow streams exhibit laminar flow but ultimately yield a single green solution 

further downstream.  An important attribute of polymeric microfluidic devices is the ability to 

operate for extended periods of time, this is in stark contrast to the single-use point of care style 

of most paper microfluidic devices.  Like polymeric, glass and silicon devices, PCL/paper 

microfluidic devices are capable of being operated for extended periods of time and have even 

been demonstrated as being reusable should the need arise Figure 3-13c-f. 

(a) (b)

(c)
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Figure 3-13 Passive mixing in a pressure-driven PCL/paper microfluidic device.  Schematic drawing of the 
serpentine mixer channel with dimensions given in mm (a) and an exploded 3D rendering of the assembled 
three-layer serpentine mixer with positioned nanoports (b).  The serpentine channel (800 µm wide and 180 µm 
deep) acts as a passive mixer for low Reynolds number solutions of aqueous dye (yellow and blue food coloring) 
resulting in a homogenous green solution near the device outlet.  PCL paper microfluidic devices are capable of 
running continuously for extended periods of time (c-f).  The black arrow indicates the direction of fluid flow.     

 

0	min 1.5	min 30	min 120	min
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3.5.3 Complex microfluidic devices fabricated with PCL filled paper: droplet generator 

and serial dilution devices 

A useful application of open-channel polymeric microfluidic devices is the generation 

of well-defined concentration or pH gradients of miscible fluids as well as the formation of 

monodisperse droplets of immiscible fluids.[363, 364] A droplet generator was designed using 

a simple T-junction with channel width and height of 1.2 mm and 180 µm respectively (Figure 

3. a-b).  Nanoports were used for fluidic interfacing and were attached using a 20% (w/v) 

solution of PCL (79,000 mw) in toluene as adhesive.   During use, two immiscible solutions 

meet at the intersection of the T-junction, resulting in clipping of the dispersed phase by the 

carrier phase generating droplets or plugs of the dispersed phase.  An aqueous solution of blue 

food dye served as the carrier phase, while silicone oil was used as the dispersed phase.  A dual 

syringe pump was used to control the flow of the carrier and dispersed phases.  By varying the 

relative flow rates of the two phases, the sizes of the droplets formed can be controlled.  

Increasing the flow rate of the carrier phase results in an increased clipping rate of the silicone 

oil and smaller droplets (Figure 3-14d-f).  Droplet generation was demonstrated at frequencies 

of approximately 0.07, 0.10, and 0.16 Hz.  These values are on the low end when compared to 

PDMS based droplet microfluidics and is likely due to the significant decrease in maximum 

operating pressure of PCL paper microfluidic devices which results in lower maximum flow 

rates. [365]  
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Figure 3-14 Open-channel PCL paper microfluidic device for droplet generation.  Schematic drawing of the 
droplet generator with dimensions given in mm (a) and an exploded 3D rendering of the assembled three-
layer device (b).  Top view of the completed device showing that the carrier fluid (aqueous blue food 
coloring) flows along the main channel while the dispersed phase (unmodified silicone oil) enters through 
the T junction orthogonal to the carrier flow (c).  By increasing the flow rate of the carrier fluid the size and 
frequency of the droplets can be adjusted ~7.1 mm length (0.07 Hz) (d), ~4.1 mm length (0.10 Hz) (e), and 
~2.2 mm length (0.16 Hz) (f).     

The fabrication of complex structures such as a serial dilution ladder required a modification 

of the established fabrication methodology in order to account for components of the device 

that are not attached to the surrounding paper substrate. With the previously discussed 

fabrication method these pieces would be free to move resulting in inaccurate channel 

geometries throughout the device.  The use of a low adhesive tape (Scotch Blue Painter’s Tape, 

3M, Maplewood MN) affixed to one side of the PCL treated paper prior to cutting allows for 

the creation of complex patterns in which not all parts are connected to the surrounding paper.  

The cutting parameters were adjusted to ensure that the PCL treated paper was cut, while the 

underlying tape layer remained intact (laser settings: power=11, speed =50, PPI=1000, Z-

axis=0.2mm).  The tape was removed following lamination of the microfluidic layer to another 

layer in the device.    
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 In order to evaluate the feasibility of this method for complex device fabrication, a post 

array mixer consisting of an array of 1mm circular posts was designed and fabricated.  Figure 

3-15 shows the CAD schematic for the post array mixer with inlet channels with widths of 500 

µm and a main channel width of 1 mm, the channel height is 180 µm, the thickness of the 

Whatman no. 1 CHR used.  Upon introduction of yellow and blue aqueous solutions of food 

coloring at flow rates of 5 µl/min laminar flow was observed in the main channel before entering 

the post array mixer (Figure 3-15b).  Diffusion limited mixing gave way to a turbulent, chaotic 

mixing regime resulting in a green solution.  Due to the geometry of the post array (width and 

length) incomplete mixing of the fluids occurred before entering the outlet channel.  Because 

of this incomplete mixing, laminar flow was reestablished in the outlet channel.  A combination 

of increasing the length or decreasing the width of the mixing region should result in complete 

mixing.  While this device was not optimized, it did demonstrate the capability of this 

fabrication method for the creation of complex microfluidic devices.   

The modified fabrication method was used to for the fabrication of microfluidic devices 

for performing serial dilutions and generating droplets.  Figure 3-16a-b shows the CAD design 

for the serial dilution ladder (channel layer) and an exploded 3D rendering of the completed 

three-layer serial dilution deviceFigure 3-16c-d show the completed serial dilution device 

before and during use.  Aqueous solutions of food coloring (blue and yellow) were supplied at 

flow rates of 5 µl/min using a syringe pump.  Serpentine channels were used to enhance mixing 

of the two solutions.  Each fluid is diluted by a factor of 2 at the channel junction, the addition 

of serpentine channels ensures complete mixing The serial dilution was easily visualized as the 

change in color from blue and yellow to shades of green (Figure 3-16d).  This type of low-cost 

device can be used for achieving serial dilutions in end applications, and for the generation of 

concentration and pH gradients for low-cost analysis devices.    
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Figure 3-15 PCL paper microfluidic post array mixer.  Schematic of post array channel layer 
(middle of three-layer device) showing the array of 1 mm posts (inset) along with the 500 µm 
inlet channels and 1 mm main channel (a).  Aqueous solutions of blue and yellow food dye 
injected at flow rates of 5 µl/min exhibited laminar flow in the main channel (inset) before 
chaotic mixing began in the post array resulting in an increasingly wide region of green 
solution.  Due to the unoptimized geometry, incomplete mixing occured in the post array and 
laminar flow was again noted in the outlet channel (inset), as well as a color gradient in the 
resulting droplet formed at the end of the device (b).  The black arrow is an indicator the 
direction of fluid flow in the device.   

 

 

(a)

(b)
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Figure 3-16 PCL/paper microfluidic device for serial dilution.  Schematic drawing of the serial dilution ladder 
with channel widths of 1 mm (a) and an exploded 3D rendering of the completed serial dilution device (b).  
Completed serial dilution device before (c) and during use (d).  Yellow and blue aqueous food coloring is used 
to illustrate the principle of serial dilution.  Each fluid is diluted by a factor of 2 at the channel junction, the 
addition of serpentine channels ensures complete mixing.   

(b) (c)

(d)

3mm

3mm

(a)
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3.5.4 3-Dimensional microfluidic devices fabricated with PCL filled paper 

The previous devices are examples of 2-dimensional microfluidic devices, that is to say 

that the microfluidic channels and therefore the fluid flow are contained within one layer on the 

device.  This material and fabrication method can also be used to produce complex 3-

dimensional microfluidic devices in which fluid flow occurs in X, Y, and Z directions through 

multiple device layers.  To demonstrate this capability, a device consisting of 5 layers was 

designed.  Figure 3-17a shows a CAD rendering of the pressure-driven paper microfluidic 

device in which fluid flow occurs in three layers of the device.  Nanoports were used for fluidic 

interfacing and were affixed with a 20% (W/V) solution of PCL in toluene (MW 79,000).  Two 

miscible aqueous solutions of food coloring were pumped through the device at a flow rate of 

7.5µl/min.  Figure 3-17b & c show the underside of the completed device before (b) and during 

(c) use showing that no mixing of the solutions occurs despite crossing over one another 

multiple times.  This example demonstrates that with this material and fabrication method more 

complex devices with 3-dimensional fluid flow can be produced as easily as those with 2-

dimensional fluid flow.   
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Figure 3-17 A 3-dimensional pressure-driven paper microfluidic device.  CAD rendering of the multilayer device 
showing the three layers intended for fluid transport, bottom (sealing) layer, and top layer complete with nanoport 
interfaces. (a).  Image of the assembled paper microfluidic device before (b) and during (c) fluid flow showing 
that the miscible solutions are transported through the device without mixing.  (Images are from the bottom side 
of the device due to the interfacing present on the topside).    

	
3.6 Capillary-driven microfluidic devices fabricated with PCL filled paper 

One of the most beneficial features of µPADs, aside from their low cost and ease of 

fabrication, is the ability for capillary flow within the porous paper structure.  This feature, 

depending on the hydrophobicity of the substrate, is largely absent in traditional microfluidics 

which usually rely on external pumping.  This reliance on external pumping severely limits the 

portability of these devices relegating them to laboratory settings.  Unlike other low-cost paper-

based microfluidic devices that use organosilane chemistry which creates a highly hydrophobic 

surface, with contact angles > 130˚, PCL treated paper microfluidic devices with contact angles 

on the border of hydrophilic and hydrophobic materials, are capable of undergoing capillary 

flow. This ability greatly increases the usefulness of these devices enhancing their portability 

and allowing for POC applications in low-cost open channel devices. 

  

(a) (b)

(c)
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The capillary flow rate is in part governed by the capillary pressure as well as the flow 

resistance.  Larger channels have a higher flow resistance, so it is expected that larger channel 

widths will have lower flow rates.  The capillary flow rate in PCl treated microfluidic devices 

was determined by measuring the amount of time it took for an aqueous solution of dye to travel 

the length of the channel.[342]  Based on these measurements, the capillary flow rate increased 

with increasing channel size, and reached a maximum at a channel diameter of 1mm before 

decreasing with further increases in channel size (Figure 3-18).  This is likely due to increasing 

rates of channel blockage, caused by collapse or the presence of artifacts such as excess PCL, 

at smaller channel dimensions for PCl treated paper microfluidic devices.  As the channel width 

increases, the impact of small artifacts within the channel becomes less noticeable.  Once the 

channel widths increase above 1 mm, the flow resistance due to channel dimension has a greater 

impact on the flow rate.  Using larger channel dimensions allows for capillary-driven flow 

within PCl treated paper microfluidic devices such as the demonstation urinalysis device in 

Figure containing the 5 reagent pads from a commercially available urinalysis dip stick Figure 

3-19. 

	
Figure 3-18 Capillary flow rate for PCl treated paper microfluidic devices.  The 
capillary flow rate reaches a maximum at 1mm.  At smaller channel 
dimensions, artifacts within the channel are more likely to have a greater 
negative impact on the flow rate than at larer dimensions where flow resistance 
takes presidence.     
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Figure 3-19 Capillary-driven urinalysis device composed of PCl treated paper. 

3.5 Conclusion 

Similar to the popular wicking-based paper microfluidics, open-channel PCL paper 

microfluidic devices are easy to fabricate, inexpensive, flexible, and suitable for a variety of 

common microfluidic operations.  Similar to other recently developed low-cost paper-based 

open-channel microfluidic devices, PCL treated paper devices are able to be used with pressure-

driven flow.  However, unlike those other fabrication methods, PCL treated devices are also 

able to undergo capillary-driven flow thanks in part to the low contact angle that borders 

between hydrophobic and hydrophilic.   With further development, open-channel PCL paper 

microfluidic devices have the potential to further the field of microfluidics in the laboratory 

through new low-cost pressure-driven systems, and in the field POC devices in a variety of 

fields including medical diagnostics, food safety, and environmental testing.   
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Chapter 4  

 

Towards Low-Cost Kidney Health Diagnostics in Hybrid 

Paper/Polycaprolactone Microfluidic Devices 

 

4.1 Abstract 

Hybrid paper-based microfluidic devices, that is devices that are composed primarily of 

paper and contain both open channels and paper wicking regions, show great promise as a new 

platform for the low-cost of analysis of biologically relevant targets.  These devices, fabricated 

with polylcaprolactone (PCL) filled paper, are low-cost, simple to fabricate, and combine many 

of the benefits of open-channel microfluidic devices and paper-based analytical devices 

(µPADs) including low sample and reagent volumes, the ability to work with complex fluids 

such as blood without the need for external pumping, and the ability for gases to diffuse through 

the substrate.  Clinical chemistry assays for the determination of urea and creatinine were 

developed and optimized on the PCL/paper platform.  These assays take advantage of the 

unique ability for gaseous compounds to diffuse through PCL filled paper.  The enzymes urease 

and creatinine deiminase were selected as they both yield NH3 as a product.  By separating the 

enzymatic reaction from the detection chemistry, a simple pH indicator was able to be used 

without the interferences that are often caused by varying sample pH.  

 

4.2 Introduction 

Chronic kidney disease (CKD) affects roughly 14% of the United States general 

population; of that 14%, over 664,000 are classified as having end state renal disease 

(ESRD).[366, 367]  There is a strong correlation between the common non-communicable 

diseases, such as diabetes mellitus (Type II), hypertension, obesity, and CKD. [366, 367]    The 

ability for early diagnosis of CKD can help to delay or prevent the onset of ESRD.  In the event 

of ESRD, renal replacement therapy, or hemodialysis, is used to remove the metabolic waste 

products and other toxic substances that the kidneys can no longer adequately filter out.  This 
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results in frequent visits to the dialysis clinic and regular blood tests to determine the 

effectiveness of the therapy.  Urea and creatinine are the main analytes of interest in assessing 

both renal function as well as the effectiveness of renal replacement therapies.  The levels of 

these analytes in blood, urine, and waste dialysate can be used for the diagnosing and 

monitoring of renal diseases and treatment modalities.  However, these tests are usually 

conducted in a clinical setting and require the patient to submit to multiple blood tests per 

month.  The ability to monitor these analytes using a point-of-care device opens up the 

possibility of more flexible treatment options such as hemodialysis in the home as well as 

peritoneal dialysis while maintaining constant monitoring.   

Urea and ammonia are the products of protein and nucleic acid catabolism in humans.  

Urea is the major nitrogen containing metabolic product, accounting for more than 75% of the 

nonprotein nitrogen excreted by the body.  The biosynthesis of urea from ammonia and carbon 

dioxide is carried out by hepatic enzymes in the urea cycle.  From the liver, urea enters the 

bloodstream where more than 90% of it is filtered by the kidneys and ultimately excreted in the 

urine.[368] Consequently, an increase in serum urea levels is indicative of renal dysfunction 

and usually requires renal replacement therapy, or kidney transplant.  Decreases in serum urea 

levels seldom occur except in individuals with severe liver disease.  Table 4-1 presents 

reference intervals for urea nitrogen in both blood and urine.  The measurement of blood and 

plasma urea levels has long been used as an indicator of kidney function; however, it is now 

widely accepted that creatinine measurement provides better information about kidney function 

than urea titer.  One area where the measurement of urea levels is still of critical importance is 

the assessment of the efficiency of renal replacement therapy.[332]  

Creatinine is the end product of the metabolism of creatine and phosphocreatine and is 

one of the most important and most common analytes for the determination of renal health.  

Phosphocreatine is a high energy reserve used in the conversion of ADP (adenosine 

diphosphate) to ATP (adenosine triphosphate).  Creatine is synthesized in the kidneys, liver, 

and pancreas before being transported to other organs and muscles via the blood stream.  Once 

in the muscles it is phosphorylated to phosphocreatine, a high-energy compound used in the 

process of muscle contraction.  A portion of the free creatine (1 – 2%/day) is converted to the 
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waste product, creatinine, and excreted in the urine.  The amount of creatinine produced daily 

is related to muscle mass and is therefore fairly consistent.[332]    Creatinine levels are 

indicative of muscle mass, and temporal variation in creatinine concentration in biological 

fluids is indicative of dysfunction of the kidneys, muscles, and thyroid. 

 
Table 4-1 Clinical reference intervals for creatinine and urea nitrogen.[332]    

 Urine Blood 

Creatinine Male: 14 – 26 mg/kg/day Male: 0.62 – 1.10 mg/dl 
Female: 11 – 20 mg/kg/day Female: 0.45 – 0.75 mg/dl 

Urea Nitrogen Adult: 10 – 20 g/day Adult < 60: 6 – 20 mg/dl 
Adult > 60: 8 – 23 mg/dl 

 
There are several chemical-based colorimetric methods for the determination of urea 

and creatinine in biological fluids.  Colorimetric determination of urea often utilizes the 

condensation reaction of diacetyl with urea to form diazine which absorbs strongly at 540 nm 

(Figure 4-1).  Unfortunately, diacetyl is unstable and is often generated in-situ with diacetyl 

monoxime and acid in order to overcome this stability issue.[332] Other possible reagent 

systems include phthalaldehyde, napthyl ethylenediamine[369], and chromotropic acid[370].  

Each of these methods is particularly difficult to use and not appropriate for point-of-care 

systems as each requires strict temperature and pH control[371]. 

 
Figure 4-1 Colorimetric determination of urea using diacetyl.  Diacetyl condenses with urea 
forming the chromogen diazine which absorbs strongly at 540 nm.   

Creatinine assays are often based on the Jaffe reaction in which creatinine reactions with 

picrate ion in an alkaline medium yielding a red/orange complex (Figure 4-2).  The Jaffe 

reaction is simple, cheap, and can be automated using clinical analyzers which leads to its 

appeal.  However, there is a serious drawback: there are a large number of interfering 

compounds, including protein and glucose, that require additional process steps to mitigate, 

which in turn increases the complexity and cost of the assay.   The Jaffe reaction is not suitable 
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for dry chemistry point-of-care devices because picric acid, like other nitrated compounds, is 

explosive under dry conditions leading to problematic storage requirements.     

 
Figure 4-2 Colorimetric determination of creatinine via the Jaffe reaction.  Creatinine reacts with 
picric acid in an alkaline medium yielding a red/orange chromogen. 

 

Another class of detection methods for urea and creatinine involves the use of enzymatic 

reactions coupled to detection chemistries.  In the case of urea, a two-step assay is typically 

used.  First, urease catalyzes the hydrolysis of urea to ammonia and carbon dioxide.  Next, the 

ammonia is detected using Berthelot’s reaction, an alkaline solution of phenol and hypochlorite 

that results in a blue compound (Figure 4-3).  The enzymatic determination of creatinine is often 

much more complex than that of urea.  The first step of this enzymatic reaction uses creatininase 

to catalyze the hydrolysis of creatinine into creatine.  Following the formation of creatine, 

several methods of detection are able to be used.  The first of these methods relies on the creatine 

kinase reaction (an enzymatic cascade) and the spectrophotometric measurement of NAD+ and 

NADH at 340 nm.  Another method utilizes creatinase to catalyze the hydrolysis of creatine to 

sarcosine and urea.  Sarcosine oxidase then catalyzes the formation of formaldehyde, glycine, 

and hydrogen peroxide before hydrogen peroxide oxidizes a redox indicator in the presence of 

peroxidase yielding a colored compound (Figure 4-4).[372]  NAD+/NADH chemistry can also 

be used in place of the redox indicator by using formaldehyde dehydrogenase.  Another enzyme, 

creatinine deaminase, has also been used in a five step enzymatic reaction for the formation of 

a colored complex.[332]  Dry chemistries based on some of these enzymatic assays have also 

been demonstrated, as have potentiometric methods. [371, 373]   
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Figure 4-3 Enzymatic reaction for the colorimetric determination of urea using Berthelot 
reaction.  Urease catalyzes the hydrolysis of urea to ammonia and carbon dioxide.  Ammonia 
then reacts with hypochlorite forming monochloroamine under alkaline conditions.  
Monochloroamine then reacts with phenol yielding benzoquinone which then reacts with a 
second phenol molecule to generate an indophenol, a blue colored compound whose intensity is 
proportional to the concentration of urea. 
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Figure 4-4 Enzymatic reaction for the colorimetric determination of creatinine.  Creatinine amidohydrolase 
(creatininase) catalyzes the hydrolysis of creatinine to creatine.  Creatine amidinohydrolase then catalyzed the 
hydrolysis of creatine to urea and sarcosine.  Hydrogen peroxide is formed from sarcosine in the presence of 
sarcosine oxidase before oxidizing a redox indicator in the presence of peroxidase. [372]   
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 Recently there has been a growing interest in micro-total analysis systems (µTAS) or 

lab-on-a-chip devices due to their numerous advantages over traditional methods including 

lower cost, shorter analysis time, decreased reagent consumption, as well as smaller sample 

sizes.  Microfluidic approaches for the determination of creatinine and urea have been 

demonstrated but lack the true portability of a point-of-care system as they rely on syringe 

pumps and traditional spectrophotometers for analysis.[374, 375]  Over the last decade the 

growing trend has been the development of microfluidic paper-based analytical devices 

(µPADs).  µPADs increase the portability and further decrease the cost while maintaining the 

same advantages of more traditional silicon and polymeric microfluidic devices that normally 

require external equipment for fluid flow. 

The aim of this chapter is to demonstrate the capabilities of hybrid paper-based 

microfluidic devices - devices comprising both open channels and paper wicking regions - for 

the determination of creatinine and blood urea nitrogen (BUN) in a point-of-care setting.  These 

easy-to-fabricate devices are composed of PCL filled paper and capitalize on its gas 

permeability for the detection of NH3 generated via enzymatic reactions.  This permeability 

allows for the separation of the enzymatic reaction and the detection mechanism which limits 

the potential sample interferences.  The enzymes urease and creatinine deiminase were selected 

based on their robust nature and ability to catalyze the formation of NH3
 from their respective 

substrates.  The generation of ammonia can easily be quantified through the use of a simple pH 

indicator.  By separating the two steps of the reaction, samples with varying pH such as urine 

are less likely to cause falsely elevated levels, and the sensitivity of the system can be adjusted 

through careful selection of various pH indicators.   
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4.3 Materials and Methods 

4.3.1 Chemicals and instrumentation 

Whatman no. 1 chromatography paper was obtained from VWR (Radnor, PA, USA).  

Polycaprolactone samples were obtained from Perstorp (Malmö, Sweden) and covered a wide 

range (from 2,000 to 79,000 average MW) of their CAPA line of resins, and Sigma (79,000 

MW) (St. Louis, MO, USA).  Toluene (AR ACS Grade) was purchased from Macron Fine 

Chemicals (Avantor Performance Materials, Center Valley, PA, USA).  Potassium carbonate, 

sodium hydroxide was purchased from (Mallinckrodt, Paris, KY, USA).  Creatinine deiminase, 

lyophilized, was purchased from MP Bio (Santa Ana, CA, USA).  Tetrabromophenol blue, 

sodium dehydrate citrate (99%), creatinine, and Urease (lyophilized) from Jack Bean were 

purchased from Alfa Aesar (Ward Hill, MA, USA).  Citric acid (enzyme grade) and HEPES 

sodium salt (Acros) was purchased from (Fisher Scientific, Pittsburgh, PA, USA).  Urea was 

purchased from Sigma (St. Louis, MO, USA).  All solutions were prepared with deionized water 

(specific resistivity >18 MΩ cm) from an ultrapure water system (Millipore Milli-Q Advantage 

A10) that was purchased from EMD Millipore (Billerica, MA, USA) unless otherwise 

specified.  An iPhone 5S, used for capturing images, was purchased from Apple (Cupertino, 

CA, USA).  A USB microscope, MiScope MP was purchased from Zarbeco (Randolph, NJ, 

USA) and was used for imaging and measurements.  A desktop thermal lamnitor (Scotch™ TL-

901, 3M, Minneapolis, MN, USA) was used for all lamination processes.  A USB document 

camera (Point 2 View, IPEVO, Sunnyvale, CA) was used inside a benchtop light box 

(SANOTO) was used for image capture.   

 

4.3.2 Choice of Materials 

 Polycaprolactone (PCL) was selected for the hydrophobization of paper due to its 

favorable properties for microfluidic device fabrication, namely its low-cost, widespread 

availability, low glass transition temperature (Tg) of -60˚C, low melting temperature (Tm) of 

60˚C, and biodegradability.  These properties allow for a device that can be fabricated without 

expensive specialized equipment at a minimal cost per device.  PCL has been shown to be 

biodegradable, and in combination with paper yields a device with minimal environmental 
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impact following disposal, yet is still easily incinerated should the application require it. [357] 

Paper is rendered hydrophobic by saturating it with a solution of PCL dissolved in toluene.  

Toluene was selected due to its ability to dissolve PCL; its high vapor pressure, low cost, and 

widespread commercial availability were also contributing factors. [324]  

 
4.3.3 Fabrication of hybrid paper-based microfluidic devices  

The approach taken for fabrication of these hybrid paper-based microfluidic devices 

was similar to the approach described in previous chapter.  Figure 4-5 outlines the overall 

process used to fabricate these particular hybrid paper-based microfluidic devices.  Briefly, 

Whatman no. 1 CHR is filled with PCL by soaking it in a 15 % (w/v) of CAPA 6800 (average 

mw = 79,000) in toluene.  Following treatment, the PCL saturated paper was hung to dry 

allowing for a more uniform PCL coating due to even solvent evaporation from both sides of 

the paper.  Device designs were generated using computer-aided design software (CAD) 

(Solidworks 2014, Dassault Systèmes, Vélizy-Villacoublay, France) and cut into the prepared 

paper substrates using a 50 watt CO2 laser cutter/engraver (VLS 3.50, Universal Lasers, 

Scottsdale, AZ, USA).  Multiple layers were then joined together using a thermal laminator 

(Scotch TL901 thermal laminator, 3M, Maplewood, MN) to create open channels and holding 

regions for porous substrates.  Porous wicking regions composed of untreated Whatman no. 1 

CHR were also designed and cut in the same manner as the PCL filled paper substrate.  These 

porous substrates, with or without predeposited assay reagents, were then inserted into the 

precut PCL filled paper substrates and the entire multilayer device thermally bonded to yield a 

complete multilayer hybrid paper microfluidic device. 
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Figure 4-5 Hybrid paper microfluidic device fabrication outline.  Whatman no. 1 CHR (a) was treated 
with a solution of 15 % (w/v) PCL in toluene rendering the paper hydrophobic (b).  The microfluidic 
pattern, including inlets, open channels, and regions for holding porous media, were cut using a laser 
cutter (c).  Multiple layers were thermally bonded using a bench top laminator and wicking regions, 
with or without pre-deposited reagents, were inserted during the bonding process (d) resulting in the 
final multilayer hybrid paper-based microfluidic device (e).   
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4.3.4 Assay Design 
4.3.4.1 Creatinine Assay Chemistry 

Many of the commercial creatinine assays utilize an enzymatic cascade for the 

colorimetric determination of creatinine.  This approach requires multiple enzymes which 

increases the complexity, as well as the overall cost for the assay.  The creatinine assay used in 

the hybrid microfluidic devices described here made use of a single enzyme, creatinine 

deiminase, and a simple pH indicator to accomplish the same goal.  Creatinine deiminase 

(creatinine iminohydrolase) is an enzyme that catalyzes the reaction of creatinine and water 

forming N-methylhydantoin and ammonia.  The formation of ammonia allows a direct 

measurement of the creatinine concentration with a simple pH indicator rather than the common 

enzymatic cascade and redox indicator system (Figure 4-6).  Creatinine deiminase is 

appropriate for use in point of care systems as it is a robust enzyme that is stable across a wide 

pH range (7.0 to 11.0) and also has a high thermal stability of 65˚C for 1 hour at pH 7.5.  

Maximum enzyme activity is achieved at the optimum pH and temperature of 8.5 – 9.5 and 

65˚C – 75˚C respectively.   

 

 
Figure 4-6 Creatinine assay chemistry.  Creatinine deiminase catalyzed the reaction of 
creatinine and water yielding N-methylhydantoin and ammonia as products.  Ammonia 
was then detected via a pH indicator as the pH of the surrounding environment increased.  
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4.3.4.2 Urea Nitrogen Assay Chemistry 

The design of the hybrid microfluidic BUN assay relies on the same basic design as the 

creatinine assay in that a single enzyme, rather than an enzymatic cascade, is used.  Urea is 

hydrolyzed by urease (urea amidohydrolase) in the presence of water forming carbon dioxide 

and ammonia.  The formation of ammonia can once again be measured by a simple pH indicator 

as in the creatinine assay (Figure 4-7). While urease has a narrower pH stability range (5.5 – 

8.5) and a lower temperature stability of 50˚C at pH 8.0 for 1 hour than creatinine deiminase it 

is still suitable for use in point of care systems.  Maximum enzyme activity is achieved at the 

optimum pH and temperature conditions of 6.0 and 60˚C respectively.   

 

 

 
Figure 4-7 Urea assay chemistry.  Urease catalyzes the reaction of creatinine and 
water yielding carbon dioxide and ammonia as products.  Ammonia is then able to 
be detected by a pH indicator as the pH of the surrounding environment increases. 
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4.3.4.3 pH Sensing Chemistry 

Colorimetric detection of volatile ammonia in these hybrid microfluidic devices relied 

on the common pH indicator bromophenol blue.  Bromophenol blue is yellow in its protonated 

form (pH < 3.0), but transitions to blue upon deprotonation (pH > 4.6) (Figure 4-8).[376]  A 

pH indicator solution was prepared by dissolving bromophenol blue and sulfosalicyclic acid in 

a 7:3 (v:v) solution of ultrapure water and ethylene glycol dimethyl ether to final concentrations 

of 5mM and 60mM respectively.[377]    pH sensing paper was prepared by soaking Whatman 

no. 1 qualitative filter paper in the prepared pH indicator solution and drying at room 

temperature.  The filter paper was hung during the drying process to ensure an even distribution 

of reagents throughout the paper.  After drying the treated filter paper was yellow/orange in 

color.  A standard hole punch (6mm diameter) was used to create appropriately sized reagent 

pads for use in assembling hybrid microfluidic measurement devices.   

 

 
Figure 4-8 The reversible colorimetric reaction of bromophenol blue.  Bromophenol blue is 
yellow when in its protonated form (pH < 3.0) and blue when deprotonated (pH > 4.6). 
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4.4 Results and Discussion 

4.4.1 Characterization of PCL filled paper 

PCL treated paper is repellant to many liquids thanks in part to the narrow solvent 

compatibility of PCL yet remains highly permeable to gases and compounds in the vapor phase.  

This high level of permeability is due to the complex network of interconnected pores within 

the fibrous matrix of the paper, which are not completely filled in the PCL application process. 

This complex network allows paper to be much more permeable to gases than other common 

materials used to fabricate microfluidic devices (Table 4-2).  While the PCL treatment does 

coat much of the surface, many pores remain open, allowing access to the interconnected 

network of pores (Figure 4-9a-b).  This high level of permeability can be used to transport gases 

through PCL treated paper enabling detection of gaseous compounds as well as to supply the 

necessary oxygen for many enzymatic processes and chemical reactions. 

 
Table 4-2 Comparison of the oxygen permeability of a variety of materials used in the 
fabrication of microfluidic devices. [29, 359, 360] 

Material Oxygen Permeability 
(109 cm3 (STP) cm/s cmHg) 

Whatman #50 (pore size 2.7 µm) 8,000 
PDMS 60 
Natural Rubber  2.4 
Low Density Polyethylene 0.8 
Polystyrene 0.12 
High Density Polystyrene 0.1 
Cellulose Acetate 0.08 
Polyvinyl Chloride (PVC) 0.014 
Nylon 6 0.004 
Polyvinylidene Fluoride (PVDF) 0.003 
Mylar 0.0019 
Teflon (PTFE) 0.0004 
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Figure 4-9 SEM analysis of untreated and PCL treated Whatman no. 1 CHR.  The interwoven cellulose fibers 
that compose the porous structure of Whatman no. 1 CHR filter paper are clearly visible in the untreated sample 
(a).  Following PCL treatment (15% (w/v) CAPA 6800 (mw = 79,000) in toluene) the cellulose fibers are less 
apparent as the PCL fills a portion of the pore space and coats the surfaces of the cellulose fibers (b) leading to 
a smooth, hydrophobic surface (c).   

Figure 4-10 illustrates the concept of gaseous diffusion through the PCL treated paper.  

Gases readily permeate the pore matrix, while the material remains largely impermeable to 

liquids.  Whatman no. 1 CHR was treated with a 15% (w/v) solution of 79,000 MW PCL 

(CAPA 6800) in toluene.  After drying, a ½ inch (12.7 mm) hole punch was used to create test 

pieces.  A 6mm hole was punched in double-sided tape (Scotch, 3M, Maplewood, MN) and the 

tape barrier was then affixed to one side of the PCL treated paper.  50% (v/v) solutions of 

NH4OH in water were added to microcentrifuge tubes before the treated paper was attached to 

the top using the double-sided tape.  A drop of phenol red was added to the top surface of the 

prepared paper (Figure 4-10a).  NH4OH and NH3 were in equilibrium with one another in the 

microcentrifuge tube; a portion of the gas-phase NH3 diffused through the PCL treated paper 

and dissolved in the phenol red solution, increasing the pH.  The extent of the diffusion was 

visualized in the form of a color change of the phenol red indicator: the indicator remained 

yellow at pH < 6.8, but became red/pink under basic conditions (pH > 8.2).  The reaction began 

almost immediately, as evidenced by a color change at the edge of the phenol red droplet, and 

was complete in under 5 minutes (Figure 4-10b).  A similar result was obtained when the liquid 

phenol red was replaced with the prepared dry pH indicator pad (Figure 4-10c). 

Untreated Whatman no. 1 CHR PCL Treated Whatman no. 1 CHR

PCL 
Treatment

1	mm 1	mm

(a) (b) (c)
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Figure 4-10 Gas permeability of PCL treated Whatman no. 1 CHR paper.  PCL treated paper (15% w/v 
CAPA 6800 treated Whatman no. 1 CHR) was affixed to microcentrifuge tubes filled with ammonium 
hydroxide using double-sided tape with a hole punched in the center, phenol red (yellow at pH < 6.8, 
red/pink at pH > 8.2) was added to the top side of the treated filter paper (a).  Immediately after the phenol 
red was added a color change was noticed at the droplet edges; the color change was complete within five 
minutes, no color change was noted in the control tube (water) positioned next to the test tube (b).  
Replacing phenol red with the dry pH indicator pads yielded a similar result (c).  
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4.4.2 Creatinine Assay 

4.4.2.1 Liquid-Based Assay 

The principle of using a pH indicator for the quantitative determination of creatinine 

using creatinine deiminase was first tested in the liquid phase as a standard well-plate based 

assay.  A creatinine deiminase solution was prepared by reconstituting lyophilized creatinine 

deiminase (MP Bio, Santa Ana, CA, USA) in acetate buffer (10mM pH 5.5) to a final enzyme 

concentration of 0.1 U/ml.  An acetate buffer was chosen for enzyme storage due to its volatility 

which allowed simple buffer exchange when optimizing conditions.  The pH of the enzyme 

solution was adjusted to 7.955 with NaOH prior to analysis.  A pH indicator solution of thymol 

blue (yellow < pH 8.0 and blue > pH 9.6) was prepared by dissolving thymol blue sodium salt 

(Alfa Aesar, Ward Hill, MA, USA) in ultrapure water to a concentration of 0.04% (w/v).  A 

working reagent was prepared by mixing the creatinine deiminase and thymol blue solutions in 

a 5:1 volumetric ratio.  A creatinine stock solution (1200 mg/dl) was prepared by dissolving 

creatinine (Alfa Aesar, Ward Hill, MA, USA) in ultrapure water.  Standards were then prepared 

by diluting the stock solution with ultrapure water to final concentrations of 50, 100, 150, 300, 

600, and 800 mg/dl.   

The assay was conducted by adding 600 µl of working reagent and 100 µl of sample 

(standard or blank) to microcentrifuge tubes and allowing them to react for 1.5 hours at room 

temperature.  200 µl of the reacted samples were added to the wells of a 96-well plate and a full 

spectrum scan was conducted from 350 nm to 750 nm in 10 nm increments using a UV-Vis 

plate reader (Spectramax 190, Molecular Devices, Sunnyvale, CA) (Figure 4-11).  Two distinct 

peaks were visible at 430 nm and 590 nm representing the decrease in yellow color and the 

increase in blue color respectively as the pH of the solution increases with increasing creatinine 

concentration.  Plotting the absorbance vs. the creatinine concentration revealed a logarithmic 

relationship between the two (Figure 4-12a).  By logging the creatinine concentration and 

plotting it against the absorbance at 590 nm the linear trend Y = 0.9434 -1.1481 was obtained 

with an R2 of 0.9917 (Figure 4-12b).  
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Figure 4-11 Liquid phase colorimetric creatinine assay using thymol blue as an indicator.  After 
incubation the increasing pH caused by generation of NH3 produced a color gradient from yellow 
(0 mg/dl) to blue (800 mg/dl) (a).  Absorbance spectra of the incubated assay showed a peak at 
430 nm that decreased with increasing concentration, and a peak at 590 nm that increased with 
increasing concentration.  These two peaks corresponded to the decrease in yellow color and the 
increase in blue color as the pH of the solution increased with increasing creatinine concentration 
(b).   

 

 
Figure 4-12 Calibration curves for the liquid phase creatinine assay.  Plotting the absorbance vs. the creatinine 
concentration revealed a logarithmic trend with increasing creatinine concentration (a).  By logging the 
creatinine concentration, a linear trend was obtained (b). 
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4.4.2.2 Hybrid Microfluidic Assay 

The devices for the hybrid microfluidic assay of creatinine were fabricated as previously 

described.  The overall design consisted of 5 layers with the top four layers comprising PCL 

filled Whatman no. 1 CHR (15% (w/v) CAPA 6800, mw=79,000) (Figure 4-13). It was 

experimentally shown that due to the high heat of the thermal lamination process, enzymes, 

even those as robust as creatinine deiminase, show little to no activity afterwards.  In order to 

overcome this issue, transparent packing tape was used as the bottom layer and thermal bonding 

was avoided after application of the enzyme-containing device component.  Device assembly 

consisted of first laminating the top four layers, including the pH indicator pad containing 

bromophenol blue.  Next, an enzyme reagent pad, prepared by treating 6mm circles of Whatman 

no. 1 CHR with 6µl of 20 U/ml creatinine deiminase in Tris buffer (10mM Tris HCL, pH 8.50, 

was placed in the precut opening before the bottom side of the device was sealed with packing 

tape. 

 

 

 
Figure 4-13 Hybrid microfluidic device for the determination of creatinine and BUN.  The device consisted of five 
layers in total with the top four, including the semipermeable membrane, composed of PCL filled Whatman no. 1 
CHR (15% (w/v) CAPA 6800, mw=79,000), the bottom layer consisted of transparent packing tape.  The main 
channel that connected the sample inlet to the enzyme reagent pad was 800 µm wide x 180 µm high (a).  The 
semipermeable membrane allowed samples of varying pH to be analyzed without interfering with the pH indicator 
used for colorimetric detection (b). 
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40 µl of each of several different creatinine-containing samples, ranging from 0 to 800 

mg/dl in concentration, was applied to the inlets of test devices, from which they flowed via 

capillary action to the enzyme reagent pads.  The devices were placed inside a black box with 

controlled lighting (ion pics2go, Ion Audio, Cumberland, RI, USA) and an iPhone 5S was used 

to capture images as the experiment proceeded.  The total testing time was five hours, at which 

point it was noted that a significant amount of color was generated for creatinine concentrations 

above 300 mg/dl with little to no color change being noted for lower concentrations (Figure 

4-14).  By isolating the enzymatic reaction from the pH indicator with a semipermeable 

membrane, the interference caused by varying sample pH was limited and only gaseous 

ammonia was able to diffuse through the membrane and deprotonate the bromophenol blue.  

The experiments revealed that the enzyme concentration affects the rate at which the ammonia 

is generated; however, the liquid assay demonstrated that even a very low enzyme concentration 

was capable of producing ammonia at a faster rate than that which was seen in the hybrid 

microfluidic device-based assay.  Ammonia in solution exists in a dynamic equilibrium between 

ionized and non-ionized (gaseous) forms.  Because only gaseous ammonia is able to diffuse 

through the semipermeable membrane and trigger the pH indicator, increasing the amount of 

gaseous ammonia that was generated in the enzymatic reaction was found to decrease the 

overall assay time. 
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Figure 4-14 Initial design of hybrid microfluidic creatinine assay.  Following the addition of a 
creatinine sample, the total time necessary to develop a significant color, even at higher 
concentrations, was several hours.  Creatinine deiminase was prepared in a 10 mM Tris HCL 
buffer at a pH of 8.5 at a concentration of 20 U/ml. 

 
Despite the extremely long development time, a reasonable calibration curve was 

prepared by plotting the response of the red channel (data collected using an iPhone 5S and 

processed using ImageJ, as described below) against the creatinine concentration (Figure 4-15).  

Hybrid microfluidic devices were prepared as described above.  The devices were placed inside 

a black box with controlled lighting (ion pics2go, Ion Audio, Cumberland, RI, USA) and the 

iPhone 5S was used to capture images of the fully developed devices after a period of 

approximately 5 hours.  The RGB intensity of the entire developed test region was analyzed 
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using ImageJ.  The average of three trials was plotted against the concentration of creatinine 

standards revealing the linear trend Y = -0.1316X + 215.8 with an R2 of 0.9875.  A useful 

calibration cure covering a wide range of creatinine concentrations was produced, yet it was 

noted that the overall length of time required to conduct an assay was excessive.  For this 

approach to creatinine concentration detection to be viable for point-of-care measurements, the 

total time required to conduct the assay must be decreased significantly, ideally to 10-60 

seconds total analysis time. 

 

 
Figure 4-15 Creatinine calibration curve from hybrid microfluidic devices.  The intensity of the 
red channel was measured after a development time of 5 hours using ImageJ.  The average 
intensity of three trials was plotted against the creatinine concentration revelaing the linear trend 
Y = -0.1316X + 215.8 with an R2 of 0.9875.  Data points are an average of 3 trials with the 
error bars representing the standard deviation.  Note: error bars are only shown when the 
standard deviation is larger than the size of the data point. 
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4.4.3 Ammonia production 

4.4.3.1 Equilibrium dynamics of ammonia 

In aqueous ammonia solutions, such as those occurring in the enzymatic reaction of 

creatinine with creatinine deiminase or urea with urease, non-ionized ammonia exists in 

equilibrium with the ionized ammonium ion and the hydroxide ion.  The dissolved ammonia 

exists in a hydrated form, bound to at least three water molecules and the overall equilibrium 

can be expressed as: 

 

 
 

In addition to the total ammonia concentration (NH3 + NH4
+), the concentration of NH3 

is dependent on several additional factors including pH, temperature, and ionic strength.  The 

most important of these factors are pH and temperature with the concentration of NH3 

increasing with both pH and temperature.  Ionic strength also contributes to NH3 concentration, 

but its influence is minimal compared to that of pH and temperature.[378] 

In order to decrease the total assay time, it is important to maximize the amount of 

gaseous ammonia generated via the enzymatic reactions.  It is possible to calculate the amount 

of NH3 vs NH4
+ by factoring in both the pKa and pH of the system with the following 

equation.[378] 

 

%"#$ = &
&'()*+,)-)/&                     eqn. 1 

 

All equilibrium constants, including pKa, vary with temperature according to the Van’t 

Hoff equation.[379]   For aqueous solutions of ammonia the pKa dependence on temperature 

can be calculated from the following equation where T represents temperature in ˚C. 

 

012 = 0.09018 + 9:9;.;9
<       eqn. 2 

 

NH4
+ + OH- + (n - 1)H2O(l) NH3•nH2O(aq) NH3(g) + nH2O(l)
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By combining eqn. 1 and eqn. 2, the effect of temperature and pH on the amount of NH3 

in the system, expressed as a percent of total ammonia, can be calculated. 

 

%"#$ = &

&'
=.=>=?@ABCB>.>BD ,)-

/&
             eqn. 3 

 

The effect of both pH and temperature on the amount of NH3 in the system was 

calculated using eqn. 3.  While calculating the effect of temperature, the pH was held constant 

at 9 while the temperature was varied from 20˚C to 60˚C.  Similarly, during pH impact 

calculations the temperature was held constant at 23˚C (room temperature) while the pH was 

varied from 6 to 12.  Figure 4-16 shows the effect of pH and temperature on the amount of NH3 

as a percent of total ammonia in the system.  The % of NH3 increased rapidly with increasing 

pH (sigmoidal response), and less rapidly with increasing temperature (curvilinear response).     

 

 
Figure 4-16 Effect of pH and temperature on relative NH3 concentration in solutions of aqueous ammonia.  Eqn. 
3 was used to calculate the effect of pH (red circles) with the temperature held constant at 23˚C, and the effect of 
temperature (blue squares) with a constant pH of 9.  pH had a pronounced effect on NH3 concentration across the 
studied range of 6 to 12.  Temperature also affected NH3 concentration. 
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 The hybrid microfluidic system developed here separated the enzymatic reaction and 

the reporter reaction using a semipermeable membrane composed of PCL filled paper.  This 

design allowed gases to diffuse through while the membrane remained impermeable to liquids.  

Because of this, only gaseous ammonia was able to influence the color change of the pH sensing 

membrane.  Therefore, it was important to maximize the amount of gaseous ammonia formed 

to ensure rapid color development.  

 

4.4.3.2 Temperature effects on ammonia equilibrium 

The temperature at which the enzymatic reaction takes place can have several benefits 

for color development including more ideal enzyme conditions as well as increasing the amount 

of volatile NH3.  The effect of reaction temperature was studied by incubating the assay at an 

elevated temperature of 50˚C during the course of the experiment.  This temperature (50˚C) 

was selected for several reasons.  First, the melting point of PCL ranged from 58˚C to 60˚C, 

such that temperatures above 58˚C might lead to softening of the PCL, which might have led 

to device failures. Second, the optimum temperature for urease activity hovers around 60˚C.  

By increasing the reaction temperature to 50˚C, was surmised that device integrity should not 

be compromised and that urease activity should be enhanced.   

The effect of reaction temperature was tested by preparing a 280 U/ml urease (Alfa 

Aesar, Ward Hill, MA, USA) (solution in a HEPES buffer (5mM at pH 7.8 with EDTA added 

as a stabilizer to a concentration of 1mM). [380, 381] Microcentrifuge tubes were prepared by 

punching a hole in the center of the lid using an awl and affixing a 6mm disk of prepared pH 

indicator reagent pads with double sided tape.  100 µl of 280 U/ml urease solution and 50 µl of 

100 mg/dl urea was added to each of 7 prepared microcentrifuge tubes before closing the sealing 

the tubes with the attached lid.  6 of the prepared test devices were placed in an oven at 50˚C 

and allowed to incubate.  One tube was removed every 5 minutes for a total of 30 minutes and 

an image was captured using a USB document camera (Point 2 View, IPEVO, Sunnyvale, CA) 

inside a benchtop light box (SANOTO). 
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Image J was used to measure the colorimetric intensity of the green color for both the 

room temperature sample (23˚C) and the 50˚C sample at each 5-minute time point.  In order to 

account for the heterogeneity of the developed color, likely due to the random distribution of 

pores through which NH3 diffuses, the entire detection zone was selected and an average of the 

RGB values was used for each data point.  Figure 4-17a shows the developed color as a result 

of temperature.  By increasing the reaction temperature from 23˚C to 50˚C a noticeable increase 

in the rate of color development is apparent.  This increase in color is both visually noticeable 

and reflected in the decrease in the red signal.  Incubating the sample at 50˚C for 5, 10, 15, 20, 

25, and 30 minutes leads to an increase in color development by 4.1%, 6.8%, 13.1%, 18.0%, 

18.8%, and 17.1% respectively vs. the room temperature sample.  These results correlated well 

with the calculated %NH3 at 50˚C of approximately 20% (Figure 4-17b).  The noted increase 

in rate of color development is likely best attributed to two processes.  First, the enzymatic 

reaction proceeded at a faster rate due to the increased temperature, which was near the 

optimum temperature for urease activity.  Second, NH3 was distributed increasingly to the gas 

phase as the temperature increased, leading to an increase in the quantity of detectable NH3.   

 

 
Figure 4-17 Effect of temperature on the volatilization of ammonia.  After 30 minutes at room temperature 
the RGB values were measured using imageJ and plotted against pH.  The increase in the intensity of the 
green color with increasing pH can be visualized by the decrease in the signal of the red channel.  Increasing 
the pH to 9, 10, and 11 shows a 9.6%, 28.6%, and 23.2% increase in color respectively when compared with 
pH 7. 
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4.4.3.3 pH effects on ammonia equilibrium 

Solution pH affects not only the equilibrium distribution of ammonia, but the activity 

of the enzyme as well.    The effect of the reaction pH on the ammonia equilibrium was studied 

by varying the pH of the enzyme buffer.  A polymix buffer with equal buffer capacity over a 

wide range of pH values was used in order to minimize the number of experimental variables 

at play during the study.  The buffer was composed of equal concentrations, 2.5mM, of tris-

HCL (Amresco, VWR Int. Radnor, PA, USA), monopotassium phosphate (Mallinckrodt, St 

Louis, MO, USA), citric acid (Fisher, Pittsburgh, PA, USA), and sodium tetraborate (Integra 

Chemicals, Kent, WA, USA) prepared in ultrapure water.[371] The pH was adjusted to cover a 

range of pH values from 7 to 11. This pH range was selected because it covers the optimum pH 

of both creatinine deiminase and urease, as well as the calculated pH range necessary to shift 

the ammonia equilibrium such that NH3 (and particularly vapor phase NH3) was the majority 

component.  Urease working reagents were prepared by dissolving urease (Alfa Aesar, Ward 

Hill, Massachusetts, USA) in the prepared polymix buffers to a final concentration of 270 U/ml.     

The effect of reaction pH was tested by adding 100 µl of each urease working reagent 

to microcentrifuge tubes that were prepared as described previously. 50 µl of 100 mg/dl urea 

was added to each of the prepared microcentrifuge tubes before closing and sealing the tubes 

with the attached lid.  The assay was incubated at room temperature (23˚C) in order to limit the 

variables affecting the ammonia equilibrium.  Images of the resulting color development were 

captured every minute for a total of 90 minutes using a USB document camera (Point 2 View, 

IPEVO, Sunnyvale, CA) inside a benchtop light box (SANOTO).  

Image J was used to measure the colorimetric intensity of the developed color.  After a 

period of 30 minutes at room temperature the effect of the pH on the volatility of the produced 

ammonia became apparent.   By plotting the RGB values against the pH, the increasing green 

color intensity (and therefore the decreasing signal from the red channel) showed the extent to 

which the pH affected the volatility of ammonia (Figure 4-18).  Increasing the pH to 9, 10, and 

11 resulted in an increase in color intensity of 9.6%, 28.6%, and 23.2% respectively when 

compared to pH 7.  It was accepted that increasing the pH above the optimum pH for urease 

(often reported as 7.4) might have led to a decrease in enzyme activity.  The increase in the 
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amount of gaseous ammonia in these experiments was sufficient, apparently, to overcome any 

small decrease in enzyme activity as might be the case for a pH of 9 or 10.  However, when the 

pH was pushed to 11, the increase in gaseous ammonia was no longer sufficient to offset the 

loss of enzyme activity, which resulted in decreased color generation despite the increase in 

NH3 concentration (which approached 100%, Figure 4-18b).  

 

 
Figure 4-18 Effect of pH on the volatilization of ammonia.  After 30 minutes at room temperature the RGB 
values were measured using imageJ and plotted against pH.  The increase in the intensity of the green color 
with increasing pH wasvisualized by the decrease in the signal of the red channel.  Increasing the pH to 9, 10, 
and 11 led to increases in color intensity of 9.6%, 28.6%, and 23.2% respectively when compared with pH 7. 

 

 Figure 4-19 illustrates the rate at which the green color developed under optimal 

conditions.  When the assay was run at room temperature with the polymix buffer at pH 10, the 

color began to stabilize after approximately 25 minutes (Figure 4-19a).  This was true for a 

wide range of urea concentrations from 100 mg/dl to 600 mg/dl (Figure 4-19b).   
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Figure 4-19 Rate of urea assay color development at pH 10.  In these experiments, a 100 mg/dl urea solution 
was mixed with 280 U/ml urease in polymix buffer at pH 10. When the test was performed at room temperature 
the color began to stabilize at approximately 25 minutes (a).  This was found to be the trend for a wide range of 
concentrations of urea, ranging from 100 mg/dl to 600 mg/dl (b).   

4.4.4 Use of a semipermeable membrane material to isolate reaction processes 

In an effort to increase the rate of ammonia diffusion from the enzymatic reaction to the 

pH detection region a variety of alternative membrane materials were tested.  Several 

hydrophobic membranes were selected for testing, as listed in Table 4.3.  Devices were prepared 

as described above except that the semipermeable membrane normally composed of PCL filled 

paper was replaced with one of the commercially available hydrophobic membranes.  The 

enzymatic reagent pad was prepared by depositing 6 µl of 280 U/ml urease in pH 10 polymix 

buffer prior to drying at room temperature.  40 µl of 100 mg/dl urea was then applied to the 

sample inlet.  Images of the resulting color development were captured every minute for a total 

of 3 hours using a USB document camera (Point 2 View, IPEVO, Sunnyvale, CA) inside a 

benchtop light box (SANOTO).  Table 4-3 shows images of the resulting color in the detection 

zone.  Multiple devices turned dark blue within several minutes of sample application indicating 

sample penetration through the membrane.   All of the track etched polycarbonate membranes 

proved to be unsuitable for use in hybrid microfluidic devices, possibly due to manufacturing 

issues associated with thermal lamination.  The remaining three alternative membranes, 

Versapor 200 and 450 as well as the phase separator membrane, showed no sign of color 

development indicating little to no diffusion of ammonia through the semipermeable 

membrane.  The PCL filled paper membrane, prepared in-house as described earlier, showed 

the development of a light green color and was used in ensuing experiments.   
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Table 4-3 Hydrophobic membranes tested for use as semipermeable membrane in hybrid microfluidic 
devices. 

Type Material Pore Size Supplier Typical 
Result 

1PS  
Phase 

separator 

Silicone impregnated 
cellulose Not given Whatman 

 

Versapor 
200R 

Acrylic copolymer on a non-
woven nylon support 0.2 µm PALL 

 
Versapor 

450R 
Acrylic copolymer on a non-

woven nylon support 0.45 µm PALL 
 

Isopore Polycarbonate Track Etched 1.2 µm EMD 
Millipore  

Isopore Polycarbonate Track Etched 5 µm EMD 
Millipore  

Isopore Polycarbonate Track Etched 10 µm EMD 
Millipore  

PCTE Polycarbonate Track Etched 0.2 µm Poretics 
 

PCl Filled 
Paper 

15% (w/v) CAPA 6800 
(79,000 MW) PCL filled 

Whatman no. 1 CHR 
11 µm In-house 
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4.4. Measurement of blood urea nitrogen 

Following the optimization of ammonia volatilization, a calibration curve covering the 

clinical range of importance for serum urea nitrogen was assembled.  100 µl of urease working 

reagent (270 U/ml in polymix buffer at pH 10) was added to microcentrifuge tubes that were 

prepared as described previously. Next, 50 µl of urea standard (0, 15, 21, 27, 33, 39, 45 mg/dl) 

was added to each of the prepared microcentrifuge tubes before closing and sealing the tubes 

with the attached lid.  The assay was incubated at room temperature (23˚C) for a period of 25 

minutes.  Images of the resulting color development were captured using a USB document 

camera (Point 2 View, IPEVO, Sunnyvale, CA) inside a benchtop light box (SANOTO).  By 

plotting the average intensity of the red channel against the urea concentration a linear trend 

with the equation Y = -0.8429X + 221.1 with an R2 of 0.9756 was obtained (Figure 4-20).  The 

current assay format has a detection limit of 1 mg/dL.  

 
Figure 4-20 Urea nitrogen calibration curve from hybrid devices.  The intensity of the red channel was 
measured after a development time of 25 minutes using ImageJ.  The average intensity of three trials was 
plotted against the urea concentration revelaing the linear trend Y = -0.8429X + 221.1 with an R2 of 
0.9756.  Data points represent an average of 3 trials with the error bars representing the standard deviation.  
Note: error bars are only shown when the standard deviation is larger than the size of the data point. 
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4.5 Conclusions and Future Work 

Hybrid microfluidic devices that combine both open channels and wicking regions show 

great promise in the detection gaseous ammonia generated in-situ.  Proof of principle devices 

for the detection of creatinine and urea were prepared from PCL filled paper.  A multilayer 

approach was used to allow the individual reaction components of the two step reaction process 

to be isolated from one another in order to minimize potential sample interferences.  Separating 

the enzymatic reaction from the colorimetric detection reaction made it possible to employ a 

simple pH indicator for the quantitative determination without the interference caused by liquid 

phase samples such as urine or serum, which might vary in pH.  Optimization studies were 

conducted in a hybrid liquid format to maximize the amount of gaseous ammonia produced via 

the enzymatic reactions.  Future efforts should focus on the implementation of optimized 

conditions within the hybrid microfluidic platform and the analysis of biologically relevant 

samples such as urine and serum.  One important inclusion for future devices is a control test 

for endogenous NH3 that is present in biological samples.  While the average concentration 

would have little impact on urea measurements, the lower serum level of creatinine would be 

greatly impacted by endogenous NH3.   

In conclusion, hybrid microfluidic devices that combine both open channels and 

wicking regions show great promise as point of care diagnostic devices for the determination 

of creatinine and urea.  PCL filled paper offered an excellent platform for fabrication as it 

allowed for rapid and inexpensive fabrication of biodegradable microfluidic devices.  
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Chapter 5  

 

Summaries and Conclusions 
 
5.1 Summaries and Conclusions 

 Research and development on microfluidic devices, also known as microfluidic total 

analysis systems (µTAS) or lab-on-a-chip systems, has progressed rapidly over the last several 

decades.  Despite the numerous benefits including increased analytical performance, reduced 

sample and reagent consumption, and reduced device footprint, commercial success stories for 

microfluidic devices are few and far between.  Some observers point to an apparent disconnect 

between microfluidic researchers and consumers as well as a general lack of portability since 

necessary peripherals (pumps, detectors, etc.) have not decreased in size at the same rate.  The 

development of wicking-based paper microfluidics has been demonstrated as a suitable 

alternative for traditional microfluidic devices in many cases, but open-channel microfluidics 

cannot be ignored.  The field of miniaturization is ripe for innovation of new materials and 

fabrication methods.  

The development of polycaprolactone (PCL) based microfluidic devices and potential 

applications was presented in this dissertation.  First, a novel, simple, and rapid method for the 

fabrication of microfluidic paper-based analytical devices (µPADs) using aerosolized 

deposition of PCL.  Second, a smartphone application (iOS) for conducting colorimetric 

analysis was developed and used in the determination of serum glucose and protein 

concentrations using µPADs fabricated with the newly developed aerosol fabrication method.  

Third, a novel, low-cost approach to fabricating traditional, open-channel microfluidic devices 

capable of both pressure-driven and capillary driven flow using PCL saturated paper was 

developed.  Finally, the unique gas permeable properties of PCL saturated paper were utilized 

towards the development of a point-of-care hybrid microfluidic device for the detection of 

creatinine and urea nitrogen.   
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 In Chapter 2, a new fabrication method for µPADs using aerosolized deposition of PCL 

was developed.  Several polymers, including PDMS and polystyrene, have been used for the 

fabrication of µPADs, but PCL has ideal characteristics: namely its low glass transition 

temperature and biodegradability which enables device flexibility with minimal environmental 

impact.  The developed method uses inexpensive, low-adhesive painter’s tape as a masking 

material.  By applying the dissolved polymer in aerosol form the amount of solvent remaining 

within the microfluidic structure is kept to a minimum, limiting the potential background 

interference for redox reactions.  This is in contrast to many of the other polymer-based 

methods, such as photolithography and etching, that remove previously deposited polymers 

leaving behind traces of solvent and polymer that can interfere with assays.[382] The variety 

of PCL molecular weight ranges that are commercially available able the specific PCL solution 

to be tailored to the substrate of choice furthering the flexibility of this fabrication method.  This 

method has proven to be appropriate for rapid prototyping and small-scale manufacturing of 

2D and 3D µPADs.  The quantitative determination of glucose and protein in serum samples 

was also demonstrated showing the method’s applicability for enzyme-based and chemical-

based assays. 

 While a variety of detection methods, including electrochemical, fluorescence, and 

chemiluminescence have been used with µPADs, none have been more popular than 

colorimetric detection.[241]  The popularity of colorimetric detection is due to the simplicity 

with which it can be determined, however many published methods rely on the use of 

laboratory-based analysis systems including scanners and cameras that require computers for 

data collection and analysis.  In an effort to increase the usability of µPADs as point-of-care 

devices the use of smartphones as analytical instruments was explored.  OccuChrome, an iOS 

application capable of performing all the necessary steps of colorimetric analysis including 

calibration curve development, unknown analysis, and results sharing, was developed in 

collaboration with the Oregon State University School of Electrical Engineering and Computer 

Science.  OccuChrome, an easy to use, portable colorimetric analysis system compared 

favorably when tested against the current computer software-based method of colorimetric 

analysis for µPADs.   
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In Chapter 3, PCL was used in the fabrication of open-channel microfluidic devices 

capable of working with both pressure-driven and capillary-driven flow.  This low-cost 

alternative to micromachining, wet etching, and casting techniques enables rapid prototyping 

of microfluidic devices with low overhead cost.  The process consists of a simple PCL treatment 

of porous material (Whatman no. 1 CHR) followed by cut and stack lamination.  The entire 

process can be done with items obtained from a hobby store however, increased design 

flexibility can be achieved using more expensive equipment such as a laser engraver/cutter.  

These devices exhibit the classical laminar flow under pressure driven conditions and can run, 

unimpeded for hours without leaking.  While channel widths down to 50 µm are possible, larger 

dimensions (>500 µm) had the best success rates likely due to channel collapse at smaller 

dimensions.  Several microfluidic applications including passive mixing, droplet generation, 

and gradient generation were successfully demonstrated.  While the maximum operating 

pressure of these devices (<2 psi) pales in comparison to common polymeric chips (>1000 psi), 

this simple, low-cost fabrication method enables a new generation of microfluidic research.  

 Kidney disease is a common issue in developed and developing countries as a variety 

of non-communicable, chronic diseases and conditions including diabetes and obesity 

ultimately end in kidney failure.  Creatinine and urea nitrogen (Blood Urea Nitrogen BUN) are 

often used as biomarkers for diagnosing and monitoring kidney disease and kidney disease 

treatment modalities.  Chapter 4 introduces the development of a point-of-care device that 

harnesses one of the unique properties of the PCL-treated paper developed and used in Chapter 

3, gas permeability.  Conventional quantitative determination of creatinine and BUN rely on 

complicated enzymatic cascades or reagents that are unstable in dried form and therefore ill-

suited for use in point-of-care devices.  Two enzymes, creatinine deiminase, and urease were 

chosen as each possesses robust thermal and pH stability, and generates ammonia which can 

diffuse through the PCL treated paper and be detected with a simple pH indicator.  The ability 

to separate the enzymatic and detection reagents allows for selection of pH indicators suitable 

for the concentration range of the analyte of interest independent from the optimum pH for the 

enzyme.  Initial experiments on creatinine showed a linear trend across a wide range of 
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concentrations, but the development time was several hours long.  In an effort to decrease the 

overall assay time the effects of pH and temperature on the dynamic equilibrium of ionized and 

unionized ammonia were investigated.  While increasing the temperature decreased the assay 

time, increasing the pH had a much more profound effect decreasing the overall development 

time to approximately 25 minutes.  PCL treated paper has been shown to be useful in the 

fabrication of hybrid microfluidic devices composed of open channels and paper wicking 

regions.  The PCl serves two main roles, hydrophobicity and adhesion which allows for simple 

fabrication of hybrid microfluidic devices capable of detecting in-situ generated products in the 

gas phase. 

In order for the widespread adoption of microfluidic devices to take hold in a variety of 

applications, including point-of-care devices, new inexpensive materials, fabrication methods, 

and detection mechanisms are needed.  The materials, methods, and applications presented here 

contribute to meeting those needs. 

 In conclusion, the work conducted in this dissertation serves to further the field of 

microfluidics by helping to usher in a new wave of low-cost fabrication techniques.  These 

fabrication techniques are not only suitable for rapid prototyping and small-scale manufacturing 

in the academic research lab, but can easily be scaled up to suit mass-production as well.  These 

studies have demonstrated many of the useful characteristics of PCL including, its low melting 

point, low glass transition temperature, and adhesive qualities, all of which enable a variety of 

processing techniques for the fabrication of microfluidic devices.  Alternative uses of PCL and 

fabrication methods for microfluidic devices is already underway and further exploration on 

the use of PCL in microfluidic applications is anticipated.  The use of PCL as both a 

hydrophobic and adhesive agent in the development of µPADs and open-channel microfluidic 

devices and the development and demonstration of the capabilities of smartphones as analytical 

instruments has laid a solid foundation for future endeavors.    
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