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In this dissertation, three different microfluidic 

devices with bioanalytical applications are presented. From 

chapter to chapter, the bioanalytical focus will gradually 

become the development of a point-of-care sensor platform 

able to yield a reliable and quantitative response in the 

presence of the desired target. 

The first device consists of photolithographically-

patterned gold on glass bipolar electrodes and PDMS Y-

shaped microchannels for the controlled enrichment, 

separation from a mixture, and delivery of two charged dyes 

into separate receiving microchannels. The principle for 

the permanent separation of these dyes is based on the 

concept of bipolar electrochemistry and depended on the 

balancing/unbalancing of convective and electromigrating 

forces caused by the application of a potential bias, as 

well as the activation/deactivation of the bipolar 

electrodes. Two different bipolar electrode configurations 



 vii 

are described and fluorescence is used to optimize their 

efficiency, speed, and cleanliness of delivery.  

The second device is a DNA sensor fabricated on paper 

by wax printing and folding to form 3D channels. DNA is 

detected by strand-displacement induced fluorescence of a 

single-stranded DNA. A multiplexed version of this sensor 

is also shown where the experiment results in “OR” and 

“AND” Boolean logic gate operations. In addition, the 

nonspecific adsorption of the reagents to cellulose is 

studied, demonstrating that significant reduction of 

nonspecific adsorption and increased sensitivity can be 

achieved by pre-treating the substrate with bovine serum 

albumin and by preparing all analyte solutions with 

spectator DNA. 

The third device, also made of paper, has a novel 

design and uses a versatile electrochemical detection 

method for the indirect detection of analytes via the 

direct detection of AgNP labels. A proof-of-concept 

experiment is shown where streptavidin-coated magnetic 

microbeads and biotin-coated AgNPs are used to form a 

composite model analyte. The paper device, called oSlip, 

and electrochemical method used are easily coupled so the 

resulting sensor has a simple user-device interface. LODs 

of 767 fM are achieved while retaining high reproducibility 

and efficiency. 
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The fourth device is the updated version of the oSlip. 

In this case, the objective is to show the current progress 

and limitations in the detection of real analytes using the 

oSlip device. A sandwich-type immunoassay approach is used 

to detect human chorionic gonadotrophin (pregnancy hormone) 

present in human urine. Various optimization steps are 

performed to obtain the ideal reagent concentrations and 

incubation time necessary to form the immunocomposite in 

one step, that is, by mixing all reagents at the same time 

in the oSlip. Additionally, improvements to the 

electrochemical detection step are demonstrated. 
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Chapter 1. Introduction 

Microfluidic devices are systems in which small volume 

of fluids can be manipulated. They present an advantageous 

alternative to typical bulk approaches in the analysis, 

manipulation, and detection of analytes because in addition 

to physical and chemical advantages,
1
 miniaturization 

results in smaller sample, reagent, and waste volumes, 

lower costs, possibility for automation and/or integration 

to other instruments, portability, and shorter overall 

analysis time. Particularly, microfluidic devices 

facilitate the study of systems in the microscale when they 

are subjected to various conditions, such as changes in 

flow rate and pressure and application of magnetic and 

electric fields, to mention a few. Thus, it becomes logical 

that some of the areas that mostly benefit from the use of 

microfluidics are dielectrophoresis,
2,3 

optics,
4
 droplets,

5,6 

and analytical applications.
7,8 

Importantly, in the past 20 

years, the vast majority of these areas have found a common 

effort: the development of bioanalytical applications.
1,9
  

As shown in Figure 1.1, the number of publications 

related to microfluidics used for bioanalytical 

applications has steadily increased since 1998. By 2014, 

there have already been more than 3300 publications (last 

update was performed on October 29
th
, 2014). 
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Figure 1.1: Histogram showing the number of publications in 

areas related to bioanalytical microfluidics from 1994 to 

2014 using the search engine SciFinder. The key words used 

to refine the search in combination with the word 

“microfluidic” were: biomedical, point of care, diagnostic, 

sensor, assay, blood, and urine. Each bar in the plot 

represents the summation of the resulting number of 

publications for each word combination in any specific 

year. Note that some publications may have been accounted 

for more than once. For more information see Table A-1 in 

the Appendix. 

 

1.1. MICROFLUIDICS IN BIOANALYTICAL RESEARCH  

The literature related to bioanalytical microfluidic 

applications focuses, to a great extent, on the development 

of sensors that can perform automatic sequential steps for 

the purification, separation and/or detection of one or 
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several targets present in complex matrices.
8
 For many 

years, the integration of poly(dimethylsiloxane) (PDMS) and 

glass has been the preferred method for the construction of 

microfluidic biosensors for two main reasons. First, PDMS 

is elastic allowing the use of soft lithography for the 

fabrication of microchannels and pumps to control flow 

rate.
10
 Second, both PDMS and glass are transparent, 

facilitating the use of fluorescence,
11,12

 

chemiluminescence,
13,14 

and different spectroscopic approaches 

as means for detection.  

For example, Baeumner and coworkers developed a 

microfluidic biosensor to detect cholera toxin subunit B 

(CTB) in fecal samples by fluorescence and 

electrochemistry.
15
 The authors used liposomes specific to 

CTB (artificially prepared vesicles) and magnetic 

microbeads. Thus, by modifying these liposomes with 

Sulforhodamine B groups and by conjugating magnetic 

microbeads with anti-CTB antibodies the authors could form 

an assay that yielded fluorescence in the presence of the 

desired target. In addition, Mirasoli et al. engineered a 

multiplexed microfluidic biosensor for the detection of 

three different parvovirus B19 DNA genotypes via 

chemiluminescence.
16
 The DNA probes, complementary to each 

B19 genotype, were covalently attached to the glass slide 

on three different microchannels (constructed within the 
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PDMS layer). Next, the sample containing biotinylated 

targets was introduced to the device, followed by the 

addition of avidin-modified HRP and the corresponding 

substrate for chemiluminescence Enzyme-Linked ImmunoSorbent 

Assay (ELISA) detection.   

Typically, researchers design biosensors so that the 

entirety of the analysis process, from insertion of the 

sample to detection, takes place inside the same 

microfluidic device. However, microfluidic devices may also 

be compatible with tandem approaches, forming part of a 

more quantitative and sensitive detection platform. A good 

example of a microfluidic tandem method is the work 

performed by Ji et al.
17
 The authors used reverse phase 

liquid chromatography (RPLC), droplet microfluidics, and 

electrospray ionization (ESI)-mass spectrometry (MS)/MS for 

the separation, enrichment, and detection of peptides. The 

peptides were first separated from a mixture using RPLC. 

Next, because the end line of the RPLC was connected to a 

microfluidic device, the separated peptides were 

transformed into droplets of analyte based on a water/oil 

droplet system. Finally, as these analyte droplets exited 

the device, they were guided into the ESI-MS/MS and 

detected. The characteristics of such systems are useful in 

academic and industrial settings, however, they find no 

real use in resource limiting or home-based scenarios where 
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the user-device interface needs to be simple (from device 

manipulation to signal output and interpretation) and with 

minimal instrumentation. As a consequence, the scientific 

community has put great effort in the development of 

devices available at the time of care (or more 

specifically: point-of-care (POC) diagnostics)
18
 that can 

compete with the sensitivity of state-of-the-art 

microfluidic technologies and outperform them in terms of 

simplicity and instrumentation. 

 

1.1.1. Microfluidics for POC Applications 

Although PDMS/glass has proven to be a favorable 

platform for various microfluidic biosensors, it has also 

experienced mayor limitations at the POC level. Common 

examples of these limitations, which are mostly intrinsic 

to PDMS, are the requirement of photolithography for the 

production of molds, high absorption of proteins into the 

walls of the microchannels, and, most importantly, the 

difficulty of scale-up production.
19
 Slowly, these 

limitations motivated the search for alternative substrates 

for POC applications, culminating on a new type of 

material: cellulose paper. 

Except for the development of the first glucose meter 

in 1970,
20
 the creation of the first over-the-counter 
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nitrocellulose membrane lateral-flow pregnancy test by the 

group responsible for Clearblue in the late 1980’s,
21
 and 

some recent commercially available tests,
22
 not much 

progress was made in the area of paper fluidics until 2007 

when the Whitesides group re-introduced the use of 

cellulosic paper as a microfluidic platform. Similarly to 

what happened with PDMS 16 years ago,
23
 the Whitesides group 

revolutionized the area of microfluidics by developing 

three-dimensional (3D) cellulose paper analytical devices
24
 

(µPADs) that radically transitioned scientific 

investigation away from the typical one-dimensional 

nitrocellulose lateral-flow approach. This is the case 

because in addition to the useful properties of 

nitrocellulose (biodegradable and biocompatible, filter-

like properties, easily modifiable surface, scale-up 

production), cellulose is flexible, inexpensive, and it has 

lower nonspecific adsorption. These additional properties 

make cellulose an advantageous substrate for a wide variety 

of bioanalytical POC applications.
25,26

  

For example, Pollock et al. developed a multiplexed 3D 

µPAD able to simultaneously detect two drug-induced liver 

damage markers (aspartate aminotransferase (AST) and 

alanine aminotransferase (ALT)) present in human blood or 

serum.
27
 The sensor was activated by depositing the sample 

on the paper device. In the case of blood, because one of 
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the layers in the sensor was a plasma separation membrane, 

red blood cells were filtered away from the blood sample, 

allowing only the blood plasma to wick further into the 

different channels of the device. When the filtered sample 

came into contact with the reagents (previously loaded in 

the consecutive paper layers), it resulted in the 

generation of colors specific to each reaction. Finally, 

these colors could be compared to a “read guide” for 

semiquantitation of the analytes present. Other examples 

include the extraction, at room temperature, of bacterial 

DNA from pig mucin spiked with E. coli via cell lysing in a 

microfluidic origami device for molecular diagnosis,
28
 as 

well as a 3D lateral flow device containing multiple valves 

that controlled and timed the introduction of reagents for 

the detection of rabbit IgG via ELISA.
29
 

The take-home message is that paper substrates have 

become the main characters in the study of POC diagnostics, 

and it will most likely remain that way for many years to 

come. We are entering the era of personalized healthcare 

and soon it will become commonplace to find paper POC 

sensors for a wide variety of targets in any pharmacy. 

However, paper is still a complicated matrix to work with 

(due to its low specific binding, low homogeneity, and high 

non-specific adsorption and background signals that results 

in poor reproducibility and sensitivity) and it will 
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require the efforts of many researchers to fully understand 

its capabilities and overcome its basic limitations. 

 

1.2. DISSERTATION OVERVIEW 

This dissertation focuses primarily on the development 

and study of bioanalytical microfluidic designs and 

analysis approaches that facilitate the detection and/or 

manipulation of different types of targets. From chapters 2 

to 5, there will be a transition from PDMS/glass to paper-

based sensors and from fluorescence to electrochemical 

detection in the search for an ideal microfluidic platform 

and detection method useful for real-life POC applications.  

Chapter 2 presents the use of a PDMS/glass 

mcirofluidic platform for the enrichment, separation, and 

controlled delivery of two charged fluorophores into 

separate receiving channels by means of bipolar 

electrochemistry.  Chapter 3 involves the use of a paper 

platform, assembled by folding a piece of paper to form 3D 

channels, for the detection of DNA by means of 

hybridization-induced fluorescence. In addition, two types 

of Boolean logic gate-based DNA systems were tested, OR and 

AND gates, that demonstrated the capability of the paper 

sensor to execute complicated DNA detection methods in an 

automatic way. Chapter 4 includes the development of a 
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novel paper-based POC device and versatile electrochemical 

detection method for the detection of analytes by means of 

direct detection of silver nanoparticle (AgNP) labels. A 

biotin-streptavidin conjugate was utilized as a model 

analyte. Finally, Chapter 5 uses the same device and 

electrochemical detection method developed in Chapter 4 for 

the detection of human chorionic gonadotropin (hCG) via an 

immunoassay. This chapter includes a few modifications made 

to the original device design and detection method for the 

in-situ formation of the immunoassay using human urine as 

the sample matrix. 
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Chapter 2. Electrochemically-Gated Delivery of 

Analyte Bands in Microfluidic Devices Using 

Bipolar Electrodes*,† 

2.1. SYNOPSIS 

A method for controlling enrichment, separation, and 

delivery of analytes into different secondary microchannels 

using simple microfluidic architecture is described. The 

approach, which is based on bipolar electrochemistry, 

requires only easily fabricated electrodes and a low-

voltage DC power supply: no pumps or valves are necessary. 

Upon application of a voltage between two driving 

electrodes, passive bipolar electrodes (BPEs) are activated 

that result in formation of a local electric field 

gradient. This gradient leads to separation and enrichment 

of a pair of fluorescent analytes within a primary 

microfluidic channel. Subsequently, other passive BPEs can 

be activated to deliver the enriched tracers to separate 

secondary microchannels. The principles and performance 

underpinning the method are described. 

 

2.2. INTRODUCTION 

In microfluidic-based sensing and separation 

applications, the analytes of interest are often present at 

                                                 
* Scida, K.; Sheridan, E.; Crooks, R. M. Lab Chip 2013, 13, 2292-2299. 
† Eoin Sheridan helped in the design of experiments and data interpretation. Richard Crooks was the PI. 
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low concentrations, in small volumes, and contained in 

mixtures. Accordingly, methods are usually required to both 

separate and enrich the analytes prior to detection. 

Simplifying these tasks, while simultaneously reducing 

analysis time and minimizing analyte loss are therefore 

important goals. In the present chapter, we describe a new 

methodology that addresses these points. 

A number of techniques have been developed to target 

fluid and analyte handling in microfluidic devices. The 

most popular of these involve application of external 

forces such as pressure (e.g., valves and 

pumps),
30,31

 electric fields 

(e.g., dielectrophoresis, electrophoresis, and 

electrowetting),
32–34

 magnetic fields,
35
 optical effects 

(e.g., heating),
36
 capillary effects (e.g., surface tension 

gradients),
37,38

 and sound (e.g., acoustofluidics).
39
 In some 

cases, two or more of the approaches mentioned above are 

combined for this purpose. For instance, Liu et 

al. developed a method for the separation of analytes in a 

two-dimensional Y-shaped microfluidic device.
40
 By applying 

a potential and pressure-driven flow (PDF), charged 

analytes were separated based on their electrophoretic 

mobilities and then guided into different channels. 

Counter-flow gradient focusing techniques (CFGF),
41
 such as 

electric field gradient focusing (EFGF), have also proven 

javascript:popupOBO('CMO:0002467','C3LC50321F')
javascript:popupOBO('CMO:0002467','C3LC50321F')
javascript:popupOBO('CMO:0001044','C3LC50321F')
javascript:popupOBO('CMO:0001019','C3LC50321F')
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successful for directing analytes in microfluidic 

systems.
42–44

 CFGF methods rely on balancing the forces of 

electrophoretic migration and convection to simultaneously 

enrich and separate analytes.
45–47

 As such, EFGF has been 

widely used in the area of protein analysis.
45,48–50

 In 

addition, bipolar electrochemistry (also a part of the CFGF 

family of techniques) can be used for controlling the 

motion of small objects. For example Bouffier and 

Kuhn,
51
 developed a bipolar electrochemical valve fueled by 

the production of H2 gas via water reduction at the BPE. 

When enough gas was stored on one side of the BPE, the 

valve was lifted upwards. As soon as the gas was released 

the valve could return to its initial position. 

 

javascript:popupOBO('CHEBI:36080','C3LC50321F','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=36080')
javascript:popupOBO('MOP:0000569','C3LC50321F')
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Illustration 2.1: Schematic diagrams illustrating the 

electrochemical-gating process. An active BPE is 

represented as a colored gate, while an inactive BPE is 

represented as a microchannel with no gate. The color of 

the gates in this figure match those of the active BPEs 

in Illustration 2.2d and Figure 2.1. 

In this chapter, we describe a method for controlled 

transport and delivery of charged analytes in a bipolar 

microelectrochemical device
52,53

 without using valves, pumps, 

or complicated circuitry. The approach is illustrated 

in Illustration 2.1. Here, an active BPE acts like a gate 

that balances the electrokinetic and convective forces 

http://pubs.rsc.org.ezproxy.lib.utexas.edu/en/content/articlehtml/2013/lc/c3lc50321f#fig3
http://pubs.rsc.org.ezproxy.lib.utexas.edu/en/content/articlehtml/2013/lc/c3lc50321f#fig3
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acting on a charged analyte, thereby preventing it from 

passing into either of the microchannels on the left side 

of the device shown in Illustration 2.1a. However, when the 

black gate is opened and the red gate is closed 

(Illustration 2.1b), transport of the analyte is dominated 

by convection, rather than being balanced by migration, and 

the analyte is allowed to pass through the black gate and 

into the upper microchannel. Likewise, when the red gate is 

opened and the orange gate closed, the second analyte 

passes into the lower microchannel (Illustration 2.1c). The 

key finding is that properly arranged BPEs,
52,53

 along with a 

single DC power supply, can be used to separate and enrich 

charged analytes, and then direct the enriched bands into 

separate receiving channels. 

 

2.3. EXPERIMENTAL 

2.3.1. Chemicals 

The two fluorescent analytes used in this study were 

4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-

indacene-2,6-disulfonic acid, disodium salt (BODIPY
2−
, 

Invitrogen Corp., Carlsbad, CA) and 8-methoxypyrene-1,3,6-

trisulfonic acid (MPTS
3−
, AnaSpec, San Jose, CA). PDMS was 

prepared using a silicone elastomer-to-curing-agent ratio 

of 10 : 1 (Sylgard 184 elastomer kit) obtained from K. R. 
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Anderson, Inc. (Morgan Hill, CA). Au-coated glass slides 

(100 nm thick, no adhesion layer) were purchased from EMF 

Corp. (Ithaca, NY). Pluronic F-108 (a neutral difunctional 

block copolymer surfactant) was purchased from BASF 

(Ludwingshafen, Germany). The background electrolyte for 

all experiments, 5.0 mM Tris-HCl buffer (pH = 8.1), was 

prepared by diluting 1.0 M Tris-HCl (Fisher Biotech, Fair 

Lawn, NJ) with deionized water (18 MΩ·cm, Milli-Q Gradient 

System, Millipore, Bedford, MA). Photoresist (AZ 4620) and 

developer (AZ 421 K) were obtained from AZ Electronic 

Materials (Somerville, NJ). Photoresist SU-8 2025 was 

purchased from MicroChem (Newton, MA). Propylene glycol 

methyl ether acetate (PGMEA) was obtained from Sigma 

Aldrich (St. Louis, MO). Isopropyl alcohol, sulfuric acid 

(H2SO4), and hydrogen peroxide (H2O2) where purchased from 

Thermo Fisher Scientific (Lair Lawn, NJ). Silicon wafers 

were obtained from University Wafer, Inc. (Boston, MA). 

 

2.3.2. Microfluidic Device Fabrication 

All BPEs and driving electrodes were patterned on Au-

coated glass slides using standard photolithographic 

techniques.
54
 The BPE masks and microchannel masters were 

designed using CorelDRAW Graphics Suite 12 and printed by 

CAD/Art Services, Inc. (Bandon, OR). The Y-shaped 
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microchannels used in all experiments had dimensions of 3 

mm × 100 μm × 22 μm (l × w × h) for the primary 

microchannel and 3 mm × 75 μm × 22 μm (l × w × h) for the 

secondary microchannels. Gold driving electrodes, used to 

apply a driving potential (Etot), were fabricated on the 

glass baseplate at the bottom of the PDMS reservoirs. They 

were connected to a power source via copper wires. 

The microchannels were formed by pouring PDMS onto a 

microchannel master
10
 and then curing for 2 h at 65 °C. 

Briefly, a silicon wafer (1 × 2 in) was cleaned with 

piranha solution (H2SO4 to H2O2 ratio of 3 : 1) for 10 min 

prior to use and thoroughly washed with deionized water to 

remove the excess acid. The wafer was then placed on a spin 

coater (Laurell Technologies Spincoater) and 1 mL of SU-8 

2025 photoresist was added to the top of the wafer. The 

spin coater was programmed to give ≤20 μm thick channels as 

follows: spin at 500 rpm for 10 s, 3500 rpm for 60 s, and 

then 500 rpm for 10 s. Once the program was completed, the 

modified wafer was soft baked on a hot plate at 65 °C for 2 

min and then at 95 °C for 5 min. Next, a negative channel 

mask (designed with Corel Draw Suite 12 and printed by 

CAD/Art Services, Inc.) was placed on top of the baked 

photoresist and exposed to UV light for 20 s at 150 mJ∙cm
−2 

via a mask aligner (Suss MA6 Mask Aligner). After UV 

exposure, the wafer was placed on a hot plate at 65 °C for 
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1 min and then at 95 °C for 5 min. Finally, the 

microchannel features on the wafer were developed by 

submerging the wafer in PGMEA solution for 4–5 min (or 

until the features were clearly developed). After 

development, the wafer was rinsed with isopropyl alcohol 

for 10 s, and then rinsed with deionized water. The wafer 

was then dried and hard baked at 180 °C for 5 min. 

Reservoirs were added to the channel using a 4 mm 

diameter metallic hole puncher. The glass slide (with the 

previously patterned BPEs and driving electrodes) and PDMS 

were placed in vacuum for 2 min and then treated with an O2 

plasma for 15 s on the medium power setting (60 W, model 

PDC-32G, Harrick Scientific, Ossining, NY). Immediately 

after exposure to the plasma, the glass slide and PDMS were 

pressed together and placed in the oven at 65 °C for 5 min. 

When removed from the oven, the microchannels were 

immediately filled with buffer solution. All devices were 

coated with Pluronic F-108 by placing one pellet inside the 

anodic reservoir and flowing buffer over it for 30 min 

prior to experiments.
55,56

 This step was carried out to 

minimize the electroosmotic flow (EOF) produced upon the 

application of a potential bias.
57,58

 By doing so, the 

electric field is lengthened, which results in enhanced 

enrichment and improved separation resolution (i.e., 
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narrower enriched bands). After coating, the microchannels 

were rinsed twice for 5 min using fresh buffer solution. 

 

2.3.3. Data Acquisition and Instrumentation 

Fluorescence micrographs were obtained using a Nikon 

AZ100 (Nikon Co., Tokyo, Japan) microscope equipped with a 

mercury lamp (Nikon) and a CCD camera (Cascade, 

Photometrics Ltd., Tucson, AZ). All images were captured 

using 1 × 1 binning with 512 × 290 pixels and a 1.00 s 

exposure time. Fluorescence micrographs were processed 

using V
++
 Precision Digital Imaging software (Digital 

Optics, Auckland, New Zealand). False color was added using 

the V
++
 software to enhance the visual difference between 

the enriched bands (Figure A-1). The background was colored 

white, while BODIPY
2−
 and MPTS

3−
 were colored green and blue, 

respectively. Brightness and contrast of all fluorescence 

micrographs were manipulated to enhance visualization of 

the different enriched bands; however, the unadulterated 

images are provided in Figure A-2 and Figure A-3 in the 

Appendix. 

 

2.3.4. Fluorescence Filters 

Throughout the experiments, two fluorescence filters 

were switched repeatedly so that the enriched bands of 
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BODIPY
2-
 and MPTS

3-
 could be imaged individually. The MPTS

3-
 

filter (UV-2E/C, 96310M, C29632, Nikon, Japan) is not 

responsive to fluorescence from BODIPY
2-
, but the BODIPY

2-
 

filter (HQ:F, 96320, C72455, Nikon, Japan) is also 

responsive to high concentrations of MPTS
3- 

(50 µM or 

higher). By using these two filters it was possible to 

unambiguously identify the individual enriched bands. 

 

2.3.5. Gating Experiments 

For all experiments, the following initial conditions 

were used: Etot = 30.0 V, the buffer solution was 5.0 mM 

Tris-HCl (pH = 8.1), and the initial concentrations of 

BODIPY
2−
 and MPTS

3−
 were 1.0 and 15.0 μM, respectively. A 

higher initial MPTS
3−
 concentration was required because the 

filter used to track the dye did not exactly match the 

range of excitation and emission wavelengths of the 

molecule (λex = 454 nm and λem = 511 nm). The BPEs used were 

defined by connecting two 20 μm-long microbands external to 

the fluidic channels (Illustration 2.2g). The effective 

lengths of the split BPEs depend on the distance between 

the outer edges of pairs of microbands.
58–61

 Switching 

between BPEs was performed using a custom switch box. 

 



 20 

2.3.6. Measurement of Analyte Leakage into the Gated 

Secondary Microchannels 

The individual frames of Figure A-4 and Figure A-5 

were analyzed to quantify the relative amount of analyte 

that leaked into the gated secondary microchannel during 

the experiments performed with the main and alternative BPE 

configurations, respectively. This was done by comparing a 

frame captured before analyte delivery with one captured 

during delivery of the analyte, and measuring the 

fluorescence intensity at the same point in the gated 

secondary microchannel (where analyte entry is 

undesirable).  

 

2.4. RESULTS AND DISCUSSION 

2.4.1. Principles of Electrochemically-Gated Delivery 

In recent years, we have reported on the 

theory
52,58,59,62,63

 and some interesting applications
52,64–72

 of 

bipolar electrochemistry. Two important applications of 

bipolar electrochemistry that are particularly relevant to 

the present report are analyte enrichment
58,59,62,63,73,74

 and 

separation.
57
 However, the principles underpinning all of 

these methods are similar. Specifically, when a potential 

(Etot) is applied across a buffer-filled microfluidic 

channel, an electric field forms. If a conductive 

substrate, the BPE in this case, is present within the 
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channel, then the potential between the two poles of the 

BPE and the solution will be different (Illustration 2.2a). 

The potential dropped across the length of the BPE (ΔEelec) 

depends on Etot and the length of the BPE (lelec). If ΔEelec is 

sufficiently large, then faradaic reactions will occur at 

the BPE poles. In the present case, water is reduced at the 

cathodic pole to yield OH
−
 (Illustration 2.2c). If the 

buffer solution contains an acid (e.g., TrisH
+
), 

electrogenerated OH
−
 will partially neutralize the buffer 

solution (Illustration 2.2c) creating a region depleted of 

charge. This loss of ionic charge carriers results in 

increased resistance near the BPE cathode and a 

corresponding local field gradient (solid blue line in 

Illustration 2.2b). 

Because the velocity of electromigration (υm) is 

proportional to electric field strength, charged analytes 

migrate faster in the depletion zone. However, this local 

velocity increase is opposed by the velocity of convection 

(υconv, consisting of EOF and PDF), which is nearly uniform 

throughout the microchannel due to the incompressibility of 

water. Therefore, at the location on the electric field 

gradient where υm and υconv are equal in magnitude and 

opposite in direction, enrichment occurs (Illustration 

2.2b). Because υm depends on electrophoretic mobility (μep), 

species having different μep can be separated into distinct 
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enriched bands at different points on the electric field 

gradient.
57
 

 

 

Illustration 2.2. 
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Illustration 2.2: (a) Illustration of the underlying 

principles governing bipolar electrochemistry. (b) A 

schematic representation showing how balancing of 

electromigration and convection lead to enrichment. (c) 

Electrochemical reactions taking place at the cathodic pole 

of the BPE. (d) A three-dimensional view of the device used 

to obtain the data shown in Fig. 3. (e) A close-up 

representation of the design of BPE2 and BPE3 showing how 

the BPE length is a function of location. (f) 

Representation of a continuous BPE. (g) Representation of a 

split BPE when it is connected (active gate). (h) 

Representation of a split BPE when it is disconnected 

(inactive gate).  
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2.4.2. Operation of Electrochemical Gates 

Electrochemical gating is a consequence of the 

principles discussed in the previous section. Upon 

application of an appropriate voltage (Etot) across the Y-

shaped channel shown in Illustration 2.1, and in the 

presence of a BPE, charged analytes are enriched and 

separated in the primary channel at positions that depend 

on their electrokinetic and convective velocities. After 

enrichment and separation, additional BPEs can be activated 

or deactivated to guide the enriched analytes into 

secondary channels (SC1 and SC2, Illustration 2.1). 

The BPEs used in the present report are split.
58–61,75

 

Split, or discontinuous, BPEs (Illustration 2.2g and 

Illustration 2.2h) differ from continuous BPEs 

(Illustration 2.2f) in that they can be switched between 

active and inactive states by connecting or disconnecting, 

respectively, two separate microbands. Here, activation 

means that faradaic reactions occur at the two poles of the 

BPE. Three separate split BPEs (BPE1, BPE2, and BPE3, 

Illustration 2.2d) are required to achieve permanent 

separation of two enriched dyes into each of two secondary 

microchannels. 

Figure 2.1 shows the actual operation of a BPE gating 

device like the one illustrated in Illustration 2.2d. The 

cathodic pole of BPE1 (black BPE in Figure 2.1a and Figure 
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2.1b) extends across the entire width of the primary 

microchannel so it can be used for enrichment and 

separation of analytes in the primary microchannel before 

gating begins. BPE2 and BPE3 (red and orange BPEs in Figure 

2.1c and Figure 2.1d, respectively) are used to control 

analyte delivery to the secondary microchannels, and hence 

their cathodic poles are placed at the intersections of the 

primary and secondary microchannels. Experiments carried 

out using different BPE orientations (discussed later) 

showed that the angled geometry of BPE2 and BPE3 (cathodic 

poles are perpendicular to the secondary microchannel being 

gated (blocked)) is more effective for guiding the movement 

of the enriched bands into the desired secondary 

microchannels. This expectation is justified, because the 

magnitude of ΔEelec increases with BPE length (Illustration 

2.2a); therefore, the rate of the buffer neutralization 

reaction is greatest when the separation between the poles 

is greatest. This point is clearly illustrated in 

Illustration 2.2e, which shows how the effective lengths of 

BPE2 and BPE3 vary depending on the distance between their 

anodic and cathodic poles. As shown in the illustration, 

the electric field strength follows the order lelec,1 < lelec,2 

< lelec,3. The key point is that BPE2 and BPE3 guide the 

enriched bands into the target secondary microchannel by 
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creating a progressively decreasing electric field 

strength. 

 

 

Figure 2.1: Enrichment, separation, and selective transport 

of BODIPY
2−
 (green) and MPTS

3−
 (blue). The black, red, and 

orange pairs of solid lines represent the location of the 

microbands that form active BPEs during each stage of the 

experiment. The black dashed lines show the locations of 

the microchannels. The plus and minus signs represent the 

anodic and cathodic reservoirs, respectively. The Tris-HCL 

buffer concentration was 5.0 mM (pH = 8.1) and Etot = 30.0 

V. Enrichment and separation of (a) BODIPY
2−
 and (b) MPTS

3−
 

using BPE1. The enrichment step (BPE1 active) was carried 

out for 28 s. (c) Transport of BODIPY
2−
 into SC1 after 

activation of BPE2. (d) Transport of MPTS
3−
 into SC2 after 

activation of BPE3.  

The experiment shown in Figure 2.1 was carried out as 

follows. First, the poles of BPE1 were connected and a 

voltage of Etot = 30.0 V was applied between the driving 

electrodes. As shown in Figure 2.1, this results in 

enrichment and separation of BODIPY
2−
 (Figure 2.1a) and 

MPTS
3−
 (Figure 2.1b) in the primary channel.57,76,77

 Note that 

different fluorescence filters were used to detect the two 

tracers. Second, BPE1 was deactivated at the same time that 
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BPE2 (Figure 2.1c, red BPE) was activated. The activation 

of only BPE2 results in the opening of the electrochemical 

gate at the entrance of SC1. Now, when the PDF is increased 

slightly by addition of 1.0 μL of buffer to the anodic 

reservoir, the BODIPY
2−
 band is delivered into SC1. Third, 

BPE2 was deactivated while simultaneously activating BPE3 

(Figure 2.1d, orange BPE). This results in collapse of the 

electric field gradient near the entrance to SC2. However, 

activation of BPE3 results in an equivalent electric field 

gradient in front of SC1. By again increasing the PDF 

toward the cathodic reservoirs (by addition of a total of 

5.0 μL of buffer solution to the anodic reservoir), the 

enriched MPTS
3−
 band moves into SC2. Note that because MPTS

3−
 

has a higher μep than BODIPY
2−
, a higher convective velocity 

is required to push the enriched band out of the primary 

microchannel and into SC2. These results demonstrate that a 

simple set of BPEs and a single DC power supply can be used 

to separate, enrich, and then permanently separate the two 

tracers. 

 

2.4.3. Quantitative Evaluation of Electrochemical Gates 

As discussed in the previous section, the progressive 

electric field gradient is created by the orientation of 

the cathodic poles of BPE2 and BPE3, and it is responsible 
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for the clean delivery of the enriched bands into the 

proper secondary microchannels. As shown in Figure A-4  

(Appendix), there is no detectable leakage of the analytes 

outside the microchannels or into the wrong secondary 

microchannels, respectively. Additionally, BPE gating is 

highly reproducible. That is, the success rate for 

delivering 100% of the correct enriched bands into the 

correct secondary microchannels using two independently 

fabricated microfluidic devices (with two trials for each 

device) was 100%. Note, however, that at enrichment times 

>30 s (with BPE1 active) the MPTS
3−
 band was sometimes 

observed to move backwards into the anodic reservoir when 

BPE1 and BPE2 were switched off and on, respectively. This 

observation is a consequence of the larger ΔEelec arising 

from the angled geometry of the gating BPEs (BPE2 in this 

case) compared to BPE1. Accordingly, the total enrichment 

time allotted in these experiments (while BPE1 was active) 

was limited to 30 s. One final point: even though the 

purpose of BPE2 and BPE3 is to deliver the enriched bands 

into the secondary microchannels, enrichment continues 

whenever they are active. 

We have previously defined a parameter called the 

enrichment factor (EF), which is used for benchmarking the 

extent of BPE-driven analyte concentration. The EF is 

defined as the concentration of the enriched tracer 
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(determined using a calibration curve of fluorescence 

intensity vs. concentration of dye) measured at a specific 

time during an experiment, divided by its original 

concentration. In earlier reports from our lab, where the 

objective was to maximize the EF using the same general 

approach described here, we reported EFs of up to 500,000.
77
 

However, in the present case (Figure 2.1) the EFs were much 

lower: BODIPY
2−
 3.1 ± 0.1 after 26 s; and MPTS

3−
 27 ± 2 after 

56 s. These EFs were calculated using the calibration 

curves shown in Figure A-6, Appendix. These low values are 

primarily a consequence of the short time allotted for 

enrichment in these experiments. Note, however, that the 

rates of enrichment of both dyes (0.11-fold/s and 0.31-

fold/s for BODIPY
2−
 and MPTS

3−
, respectively) are comparable 

to those we reported previously (0.57 and 0.75 fold/s)
57,58

 

and that resulted in much higher total EFs. Importantly, 

they are also comparable to those obtained using EFGF (4.0 

fold/s),
48
 when differences in the experimental conditions 

are taken into account. 

Figure 2.2 shows the measured fluorescence intensity 

in the primary microchannel throughout the course of the 

experiment represented by the snapshots in Figure 2.1. The 

BODIPY
2−
 enriched band experienced an increase in 

fluorescence intensity between 0 and 40 s. At t = 30 s the 

gate defined by BPE1 was opened, and at t = 40 s the 
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enriched BODIPY2− band was guided into SC1 and completely 

removed from the primary microchannel. This resulted in an 

immediate decrease in fluorescence intensity. The MPTS
3−
 

fluorescence intensity also increased during the initial 40 

s, but as the BODIPY
2−
 band moved out of the primary 

microchannel (t = 40 s) the MPTS
3−
 fluorescence intensity 

temporarily decreased slightly (arrow 1 in Figure 2.2). 

This is because as soon as the BODIPY
2−
 band is delivered 

into SC1, 3.0 μL of buffer solution were added to the 

anodic reservoir to move the enriched MPTS
3−
 band toward 

SC2. This change in υconv temporarily disrupts the conditions 

required for MPTS
3−
 enrichment, slightly dispersing the 

enriched band and decreasing the fluorescence intensity. As 

additional 1.0 μL aliquots of buffer are added to the 

anodic reservoir, to push the MPTS
3−
 band further towards 

SC2 (indicated by arrows 2 and 3), two additional temporary 

decreases in fluorescence are observed for the same reason. 

Finally, the MPTS
3−
 fluorescence intensity abruptly 

decreases when the enriched band is guided into SC2 at t = 

140 s. 
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Figure 2.2: Plot of fluorescence intensity measured in the 

primary microchannel for BODIPY
2−
 and MPTS

3−
 throughout the 

course of the experiment shown in Figure 2.1. The black 

arrows indicate a decrease in fluorescence intensity when 

PDF was increased towards the cathodic reservoirs. 

 

2.4.4. Alternative BPE Configuration 

The desirable characteristics of the BPE design 

described in the previous sections are: simultaneous 

enrichment and separation of a mixture of two charged dyes, 

robust control over the delivery of the enriched bands into 

the desired secondary microchannel, and no leakage of 

enriched bands into the untargeted secondary microchannel 

during delivery. However, this design also has some 

limitations. For example, due to the positioning of BPE2 

and BPE3 in the primary microchannel, it is only useful for 

permanent separation of two analytes. A configuration that 

resolves this problem is shown in Figure 2.3. Here, both 
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halves of the split BPEs are placed within the secondary 

microchannels, so that many secondary channels, and hence 

many analytes, could be permanently separated. In the 

experiment discussed next, we demonstrate the principle 

using just two secondary channels. 

 

 

Figure 2.3: Alternative BPE configuration for the 

enrichment, separation, and controlled delivery of BODIPY
2−
 

and MPTS
3−.
 The black and red pairs of solid lines represent 

the location of the microbands that form active BPEs during 

each stage of the experiment, and the black dashed lines 

represent the locations of the microchannels. The plus and 

minus signs represent the anodic and cathodic reservoirs, 

respectively. The Tris-HCL buffer concentration was 5.0 mM 

(pH = 8.1) and Etot = 30.0 V. Enrichment and separation of 

(a) BODIPY
2−
 and (b) MPTS

3−
; (c) transport of BODIPY

2−
 into 

SC2; and (d) transport of MPTS
3−
 into SC1. 

The experiment is initiated by applying Etot = 30.0 V 

between the driving electrodes. To induce enrichment and 

separation, both BPEs are simultaneously activated (Figure 

2.3a and Figure 2.3b). In effect, these two BPEs act as a 

single BPE spanning the width of the primary microchannel. 

As a consequence, BODIPY
2−
 and MPTS

3−
 form resolved and 
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enriched bands in the primary microchannel (with EFs of 3.4 

± 0.1 for BODIPY
2−
 after 20 s and 12.9 ± 0.9 for MPTS

3−
 after 

49 s). 

Following enrichment and separation, the red BPE is 

disconnected (Figure 2.3c) and simultaneously the PDF is 

increased in the direction of the cathodic reservoirs by 

adding 1.0 μL of buffer to the anodic reservoir. This 

results in transport of the enriched BODIPY
2−
 into SC2. Once 

the BODIPY
2−
 band is completely removed from the primary 

microchannel, the red BPE is reconnected to prevent passage 

of the enriched MPTS
3−
 band into SC2. Next, PDF is further 

increased by adding another 1.0 μL aliquot of buffer to the 

anodic reservoir. This results in an increase in υconv, 

thereby driving MPTS
3−
 down the primary microchannel in the 

direction of the cathodic reservoirs. As the MPTS
3−
 band 

approaches the microchannel intersection, the black BPE is 

disconnected, allowing MPTS
3−
 to flow into SC1 (Figure 

2.3d). 

Figure A-5 (Appendix) demonstrates that there is no 

detectable leakage of BODIPY
2−
 or MPTS

3−
 into the untargeted 

secondary microchannels during the gating process shown in 

Figure 2.3. However, we tested 10 independently prepared 

devices having this alternative design, and the device-to-

device success rate for delivering 100% of the correct 

enriched bands into the correct secondary channels was just 
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37%. This relatively low value arises from broadening of 

the enriched bands at the microchannel intersection, which 

in turn arises from the difficulty of reproducibly 

increasing υconv for this particular configuration. 

 

2.4.5. Background Fluorescence 

The fluorescence observed outside the microchannels in 

Figure 2.1 and Figure 2.3 is due to background 

fluorescence. Such background fluorescence is always 

present, and its presence in these figures reflects the low 

enrichment factors (EFs, the highest of which is 27 ± 2). 

Figure A-1 shows fluorescence micrographs, obtained using a 

single microdevice filled with 1.0 μM BODIPY
2-
 in 5.0 mM 

Tris-HCl, after enriching for (a-c) 25 s and (d-f) 439 s at 

Etot = 30.0 V. The background fluorescence observed at short 

enrichment times is considerably higher than at longer 

times. In addition, operation of the microdevices involves 

addition and removal of BODIPY
2-
 and MPTS

3-
 from the 

reservoirs, and slight spillage leads to staining of the 

outside walls of the PDMS and glass support. This, in turn, 

leads to the pixelated and out of focus fluorescence 

observed around the microchannels in Figure 2.1 and Figure 

2.3. 
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2.5. SUMMARY AND CONCLUSIONS 

Fluidic handling on the microscale usually involves 

integrated combinations of on-chip valves, pumps, dams, 

membranes, and separators, and due to the complexity of 

their fabrication and need to synchronize their operation 

it is desirable to consider simpler approaches. The method 

described in this chapter coordinates the operations of 

enrichment, separation, and selective, controlled delivery 

using just electric field manipulation and very slight 

variations in PDF. We believe the fluidic handling 

techniques presented here could be automated so as to be 

coupled in tandem to other quantitative techniques, such as 

mass spectrometry or gel electrophoresis.  
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Chapter 3. DNA Detection Using Origami Paper 

Analytical Devices‡
,§
 

3.1. SYNOPSIS 

We demonstrate the hybridization-induced fluorescence 

detection of DNA on an origami-based paper analytical 

device (oPAD). The paper substrate was patterned by wax 

printing and controlled heating to construct hydrophilic 

channels and hydrophobic barriers in a three-dimensional 

fashion. A competitive assay was developed where the 

analyte, a single-stranded DNA (ssDNA), and a quencher-

labeled ssDNA competed for hybridization with a 

fluorophore-labeled ssDNA probe. Upon hybridization of the 

analyte with the fluorophore-labeled ssDNA, a linear 

response of fluorescence vs analyte concentration was 

observed with an extrapolated limit of detection <5 nM and 

a sensitivity relative standard deviation as low as 3%. The 

oPAD setup was also tested against OR/AND logic gates, 

proving to be successful in both detection systems. 

 

3.2. INTRODUCTION 

The design and implementation of paper-based sensors 

pose a number of challenges. Among the most difficult are 

                                                 
‡ Scida, K.; Li, B.; Ellington, A. D.; Crooks, R. M. Anal. Chem. 2013, 85, 9713-9720.  
§ Bingling Li, co-first author, designed and executed experiments and interpreted results. Andrew Ellington 

was a co-PI. Richard Crooks was the PI.  
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achieving quantitation,
78–82

 low limits of detection (LODs) 

for bioassays,
83–85

  minimal nonspecific adsorption (NSA),
83–86

 

timing of reactions and washing steps,
87–91

 and the 

integration of detection systems that are consistent with 

the low-cost philosophy of using paper as the platform.
92
 In 

the present chapter, we address the first two of these 

issues by introducing a 3D oPAD
93
 that detects target DNA 

using toehold-induced strand displacement.
94
 The key finding 

is that ssDNA can be quantitatively detected at nanomolar 

concentrations via fluorescence using a simple device made 

of wax-patterned, folded paper. 

Paper is an attractive substrate for the development 

of low-cost, POC sensors because it is biocompatible, 

flexible, easily remediated, and has built-in filtering 

functionality.
22,95

 The first paper-based sensor was reported 

in 1883,
96
 and since that time the field has evolved from 

lateral flow assays (1D)
83,97–99

 to 3D devices.
93,100–105

 

Historically, most paper-based assays are implemented using 

nitrocellulose,
106,107

 but the characteristics of this 

material are best suited for lateral flow sensing rather 

than multidimensional sensor systems. Alternatively, 

various forms of cellulose have been preferred for the 

latter application because of their inherent flexibility, 

ability to be easily patterned, lower cost, and lower 

susceptibility to NSA.
92,93,100–103

 For example, our group 
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developed a 3D paper analytical device fabricated using the 

principles of origami (Japanese art of paper folding). As 

mentioned earlier, we call this family of devices oPADs, 

and we have used them for detection of bovine serum albumin 

(BSA), glucose,
93
 and adenosine.

105
 The origami method allows 

the user to pattern the paper substrate in only one step, 

easily fold and align all layers, avoid the use of 

cellulose powder between layers, and unfold the device so 

that the results of analysis can be read on any of the 

layers. 

A number of different detection methods have been used 

on paper devices.
92,108

 These include chemiluminescence,
109,110

 

electrogenerated chemiluminescence,
111
 

electrochemistry,
81,84,112,113

 thermochromic detection,
114
 and 

colorimetry.
78–80,82,115–118

 In the present chapter, we have 

focused on fluorescence. Fluorescence is well-known for its 

high sensitivity and low LODs.
83,119

 However, its 

implementation on paper matrices has been limited due to 

high background fluorescence (arising mainly from paper 

whitening additives) present in some cellulose papers.
95
 

Nonetheless, a few groups have successfully developed 

paper-based sensors that utilize fluorescence detection
93,101

 

and yield low LODs.
99,120

 

The field of DNA detection is quite extensive,
121
 but 

only a few such studies have been carried out using paper 
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devices and most of these are lateral-flow assays.
122–124

 The 

limited number of paper-based DNA assays is likely a 

consequence of the low detection levels required for most 

DNA analyses,
121
 and the difficulty of attaining those 

levels using paper substrates.
122
 Nevertheless, there are 

some success stories. For example, Yu and co-workers 

developed a 3D paper platform for the electrochemical 

detection of DNA with an LOD of 20 pM.
125
 They used screen-

printed electrodes modified with graphene and gold 

nanoparticles for the immobilization of capture DNA. When 

the target ssDNA was present, it was retained by the 

capture probe and induced hybridization of an electroactive 

amplification label. Araújo et al. immobilized single-

strand probe DNA on a previously activated paper strip.
122
 

The paper was then dipped in a solution containing a 

fluorophore-labeled target DNA, and upon capillary flow, 

fluorescence was observed (with a LOD of 0.2 pM) as the 

target hybridized with the probe. Similarly, also in a 

lateral flow-type assay, Ellington and co-workers 

implemented catalyzed hairpin assemblies for the 

fluorescence detection of ssDNA with LODs as low as 0.3 

μM.
123
 This detection system is based on the strand 

displacement reaction of a quencher-labeled ssDNA from a 

fluorophore-labeled ssDNA in the presence of the target. 

The catalytic reaction takes place only when the target is 
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present, as it triggers the hybridization reaction between 

two hairpins that later displace the quencher-labeled ssDNA 

from the fluorophore-labeled ssDNA. 

In the present chapter, we describe the hybridization-

induced fluorescent detection of ssDNA using an oPAD 

platform. Detection is based on the strand displacement of 

a quencher-labeled ssDNA from a fluorophore-labeled ssDNA 

upon addition of the analyte. This displacement produces a 

fluorescence signal proportional to the amount of analyte 

present and the overall detection is reproducible with a 

slope relative standard deviation (RSD) as low as 3% from 

device-to-device. Moreover, LODs < 5 nM have been achieved 

with linear dose–response curves. In addition, OR and AND 

logic gates were executed, further demonstrating the 

versatility of the oPAD approach. 

 

3.3. EXPERIMENTAL  

3.3.1. Chemicals and Materials 

All oligonucleotides used in this work were purchased 

from Integrated DNA Technologies, Inc. (Coralville, IA). 

The DNA sequences from 5′ to 3′ are as follows (toehold is 

underlined): AACCTAGCCCTTGTCATAGAGCAC 

(A1), CGAAGATGCTCCTGATGTGGGCTAAAG (A2), Cy5-

GTGCTCTATGACAAGGGCTAGGTT (F1), Cy5-
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CATCTTTAGCCCACATCAGGAGCATCTTCG (F2), Cy5-

CGAGTGCTCTATGACAAGGGCTAGGTCTTTAGCCCACATCAGGAGCATCTTCG (F3), 

CCTTGTCATAGAGCAC-Iowa Black RQ (Q1), CCTGATGTGGGCTAAAGATG-

Iowa Black RQ (Q2), CCTTGTCATAGAGCACTCG-Iowa Black RQ (Q3), 

CCTGATGTGGGCTAAAGACCTAGC (M), TTTTTTTTTTTTTTTTTTTTT 

((dT)21). 

The fluorophore (Cy5) has excitation and emission 

wavelengths of 648 and 668 nm, respectively. The quencher, 

Iowa Black RQ, has an absorption wavelength of 656 nm. TNak 

buffer (20.0 mM Tris-HCl, 140.0 mM NaCl, and 5.0 mM KCl) 

was used to prepare all DNA solutions. TNak buffer 

chemicals were purchased from Sigma Aldrich (St. Louis, 

MO). A 0.5% w/v BSA (Acros, NJ) solution was prepared in 

10.0 mM phosphate buffer saline (PBS, Sigma, St. Louis, MO) 

as a NSA blocker. PBS (10.0 mM; 138.0 mM NaCl and 2.7 mM 

KCl, pH 7.4) was prepared by dissolving a package of dry 

PBS powder (in foil pouches) in 1 L of deionized water (18 

MΩ·cm, Milli-Q Gradient System, Millipore, Bedford, MA). 

Parafilm paper was purchased from Pechiney Plastic 

Packaging (IL). Whatman grade 1 chromatography paper (180 

μm thick, linear flow rate (water) of 13 cm/30 min) was 

purchased from Fisher Scientific (Pittsburgh, PA). 
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3.3.2. DNA Preparation 

All oligonucleotides were received as powders and 

centrifuged (16,100 rpm) so that they would reside at the 

bottom of the containers. The powder was then dissolved 

with deionized water (18 MΩ∙cm, Milli-Q Gradient System, 

Millipore, Bedford, MA) and quantified using a nanodrop UV–

vis spectrophotometer (Thermo Scientific, Inc. Wilmington, 

DE) before use (peak absorbance reading at 260 nm). These 

stock solutions were further diluted in TNak buffer (pH 

7.5) to the necessary final concentrations. 

 

3.3.3. Data Acquisition and Instrumentation 

Fluorescence images were obtained using a Typhoon Trio 

fluorescence scanner (Variable Mode Imager, GE Healthcare, 

Piscataway, NJ) operated using Typhoon Scanner Control 

version 5.0 software (Build 5.0.0409.0700, Amersham 

Biosciences 2004). The excitation and emission wavelengths 

used for all experiments were 633 and 670 nm, respectively 

(PMT = 400). The pixel size for all scans was 100 μm and 

the focal plane was set to Platen. Fluorescence images were 

processed with ImageQuant version 5.2 to obtain 

fluorescence intensity (volume) values for each reservoir 

of the third oPAD layer. All fluorescence intensities 

reported were background-corrected by subtracting the 
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fluorescence intensity of the selected reservoir from a 

section of the same device where the paper was pristine.  

 

3.3.4. oPAD Fabrication and Patterning 

Patterns (6 cm ×1.5 cm) were designed using CorelDRAW 

Graphics Suite 12, as shown in Figure 3.1, and printed on a 

20 cm ×20 cm paper sheet using a Xerox ColorQube 8570DN 

inkjet printer that deposited wax-based solid ink on the 

paper (a total of 24 devices were printed per paper 

sheet).
126,127

 Next, each individual oPAD was cut from the 

paper sheet and placed wax-side up on a hot plate at 120 °C 

for 10 s and then cooled to 25 °C. This causes the wax to 

melt through the paper, creating a hydrophobic barrier that 

defines the 3D hydrophilic channels and reservoirs (white 

sections of Figure 3.1).126 The reagents were then dispensed 

onto the appropriate reservoirs of the unfolded oPAD. These 

reagents were left at room temperature until completely dry 

(5–30 min depending on the volume added). Then the paper 

strip could be folded along the “fold lines” (Figure 3.1) 

to form the oPAD. All devices were immediately used 

following drying. Note that layers 1–3 of the oPAD each 

contain four reservoirs that allow four independent 

reactions to take place simultaneously with no cross-talk 

between fluidic pathways.
93
 These four different channels 
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are color coded on Figure 3.2a, Figure 3.3b, Figure 3.6a, 

Figure 3.7a, and Figure 3.8a, but they also apply to Figure 

3.4, Figure 3.45, Figure 3.9, and Figure 3.10. The fourth 

layer of the oPAD shown in Figure 3.1 (further right black 

square) prevents the reagents from contacting the aluminum 

clamp during incubation, but this layer has no direct 

effect on assay performance. For clarity, therefore, the 

fourth oPAD layer is not shown in the remainder of the 

figures shown in this chapter. 

 

 

Figure 3.1: oPAD design and dimensions used for all 

experiments, except for the one represented in Figure 3.3a.  

 

3.3.5. Blocking 

The hydrophilic sections of all the devices were 

blocked to prevent NSA of the reagents. This was done by 

drying 5.0 μL of 0.5% w/v BSA in 10.0 mM PBS at 25 °C in 
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each reservoir prior to addition of reagents. Additionally, 

in some cases 1.0 μM of noncomplementary ssDNA ((dT)21) was 

used to prepare the solutions added to the first oPAD layer 

once the device was assembled. 

 

3.4. RESULTS AND DISCUSSION 

3.4.1. Principles of the DNA Detection System 

As shown in Illustration 3.1, the DNA detection system 

reported here consists of a fluorophore-labeled ssDNA 

probe, F1; a quencher-labeled ssDNA, Q1; and the analyte 

(target), A1 (a ssDNA fully complementary to F1). If F1 is 

dried in the reservoir of a paper substrate and A1 is added 

(Illustration 3.1a, Path I), hybridization occurs resulting 

in fluorescent hybridization product P1. However, if ssDNA 

quencher Q1 is added to the reservoir containing dried F1 

(Illustration 3.1a, Path II), then the resulting hybridized 

molecule (R1) does not fluoresce. The assay is established 

when both the target, A1, and the quencher, Q1, compete 

simultaneously to hybridize with F1. In this case, A1 and 

Q1 will hybridize with F1 at similar reaction rates 

(Illustration 3.1a, Paths I and II), forming both P1 and R1 

hybrids. However, A1 contains 8 more bases complementary to 

F1 (domain 7* in Illustration 3.1a) compared to Q1. These 8 

bases serve as a toehold to initiate a strand displacement  
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Illustration 3.1: (a) Schematic representation of the 

possible pathways followed by F1, Q1, and A1. (b, c, d, e) 

Experimental arrangement for Case 1 showing the (b) 

location of reagents, (c) folding process of the oPAD, (d) 

compression and  sample addition, and (e) unfolding the 

oPAD for fluorescence detection.  
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reaction that removes Q1 from R1 (Illustration 3.1a, Path 

III). According to previous kinetic studies reported by 

Winfree and Zhang,
94
 an 8-base toehold is sufficient to 

provide a fast (kf = 106 M
–1
s
–1
) and irreversible (kb ≈ 1 M

–
1 

s
–1
) reaction displacement rate constant. 

 

3.4.2. Optimization of F1 Placement in the Device 

This experiment was performed to determine the best 

place to dry F1 to maximize signal response. Here, the 

device shown in Figure 3.2 was passivated as indicated in 

section 3.3.5. Then, 1.0 µL of a solution containing TNka 

buffer and 40.0 nM F1 was dried on specific reservoirs of 

the first, second, and third oPAD layers as indicated by 

the red arrows in Figure 3.2b. The oPAD was then folded 

(Illustration 3.1c) and compressed (Illustration 3.1d) via 

an aluminum clamp (Figure A-8) so that the layers would be 

in direct contact with each other. At this point, 6.0 μL of 

TNak buffer was added to all reservoirs of the first oPAD 

layer through the holes present in the aluminum clamp and 

the device was immediately sealed with Parafilm (to avoid 

evaporation). After incubating for 40 min at 37 ̊C, the 

oPAD was unfolded (Illustration 3.1e) and the fluorescence 

intensity volume (FIV) scanned. The same experiment was 

performed on a second oPAD, but incubating for 20 min.  
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Figure 3.2: Optimization of the placement of F1 on the 

oPAD. (a) Color-coded schematic representation of the four 

channels present in device (b). (b) Fluorescence image of 

the oPAD at the end of the experiment. Note that in this 

figure we only show the fluorescence image after 40 min of 

incubation to depict the placement of F1 (red arrows). (c) 

Fraction of the total fluorescence intensity volume 

recorded from (b) at each oPAD layer for both experiments. 

Figure 3.2c demonstrates that the highest fraction of the 

total FIV occurs when F1 is dried on the third layer of the 

oPAD. This is true for both experiments performed at 20 and 

40 min of incubation time, and this result can be 

attributed to a combination of two factors. First, F1 is 

preferentially retained on the third layer of the oPAD 

because after capillary flow stops, the movement of F1 to 

the other two layers is primarily by diffusion. Second, 

residual NSA of F1 prevents a fraction of F1 from moving to 
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the adjacent layers. In addition, Figure 3.2c demonstrates 

that a total incubation time of 20 min yields slightly 

better sensitivity than 40 min. This difference in 

sensitivity could be attributed to backflow diffusion of 

the reagents after 20 min have passed. 

 

3.4.3. Operation and Performance of the Device 

Two distinct experiments were performed to demonstrate 

the potential of this paper-based DNA detection system. In 

Case 1, F1 and Q1 are each dried on different oPAD layers. 

In Case 2, F1 and Q1 are hybridized in solution first, and 

the resulting complex, R1, is dried on one of the oPAD 

layers. In both cases, the paper reservoirs were passivated 

with BSA
128,129

 as indicated in section 3.3.5. This step 

results in lower LODs while improving the sensitivity (for 

more information see section 3.4.4). 

It is important to mention four key facts. First, the 

fluorescence intensity of F1 was higher after drying than 

when it was still hydrated. This was tested by drying F1 on 

the purple and orange-dashed circles, as observed in Figure 

3.3a. Next, TNka buffer was added only to the orange-dashed 

circle. The fluorescence observed in the purple-dashed 

circle (dry F1) saturated the detector and so there was no 

correlation between F1 concentration and fluorescence 
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signal. Therefore, unless otherwise indicated, all 

fluorescence images were obtained while the paper was wet. 

Second, Q1 successfully quenches the fluorescence of F1. 

Here, F1 was dried on the brown-dashed circle of Figure 

3.3a, followed by the addition of Q1. The absence of 

fluorescence in this reservoir is indicative F1 

fluorescence quenching by Q1. Third, F1 is specific for the 

target analyte, A1. This is demonstrated by the results 

shown in the black-dashed circle of Figure 3.3c. In this 

experiment, F1, Q1, and a noncomplementary ssDNA target 

(e.g., (dT)21) are mixed together in the paper device. As a 

consequence, Path II in Illustration 3.1a is followed, 

resulting in R1. On the contrary, when A1 (instead of 

(dT)21) is added, fluorescence can be observed due to the 

formation of P1 (red and green-dashed cirles). This last 

control experiment proves the hybridization selectivity of 

the system for A1. And fourth, the results described in 

this chapter, using a paper substrate, mirror those 

observed in homogeneous solutions (Figure A-7). 
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Figure 3.3: Control experiments for the proposed reaction 

pathways illustrated in Illustration 3.1. (a) Fluorescence 

quenching ability of Q1 upon hybridization to F1 and 

difference in fluorescence intensities between dry and 

hydrated F1. Amount of reagents used: F1 = 240 fmol, Q1 = 

570 fmol, and TNka buffer  = 3.0  µL. The labels at the 

bottom of part a represent what was added after drying F1. 

(b) Color-coded schematic representation of the four 

channels present in device (c). (c) Fluorescence image 

showing the specificity of F1 for A1. Amount of reagents 

used: F1 = 300 fmol, Q1 = 600 fmol, TNka buffer = 6.0 µL, 

(dT)21 = 3 pmol, A1 = 540 fmol and 2.6 pM (red and green 

dashed circles, respectively).  F1 and Q1 were dried on all 

reservoirs of layers 2 and 3, respectively. The labels at 

the bottom of figure represent what was added to the inlet 

of the device while folded. Note that all reagents were 

dissolved in TNka buffer. 
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3.4.3.1.  Case 1 

The experimental arrangement for Case 1 is displayed 

in Illustration 3.1b. The oPAD sensor was constructed by 

drying 6.0 μL of 475.0 nM Q1 and 1.0 μL of 40.0 nM F1 

within the reservoirs of the second and third layers of the 

oPAD, respectively. The oPAD was then folded (Illustration 

3.1c) and compressed (Illustration 3.1d). Next, 6.0 μL of 

the TNak buffer solution containing 0, 8.5, 17.0, and 42.5 

nM A1 was introduced to the reservoirs of the first layer 

of the oPAD (Illustration 3.1d). The device was immediately 

sealed with Parafilm and incubated at 37 °C. 

The solution containing A1 flows through the second 

layer of the device, where it picks up predried Q1, and 

then both of these components move to the third layer where 

they encounter predried F1. Because A1, F1, and Q1 are all 

present, all three pathways shown in Illustration 3.1a are 

possible. However, on the basis of results from solution-

phase experiments and thermodynamics, all A1 should be 

present within the fluorescent P1 complex, and excess F1 

should be quenched by Q1. Hence, the concentration of A1 

should be related to the total measured fluorescence. After 

40 min of incubation time, the oPAD was unfolded 

(Illustration 3.1e) and the third layer of the oPAD was 

read with a fluorescence scanner. 
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Figure 3.4: Strand displacement-induced fluorescence 

detection of ssDNA for Case 1. Left: Plot of fluorescence 

intensity volume (FIV) as a function of the concentration 

of A1. The inset is the fluorescence image of the third 

oPAD layer showing, qualitatively, the dependence of the 

FIV on A1 concentration. Note that the error bars for the 

data points correspond to standard deviations obtained by 

performing experiments on three different oPADs on the same 

day. Right: Color-coded schematic representation of reagent 

placement on the oPAD. 

Figure 3.4 shows the results of the just-described 

assay for different concentrations of A1. The plot shown at 

the left of the figure indicates a linear dependence on A1 

concentration (sensitivity RSD = 14%) and a LOD of 3.1 ± 

0.4 nM. This LOD is defined as three times the standard 

deviation of the blank signal, divided by the slope of the 

linear fit from Figure 3.4. In addition, the sensitivity 

RSD was calculated by dividing the standard deviation of 

the slope over the slope’s mean value. From these results, 
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we conclude that the assay summarized by Illustration 3.1 

proceeds as indicated in the oPAD. 

 

3.4.3.2. Case 2 

In this experiment, 1.0 μL of R1, prepared from a 

solution containing 40.0 nM F1 and 475.0 nM Q1, was dried 

on the third layer of the oPAD. This situation is in 

contrast to Case 1, in which Q1 and F1 were dried on 

separate layers of the device. After folding the oPAD, 6.0 

μL of the same concentrations of A1 used for Case 1 were 

added to the top oPAD layer. After incubating for 40 min, 

the displacement reaction represented by Path III of 

Illustration 3.1a is predicted to take place. The results 

shown to the let of Figure 3.45 indicate a better linear 

relationship between fluorescence intensity and the 

concentration of A1 than for Case 1 (sensitivity RSD = 3%). 

The LOD was determined to be 4.9 ± 0.1 nM, which is a 

little higher than Case 1. 
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Figure 3.45: Strand displacement-induced fluorescence 

detection of ssDNA for Case 2. Left: Plot of fluorescence 

intensity volume (FIV) as a function of the concentration 

of A1. The inset is the fluorescence image of the third 

oPAD layer showing, qualitatively, the dependence of the 

FIV on A1 concentration. Note that the error bars for the 

data points correspond to standard deviations obtained by 

performing experiments on three different oPADs on the same 

day. Right: Color-coded schematic representation of reagent 

placement on the oPAD.  

The difference in sensitivity RSD between Cases 1 and 

2 (14% and 3%, respectively) could be due to a number of 

factors. First, despite using BSA as a blocker, the 

reagents still exhibit considerable NSA to the paper (see 

section 3.4.4). For Case 1, this means that a significant 

fraction of F1 and Q1 remain trapped within the cellulose 

matrix even after the initiation of flow. Therefore, upon 

addition of sample A1, only a fraction of A1 and Q1 reach 

the third oPAD layer where F1 is present and that only the 
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accessible fraction of F1 can take part in the reaction. 

The inaccessible fraction of F1 contributes to the overall 

high background fluorescence observed at the reporting 

layer of the device in Case 1. 

In contrast, Case 2 suffers less from NSA because the 

F1-Q1 hybridized complex (R1), rather than the individual 

ssDNA components, is dried on the paper. Consequently, the 

background fluorescence in Case 2 is lower than that 

observed in Case 1 and, therefore, the linearity of the fit 

is better for Case 2 (Figure 3.45). Nevertheless, we 

believe Case 1 is better for future POC devices than Case 

2, because no prehybridization of reagents is required for 

the experiments to be successful, while still achieving 

similar LODs (3.1 ± 0.4 vs 4.9 ± 0.1 nM). 

 

3.4.4. NSA of DNA to Paper 

As mentioned before, NSA is intrinsic to paper (both 

cellulose and nitrocellulose). Thus, it is important to 

control NSA for the successful development of sensitive 

paper-based biosensors. In this section, we test two 

blockers, BSA and (dT)21, and determine the extent of their 

ability to reduce NSA of DNA to the paper substrate.  

In Figure 3.6 two different oPADs were used: one 

without and one with passivation with BSA (part b and c, 
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respectively). Passivation with BSA was performed as 

indicated in section 3.3.5. Then, Q1 and F1 were dried on 

the second and third layers of each oPAD, respectively (in 

a Q1:F1 ratio of 10:1). After drying the reagents, the 

devices were folded and compressed with the aluminum clamp. 

Next, 6.0 µL of a solution containing TNka buffer and 42.5 

nM A1, and 6.0 µL of a solution containing TNka buffer only 

were added to the red and green circles of the first layer, 

respectively, on both devices. The oPADs were then sealed 

with Parafilm and incubated at 37 ̊C for 40 min. After 

opening the devices, the resulting FIV were measured at the 

corresponding reservoirs of the third layer of the oPAD 

(see Figure 3.6c for reference) using a fluorescence 

scanner. The bottom of Figure 3.6 shows the FIV (red minus 

green circles) for the device passivated with BSA (FIV = 

4.0x10
4
) was close to three times higher than in the absence 

of passivation (FIV = 1.3x10
4
).  

 



 58 

 

Figure 3.6: Control experiment to test the ability of BSA 

to block NSA of the reagents on the oPAD. (a) Color-coded 

schematic representation of the two channels present in 

devices (b) and (c). (b) Results obtained without 

passivation of the paper with BSA. (c) Results obtained by 

passivating the paper with 5.0 μL of 0.5% BSA in 10.0 mM 

PBS buffer. The ratio of Q1 to F1 was 10:1 in both devices. 

Although the results shown in Figure 3.6 confirm that 

BSA blocks some of the NSA of DNA to paper, it is most 

important to know how much of analyte A1 initially added to 

the device takes part in the assay, because the lowest LOD 

will be obtained when all of A1 is able to reach the third 
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layer of the oPAD. Accordingly, next, we semi-

quantitatively study the extent of DNA NSA in the presence 

of the BSA blocker. As mentioned in the section 3.4.3, A1 

is fully complementary to F1, and therefore it is 

appropriate to use F1 as a proxy to learn about the effect 

the BSA blocker has on A1 NSA. Figure 3.7 shows the 

fluorescence intensity as F1 moves from the first to the 

third layer of the oPAD after the paper was blocked with 

BSA according to the procedure given in section 3.3.5. In 

this experiment, 10.0 μL of 8.0, 20.0, and 40.0 nM F1 were 

dried on the third layer of the oPAD as indicated by the 

green, blue, and black-dashed circles in Figure 3.7b, 

respectively. These spots serve as a calibration standard. 

The oPAD was then folded and compressed with the aluminum 

clamp. Next, 10.0 μL of 40.0 nM F1 was added to one 

reservoir of the first oPAD layer, which is indicated by 

the red arrow in Figure 3.7b, while 10.0 μL of TNak buffer 

was added to the other three reservoirs of the first oPAD 

layer. After sealing the device with Parafilm and 

incubating for 40 min at 37 °C, the oPAD was opened and the 

fluorescence signal was scanned. 

If BSA successfully blocks NSA of F1, then a high 

percentage of the F1 initially added to the first layer of 

the oPAD should reach the third oPAD layer (red dashed 

circle,  
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Figure 3.7: Semi-quantitative determination of the degree 

of A1 NSA in the presence of BSA. (a) Color-coded schematic 

representation of the four-channel, three-level oPAD in 

(b). (b) Fluorescence image showing the degree of F1 NSA on 

the paper substrate. (c) Calibration curve of fluorescence 

intensity volume (FIV, normalized to the blank) obtained 

from the third oPAD layer of (b). The color of the data 

points correlates to the dashed colored lines in (b), with 

the exception of the white data point (normalized blank). 

Note that a red square was added to show where the FIV from 

the red dashed circle in (b) falls on the calibration 

curve. 

Figure 3.7b). Of course, because there is no rinsing step 

and no sink pad at the end of each channel, some F1 will be 

retained in the upper two layers even in the absence of 

NSA. Figure 3.7c shows the FIV (normalized to the blank) as 

a function of the number of moles of F1 dried on the blue, 

black, and green reservoirs of the third oPAD layer. From 
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this calibration curve we determined that the FIV observed 

in the red dashed circle in Figure 3.7b corresponds to < 5% 

of the initial amount of F1 added to the first layer of the 

oPAD. This means that most of the analyte remains trapped 

in the first two oPAD layers even in the presence of BSA, 

thereby limiting the detection sensitivity and LOD. We 

believe that more complete transport of A1 toward the third 

oPAD layer could be achieved by immobilizing F1 on the 

third layer of the device and adding a fourth layer having 

a sink pad. In this case, most of the added A1 (minus that 

nonspecifically adsorbed to the paper) would be pulled by 

capillary flow towards the third oPAD layer and hybridize 

with F1, thereby achieving lower LODs. 

In addition, we show the effect of the presence and 

absence of an oligonucleotide blocker that competes with A1 

for NSA sites, but that does not itself participate in the 

assay of A1. Inert additives having properties similar to 

the target are popular blocking reagents in surface-based 

detection strategies. These blockers compete with the 

analyte for nonspecific binding sites. For example tRNA has 

been widely used in aptamer bidning assays to eliminate NSA 

of the RNA to membranes,
130
 and oligo (dT)n has been used to 

efficiently decrease NSA of oligonucleotides to plates or 

tubes.
94
 In present case, the solutions added to the first 

oPAD layer were prepared with 1.0 µM (dT)21 in combination 
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with the BSA passivation procedure described in section 

3.3.5. The large amount of (dT)21 is expected to compete 

with the analyte for NSA sites. This approach was used to 

obtain the results shown in Figure 3.8.  

Figure 3.8b shows a single oPAD used for a side-by-

side comparison of two different experiments. First, the 

entire device was passivated with BSA. Following 

passivation, 6.0 μL of 500.0 nM Q1 and 1.0 μL of 50.0 nM F1 

were dried onto the cellulose spots in the second and third 

layers of the oPAD, respectively. The device was then 

folded and compressed with the aluminum clamp. Next, 6.0 μL 

of a TNka buffer solution containing 50.0 nM A1 and 1.0 μM 

(dT)21 was added to the well corresponding to the blue 

circle on the first oPAD layer, and 6.0 μL of a TNka buffer 

solution containing 1.0 μM (dT)21 was added to the well 

corresponding to the black circle of the first oPAD layer 

(Figure 3.8b, orange box). Simultaneously, 6.0 μL of a TNka 

buffer solution containing 50.0 nM A1, and 6.0 μL of a 

solution containing TNka buffer only, were added to the 

wells on the first oPAD layer corresponding to the red and 

green circles, respectively (Figure 3.8b, blue box). The 

oPAD was then sealed with Parafilm and maintained at 37 °C. 

After incubating for 40 min, the oPAD was opened and the 

fluorescence signal was scanned. 
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Figure 3.8: Fluorescence intensity volumes (FIV) resulting 

from transport of a solution containing TNka buffer plus 

50.0 nM A1 through a three-level oPAD. In this experiment, 

the paper was passivated with BSA, and the solution added 

to the top layer of the oPAD in the orange box area 

contained an additional blocker, 1.0 µM (dT)21. The blue box 

is a control experiment in which no (dT)21 was present. (a) 

Color-coded schematic representation of the four-channel, 

three-level oPAD in (b). (b) Fluorescence image of the 

unfolded oPAD at the end of the experiment. 
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The difference in fluorescence intensities between the 

blue and black dashed circles (those exposed to (dT)21) 

exhibited a FIV of 9.3 x 10
4
. This value is almost double 

that of the difference in FIV between the red and green 

dashed circles (FIV = 5.2x10
4
), which were not exposed to 

(dT)21. As mentioned earlier, this result suggests that 

(dT)21 competes with A1 for NSA sites on the cellulose 

fibers. Accordingly, BSA passivation of the paper was 

combined with the presence of (dT)21 in the analyte sample 

for the experiments performed in the Smart DNA Detection 

Systems section presented next.  

 

3.4.5. Smart DNA Detection Systems 

Boolean logic gates are the fundamental building 

blocks of many electronic devices. Biological analogs of 

these devices, which are based on enzyme–substrate, 

aptamer-target, and DNA-antisense DNA interactions, are of 

particular scientific interest as they could lead to 

interesting new functions.
131
 In the next two sections, we 

present logic gates, built on the oPAD platform, that 

exhibit the OR and AND operations. We carried out these 

experiments to expand the functional scope of paper-based 

fluidics, generally, and the multilevel oPAD format, 

specifically. Note that in this section, NSA was minimized 
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by preparing all solutions added to the first layer of the 

folded device with 1.0 μM (dT)21 in addition to drying BSA 

on the paper reservoirs (Figure 3.8). 

 

3.4.5.1.  OR Logic Gate 

OR gates yield an output of 1 when either of the two 

inputs is positive.
131
 In the present case, the OR gate 

inputs are two analytes, A1 and A2 (Illustration 3.2), and 

the output will be 1 when either A1 or A2 is present. In 

the opposite case, when neither A1 nor A2 is present, the 

output will be 0. In analogy to Case 1 and Case 2, 

discussed earlier, A1 is complementary to F1, and Q1 

quenches the fluorescence of F1 in the absence of A1. 

Likewise, A2 is complementary to F2, and Q2 quenches the 

fluorescence of F2 in the absence of A2. Moreover, A1 can 

only hybridize with F1 and A2 can only hybridize with F2. 

Therefore, there is no cross-talk between the parallel 

response circuits. 
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Illustration 3.2: Schematic representation of the possible 

pathways followed during the OR logic gate when using 

analytes A1 and A2. 
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The OR function was demonstrated as follows. First, 

the paper was passivated with BSA. Second, 1.0 μL of a 

mixture containing TNka buffer plus 3.0 μM Q1 and 3.0 μM 

Q2, and 1.0 μL of a mixture containing TNka buffer plus 

50.0 nM F1 and 50.0 nM F2, was dried on the reservoirs of 

the second and third oPAD layers, respectively (Figure 3.9, 

top left). Third, the oPAD was folded and compressed with 

the aluminum clamp. Finally, 6.0 μL of solutions containing 

different concentrations of A1 and A2 (plus 1.0 μL of (dT)21 

as a secondary blocker) were introduced to the reservoirs 

of the first oPAD layer. These combinations of A1 and A2 

are designated as inputs 0,0; 0,1; 1,0; and 1,1. Input 0,0 

contained only TNka buffer. Input 0,1 was a solution 

containing TNka buffer plus 200.0 nM A1. Input 1,0 

consisted of a solution containing TNka buffer plus 200.0 

nM A2, and input 1,1 consisted on a solution containing 

TNka buffer plus 200.0 nM A1 and 200.0 nM A2. 

The fluorescence image at the bottom left of Figure 

3.9 shows the signal obtained at the third oPAD layer at 

the end of the experiment. These results are quantitatively 

represented by the FIV histograms at the bottom right of 

Figure 3.9. Here, the black dashed line is the threshold, 

and its magnitude is defined as twice the FIV of the blank. 

Inputs resulting in a signal above the threshold lead to an 

output of 1, while lower FIVs result in an output of 0. 
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The results in Figure 3.9 can be rationalized in terms of 

Illustration 3.2. When 0,0 is input to the first oPAD 

layer, the reaction is predicted to follow Path I in 

Illustration 3.2. In this case, both F1 and F2 are 

quenched, and the output of the OR gate is 0. When 0,1 is 

input, Path II is predicted. In this case, A1 hybridizes 

with F1 and displaces Q1 from hybrid R1. The resulting 

product, P1, is fluorescent, and therefore the FIV exceeds 

the threshold and the gate output is 1 (Figure 3.9). The 

same result is obtained for input 1,0, although in this 

case it arises from Path IV (Illustration 3.2). Lastly, 

when both A1 and A2 are present (input 1,1), the reaction 

follows Path III. This leads to a FIV that also exceeds the 

threshold, and again the OR gate output is 1 because of the 

presence of both P1 and P2. It is clear that the transfer 

function of this paper-based device is consistent with the 

truth table for an OR gate (Figure 3.9, top right corner). 
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Figure 3.9: Strand displacement-induced fluorescence 

detection of DNA coupled to an oPAD-based OR gate. The 

device was passivated with BSA and all solutions added to 

the first oPAD layer contained 1.0 μM (dT)21 as an 

additional blocker. Top left: Color-coded schematic 

representation of the reagent placement on the oPAD. Top 

right: Truth table. Bottom left: Fluorescence image of the 

third oPAD layer showing the resulting fluorescence 

response upon addition of different inputs. Bottom right: 

Histogram of the fluorescence intensity volumes (FIV) 

measured at the third oPAD layer as a function of the input 

type. Note that the error bars for the histogram correspond 

to standard deviations obtained by performing experiments 

on three different oPADs on the same day. 
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3.4.5.2. AND Logic Gate 

The AND gate is analogous to the just-described OR 

gate, except that both inputs must be positive for the 

output to be 1.
131
 Illustration 3.3 shows the functional 

pathways of the oPAD-based AND gate. 

 

 

Illustration 3.3: Schematic representation of the possible 

pathways followed during the AND logic gate when using 

analytes A1 and A2. 

After passivating the paper with BSA, 1.0 μL of a 

solution containing TNka buffer plus 100.0 nM R3 (100.0 nM 

F3, 1.0 μM M, and 1.0 μM Q3) was dried on the third layer 

of the oPAD while nothing was dried on the second oPAD 

layer (Figure 3.10, top left). Once the oPAD was folded and 

compressed, 6.0 μL of TNka buffer containing 1.0 μL of 

(dT)21 and the different inputs (0,0; 0,1; 1,0; and 1,1) 

were introduced to the first oPAD layer. These input 
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designations correspond to the same A1 and A2 

concentrations described for the OR gate. A FIV lower than 

the threshold (twice the blank signal, dashed black line at 

the bottom right of Figure 3.10) corresponds to an output 

of 0.  

The fluorescence image at the bottom left of Figure 

3.10 shows the signal obtained from the third oPAD layer at 

the end of the experiment. These results are quantitatively 

represented at the bottom right of Figure 3.10 with a 

histogram of FIV as a function of input type. When 0,0 (A1 

and A2 absent) is input to the first oPAD layer, R3 is 

predicted to be unchanged (Illustration 3.3), and therefore 

the FIV is below the threshold and the output of the AND 

gate is 0 (Figure 3.10). For input 0,1 (only A1 present), 

no fluorescence response is observed. This is because A1 

cannot hybridize with F3 until A2 displaces M from R3 

(Illustration 3.3). A 0 output is also observed for input 

1,0 (only A2 present). In this case, A2 displaces M from 

R3; however, Q3 still quenches the F3 fluorescence in the 

absence of A1. Only for an input of 1,1 (both A1 and A2 

present) is the FIV above the threshold for an output 

response of 1 (Figure 3.10). In this case A2 hybridizes 

with F3 and displaces M. In the absence of M, the bases in 

F3 designated by the number 7 (Illustration 3.3) are free 

to start hybridizing with A1. Consequently, A1 displaces Q3  
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Figure 3.10: Strand displacement-induced fluorescence 

detection of DNA coupled to oPAD-based AND gate. The device 

was passivated with BSA and all solutions added to the 

first oPAD layer contained 1.0 μM (dT)21 as an additional 

blocker. Top left: Color-coded schematic representation of 

the reagent placement on the oPAD. Top right: Truth table. 

Bottom left: Fluorescence image of the third oPAD layer 

showing the resulting fluorescence response upon addition 

of different inputs. Bottom right: Histogram of the 

fluorescence intensity volumes (FIV) measured at the third 

oPAD layer as a function of the input type. Note that the 

error bars for the histogram correspond to standard 

deviations obtained by performing experiments on three 

different oPADs on the same day. 
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and the resulting complex, P3, is fluorescent. Hence, 

consistent with the truth table for an AND gate (Figure 

3.10, top right), the output of this oPAD is only 1 when 

both A1 and A2 are present. 

By demonstrating that we can pattern and program both 

flow (via wax printing and folding) and molecules (such as 

the OR and AND gates demonstrated herein), many 

possibilities arise for carrying out and evaluating 

multiplexed reactions within the same device. Reactions can 

be distinguished either by flow or by molecular programming 

or by combinations thereof. This should make the oPAD 

configurations coupled to nucleic acid circuitry especially 

compelling into the future. For example, an effective OR 

gate oPAD could report on whether a patient has been 

infected by any of the different types of common influenza 

viruses or drug resistant tuberculosis. An AND gate oPAD 

could provide more accurate and confident diagnosis for a 

target or a reaction having multiple markers, such as long 

amplified products from polymerase chain reactions or 

isothermal amplification. 

 

3.5. SUMMARY AND CONCLUSIONS 

We have reported three significant findings in this 

chapter. First, implementation of strand-displacement 
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fluorescence detection of ssDNA at concentrations as low as 

3.1 ± 0.4 nM using 3D paper analytical devices. Second, a 

multiplexed version of strand displacement that results in 

logical OR and AND operations. Third, the multilayer 

device, which is prepared by simple wax printing and paper 

folding, permits reagent storage on different layers of the 

oPAD before experiments are initiated. This avoids cross-

reaction between the reagents until they are triggered to 

mix by capillary flow of the sample solution. These 

findings provide an important demonstration of functional 

integration, without resorting to increased complexity. 

The simple (but important) DNA reactions presented in 

this chapter are the building blocks for understanding and 

developing more complicated assays on paper (e.g., both 

enzymatic and nonenzymatic DNA amplification systems are 

widely used to detect pathogens and viruses).  
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Chapter 4. Simple, Sensitive, and Quantitative 

Electrochemical Detection Method for Paper 

Analytical Devices**,††
 

4.1. SYNOPSIS  

This chapter reports a new type of paper analytical 

device that provides quantitative electrochemical output 

and detects concentrations as low as 767 fM. The model 

analyte is labeled with silver nanoparticles (AgNPs), which 

provide 250,000-fold amplification. AgNPs eliminate the need 

for enzymatic amplification, thereby improving device 

stability and response time. The use of magnetic beads to 

preconcentrate the AgNPs at the detection electrode further 

improves sensitivity. Response time is improved by 

incorporation of a hollow channel, which increases the flow 

rate in the device by a factor of 7 and facilitates the use 

of magnetic beads. A key reaction necessary for label 

detection is made possible by the presence of a slip layer, 

a fluidic switch that can be actuated by manually slipping 

a piece of paper. The design of the device is versatile and 

should be useful for detection of proteins, nucleic acids, 

and microbes. 

 

                                                 
** Scida, K.; Cunningham, J. C.; Renault, C.; Richards, I.; Crooks, R. M. Anal. Chem. 2014, 86, 6501-

6507. 
†† Josephine Cunningham was in charge of the syntheses shown in sections 4.3.7, 4.3.8, and 4.3.9. 

Christophe Renault helped in the design of experiments. Ian Richards helped in the design of experiments 

and data interpretation. Richard Crooks was the PI. 
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4.2. INTRODUCTION 

This chapter reports the development of a novel PAD 

that provides for timed reactions, quantitative 

electrochemical detection,
81,132,133

 simple assembly by folding 

the paper substrate,
93
 and fast, robust, nonenzymatic signal 

amplification. These all represent significant advances for 

the field of low-cost diagnostics, because, as we will 

show, they provide important functionality without 

significantly increasing device complexity. For example, 

one particularly important feature of the device is that it 

employs a hollow channel.
134,135

 In contrast to channels 

filled with cellulose fibers, hollow channels do not impede 

micrometer-scale magnetic beads, and the latter provide a 

simple means for localizing a labeled target in the 

vicinity of a detection electrode. In this case, the labels 

are ∼20 nm diameter Ag nanoparticles (AgNPs). The device 

also incorporates a fluidic switch,
87,136

 which makes it 

possible to localize and time a key, on-device, homogeneous 

reaction that is required for signal amplification. 

Integration of these new functionalities results in a low-

cost, quantitative, paper-only diagnostic tool that yields 

a detection limit of <1 pM of AgNP labels. 

Ultralow-cost, paper-based diagnostic tools offer an 

effective solution to healthcare accessibility problems in 

developing nations as well as providing convenient medical 
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information to individuals in more affluent societies. 

However, there are a number of scientific and engineering 

barriers to the large-scale adoption of next-generation 

PADs that have stimulated much recent research in this 

field.
83,137,138

 Of course, the particular challenges required 

for a PAD depends on the specific application, but the 

expanded use of such tools would be accelerated by some or 

all of the following: lowered LOD, increased sensitivity 

and dynamic range, detection strategies that provide 

quantitative information, reduced NSA, reduced analysis 

time, robust recognition probes, superior 

manufacturability, lower cost, and simplified user 

interfaces. The advances reported here address several of 

these challenges, but the main focus is on quantitation and 

lowered LODs employing a user-friendly platform. 

PAD-based assays that require low LODs must 

incorporate some form of chemical amplification.
26
 To 

maintain the advantage of the PAD format, such 

amplification should be simple and robust. One such 

amplification method relies on paper supercapacitors to 

store charge, which can subsequently be released 

instantaneously to achieve gain.
139
 Likewise, nanoporous 

gold has been used as an amplification platform for the 

capture of target DNA functionalized with an electroactive 

molecule.
125
 Gold nanoparticle labels have been used as 
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catalysts for a subsequent electroless deposition 

amplification step,
140
 ELISA reagents were dried and stored 

on a two-dimensional paper network that automated the ELISA 

steps for the detection of malarial biomarkers,
141
 and 

copper oxide nanoparticle labels have been used to trigger 

fluorescence from quantum dots.
142
 Phillips and co-workers 

designed a timed-colorimetry assay based on the differences 

in flow rates in the presence and absence of an enzyme and 

achieved detection limits for enzymes in the femtomolar 

range.
143
 In addition to these examples, other amplification 

approaches have been reported but in our opinion they are 

generally specialized for particular targets or too 

complicated for simple PAD-based POC applications.
144,145

 

In this chapter, we present an easily fabricated 

paper-based platform having a simple user interface and a 

demonstration of its operation using a model target 

analyte. The detection method involves two simple, but 

effective, preconcentration steps. The first of these 

involves magnetic preconcentration of AgNP labels at a 

working electrode, followed by the spontaneous oxidation of 

these labels in the presence of potassium permanganate 

(KMnO4).
146,147

 Importantly, this oxidizing agent is delivered 

into the channel at a specific time and location by simply 

slipping a moveable piece of paper that is part of the 

device. The resulting Ag+ can then be electrodeposited as 
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zerovalent Ag onto the working electrode. This represents a 

second kind of preconcentration, and hence oxidation of 

this Ag layer, using anodic stripping voltammetry (ASV), 

leads to very sensitive detection of the AgNP-labeled 

target.
113
 The entire assay takes just 4.6 min, is 

quantitative, and allows detection of label concentrations 

as low as 767 fM. 

 

4.3. EXPERIMENTAL SECTION 

4.3.1. Chemicals and Materials 

Sodium phosphate monobasic, sodium phosphate dibasic, 

biotin (5-fluorescein) conjugate, microtiter plates 

(Corning 3650), and KMnO4 were purchased from Sigma-Aldrich 

(St. Louis, MO). NaCl, NaOH, Whatman grade 1 chromatography 

paper (180 μm thick, 20 cm × 20 cm, linear flow rate 

(water) of 13 cm/30 min), microcentrifuge tubes, and two-

part 5 min epoxy were purchased from Fisher Scientific 

(Pittsburgh, PA). AlexaFluor-647/streptavidin conjugate was 

purchased from Life Technologies (Grand Island, NY). 

Streptavidin-coated magnetic microbeads (2.8 μm in 

diameter) were obtained from Bangs Laboratories (Fishers, 

IN). Biotinylated DNA (5′d Thiol C6 SS-ACATTAAAATTC-Biotin 

3′) was acquired as a powder from Biosearch Technologies 

(Petaluma, CA) and, before use, was dissolved in the 
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appropriate volume of deionized water to yield a 

concentration of 100.0 μM. A 1.0 M stock phosphate buffer 

solution was prepared by dissolving the appropriate amount 

of sodium phosphate monobasic and sodium phosphate dibasic 

in 0.5 L of deionized water and adjusting to the desired pH 

with NaOH. Erioglaucine disodium salt (blue dye) was 

obtained from Acros Organics (Pittsburgh, PA). Conductive 

carbon paste (Cl-2042) was purchased from Engineered 

Conductive Materials (Delaware, OH). All solutions were 

prepared with deionized water (<18.0 MΩ∙cm, Milli-Q 

Gradient System, Millipore, Bedford, MA). 

Citrate-capped AgNPs, nominally 20 nm in diameter 

(measured size, 21 ± 1 nm, Figure 4.2), were from Ted Pella 

(Redding, CA). They were modified with biotinylated DNA 

following a protocol by Alivisatos and co-workers.
148
 

Details are provided in the section 4.3.7. The preparation 

of the AgNP/biotin/streptavidin/magnetic microbead model 

analyte, and conjugation of streptavidin-coated magnetic 

microbeads with biotin-modified fluorescein, are described 

in sections 4.3.8 and 4.3.9, respectively. A 1/16 in. × 1/2 

in. neodymium cylindrical magnet (N48) was purchased from 

Apex Magnets (Petersburg, WV). Acrylic plates (0.6 cm-

thick) were obtained from Evonik Industries (AcryliteFF). 

Clear nail polish was purchased from Electron Microscopy 

Sciences (Hatfield, PA). Copper epoxy (EPO-TEK 430) was 



 81 

acquired from Epoxy Technology (Billerica, MA). Conductive 

copper tape (6.3 mm wide) was from Ted Pella. 

 

4.3.2. Instrumentation 

All electrochemical measurements were performed using 

a bipotentiostat (700E, CH Instruments, Austin, TX). A 

polytetrafluoroethylene (PTFE) electrochemical cell was 

used for conventional electrochemical measurements. These 

experiments were performed using a glassy carbon working 

electrode (1.0 mm diameter), Ag/AgCl reference electrode 

(KCl = 1 M), and Pt wire counter electrode (CH Instruments, 

Austin, TX). The cell is shown in Figure A-9. The size of 

the citrate-capped AgNPs was characterized via Nanoparticle 

Tracking Analysis (NS500, Nanosight). The modification of 

AgNPs with biotinylated DNA was carried out using 

microtiter plates and these were analyzed for fluorescence 

using EnVision (PerkinElmer). UV–vis measurements were made 

with a Hewlett-Packard HP8453 spectrometer using a quartz 

cell (l = 10 mm, 50 μL) from Starna Cells (Atascadero, CA). 

A Sorvall Legend Micro 21R Centrifuge (Thermo Scientific) 

was used in the synthesis of biotinylated AgNPs. Mixing of 

all solutions was performed with a Mini Vortexer 945300 

(VWR Scientific Products). The stencil was cut using an 

Epilog laser engraving system (Zing 16). Vacuum 
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centrifugation was achieved with a Thermo Savant DNA120 

SpeedVac Concentrator. Wax printing was carried out with a 

Xerox ColorQube 8570DN inkjet printer. An iPhone 5 was used 

to take the photographs shown in Figure A-9a and Figure 

A-9b. Figure 4.5, Figure 4.9b, Figure 4.9c, and Figure A-10 

were obtained using a Nikon AZ100 (Nikon Co., Tokyo, Japan) 

microscope equipped with a mercury lamp (Nikon) and a CCD 

camera (Cascade, Photometrics Ltd., Tucson, AZ) and using 

V
++
 Precision Digital Imaging software (Digital Optics, 

Auckland, New Zealand). All fluorescence images in Figure 

4.9 and Figure A-10 were taken using an HQ:F filter (λex = 

460-500 nm, λex = 510-560 nm). All images were captured 

using 1 x 1 binning with 512 x 290 pixels and 1 s exposure 

time. The brightness and contrast of Figure 4.9b, Figure 

4.9c, and Figure A-10 were adjusted using ImageJ 1.45s 

software to enhance visualization of the fluorescence. The 

ASVs shown in Figure 4.3a and Figure 4.10a were baseline 

corrected using Origin Pro8 SR4 v8.0951 (Northampton, MA). 

 

4.3.3. oSlip Fabrication 

The oSlip patterns (Illustration 4.1) were designed 

using Adobe Illustrator CS6 (version 16.0.0) and printed on 

Whatman grade 1 chromatography paper using the wax 

printer.
126,127

 Next, the paper sheet was placed in an oven at 
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130 °C for 50 s to melt the wax and form three-dimensional 

hydrophobic walls. Note that the hydrophilic part of Layer 

4 (yellow section of Illustration 4.1) was constructed by 

applying 60% yellow wax.
134
 After the paper was removed from 

the oven and cooled to 25 °C, each individual device was 

cut from the paper sheet using scissors and the white 

sections surrounded by the orange lines in Illustration 4.1 

were removed using a razor blade. 

The stencil for printing the electrodes was designed 

(Illustration 4.1) using Adobe Illustrator CS6 (version 

16.0.0) and cut into transparency films using the laser 

engraving system. The finalized stencil was aligned with 

Layer 1 as shown in Illustration 4.1 and thickened carbon 

paste (for preparation see section 4.3.4) was spread on top 

of the stencil using a scraper. The stencil printed carbon 

paste was then left to dry at 25 °C for 1 h. A total of 20 

devices could be stencil printed at the same time with the 

current setup. Using a procedure described in section 

4.3.5, electrical contacts were added to the electrodes. 

Finally, the blue dye and KMnO4 were dispensed onto 

locations of the oSlip, as described later. 
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Illustration 4.1: oSlip and stencil design and dimensions. 

Left: oPAD portion of the oSlip. Top right: SlipPAD portion 

of the oSlip. Middle right: Stencil electrode design. The 

black areas were cut using a laser engraving system. The 

width of the rectangular leads is 1.0 mm. Bottom right: 

Position of the stencil on Layer 1. The red dots on Layer 1 

serve as a point of reference for alignment. The blue lines 

represent the outline of the cut stencil. 

 

4.3.4. Preparation of Carbon Ink for Stencil Printing 

Prior to printing the carbon electrodes on the paper 

device, the carbon paste was thickened by adding a 0.5-cm 

thick layer of carbon paste to a glass vial and placing it 
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in an oven at 65 °C for 30 min. Next, the vial was removed 

from the oven, the paste mixed with a glass rod, and the 

vial placed in the oven at 65 °C for 5 min. This re-heating 

step was performed a total of two times. The thickened 

paste was left to cool at 25 °C until needed. 

 

4.3.5. Addition of Electrical Contacts to Stencil-

Printed Carbon Electrodes 

After the electrodes were stencil printed and dried, a 

piece of Parafilm paper was placed on top of the circular 

section of the electrodes (Illustration 4.1) and copper 

epoxy was applied at the end of each electrode, followed 

immediately by placement of a strip of copper tape on top 

of the copper epoxy. The Parafilm was removed and the 

devices were placed in the oven at 60 °C for 1 h to cure 

the copper epoxy and enhance the electronic properties of 

the carbon paste. Once the devices were removed from the 

oven, a thin layer of insulating epoxy was placed over all 

the electrodes except in the circular areas. After the 

epoxy was completely dry (30 min at 25 °C), a thin layer of 

nail polish was applied over it to make the surface more 

hydrophobic. The nail polish was also dried for 30 min at 

25 °C. 
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4.3.6. Reagent Loading on the oSlip 

The blue dye and KMnO4 were dispensed and dried onto 

their respective locations in the oSlip (see section 4.4.4 

and Illustration 4.2) by evaporation in air and under 

nitrogen flow (25 °C), respectively. 

 

4.3.7. Modification of Citrate-Capped AgNPs with 

Biotinylated DNA 

First, 10.0 µL of a 100.0 µM biotin-DNA-thiol solution 

and 600.0 µL of 0.75 nM citrate-capped AgNPs were mixed at 

25 °C while vortexing (level 3) for 24 h. Second, the salt 

concentration in the solution was slowly increased to 70.0 

mM NaCl and 7.0 mM phosphate buffer by adding one aliquot 

of 2.5 µL of 5.0 M NaCl and one aliquot of 25.0 µL of 50.0 

mM phosphate buffer (pH 7.0) every day for 4 days. Third, 

the volume of the solution was slowly reduced to 250.0 µL 

using vacuum centrifugation at 40 °C for 3 h. Fourth, the 

resulting solution was centrifuged at 16,000 g for 20.0 min 

and the supernatant was removed. Fifth, the resulting 

biotinylated AgNPs were re-suspended in 600.0 µL of a 

solution containing 100.0 mM NaCl and 10.0 mM phosphate 

buffer (pH 7.0). This washing procedure (centrifugation, 

removal of supernatant, and resuspension) was repeated a 

total of three times. 
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The presence of the biotin/DNA/thiol on the surface of 

the AgNPs was confirmed by fluorescence as follows. The 

washed biotinylated AgNP solution was incubated with an 

aqueous solution of AlexaFluor-647/streptavidin conjugate 

(50.0 µg/mL final concentration) at 25 °C for 30 min while 

vortexing (level 3). The resulting AlexaFluor-

647/streptavidin/biotin/AgNP solution was washed three 

times following the procedure described previously. At the 

same time, a control experiment was performed wherein 600.0 

µL of 0.75 nM citrate-capped AgNPs (original concentration 

used in the synthesis of biotinylated AgNPs) was incubated 

with the AlexaFluor-647/streptavidin conjugate (50.0 µg/mL 

final concentration) at 25 °C for 30 min while vortexing 

(level 3). Next, aliquots from each experiment (test and 

control) were placed in a microtiter plate and their 

fluorescence was read using a microplate reader (λex = 652 

nm, λem = 688 nm). The fluorescence recorded for the test 

experiment was 87% higher than that of the control 

experiment, (data not shown), confirming biotinylation of 

the AgNPs. 
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4.3.8. Preparation of the 

AgNP/Biotin/Streptavidin/Magnetic Microbead Model 

Analyte 

First, 100.0 µL of a stock solution of streptavidin-

coated magnetic microbeads (1.11 pM, 2.8 µm in diameter) 

was placed in a microcentrifuge tube and a magnet was held 

against the tube (on a side wall) for 30 s, followed by the 

removal of the supernatant. Second, the microbeads were 

washed three times with 50.0 µL of 10.0 mM phosphate buffer 

(pH 7.4) by placing the magnet against one of the tube’s 

wall for 30 s and removing the supernatant between washes. 

Third, after the third wash the magnetic microbeads were 

re-suspended in 200.0 µL of the previously synthesized 

biotinylated AgNPs solution. Fourth, the AgNPs and magnetic 

microbeads were incubated at 25 °C for 30 min while 

vortexing (level 3) and then washed three times with 100.0 

µL of 10.0 mM phosphate buffer (pH 7.4) containing 100.0 mM 

NaCl. 

Figure 4.1 shows the UV-Vis spectra of the supernatant 

(after removing the magnetic microbeads via magnetic 

separation), before (red trace) and after (blue trace) 

incubation with streptavidin-coated magnetic microbeads. 

The peaks at 400 and 510 nm on the red trace are attributed 

to the plasmon excitation of individual and agglomerated 

AgNPs, respectively. The band at 260 nm corresponds to the 

absorption of the DNA coating the AgNPs. The large 
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absorbance decrease at 400 and 510 nm indicates the 

successful attachment of the AgNPs to the magnetic 

microbeads. 

After synthesizing the 

AgNP/biotin/streptavidin/magnetic microbeads model analyte, 

the AgNP concentration in the model analyte solution was 

calculated by adding 125.0 µL of PBCl, 50.0 µL of 187.0 µM 

KMnO4, 3.0 µL of model analyte, and 47.0 µL  

 

 

 

Figure 4.1: UV-Vis spectra showing the formation of the 

AgNP/biotin/streptavidin/magnetic microbead model analyte. 

The red trace corresponds to the biotinylated AgNP 

absorbance before incubation with streptavidin-coated 

magnetic microbeads. The blue trace corresponds to the 

supernatant absorbance after incubating biotinylated AgNPs 

with streptavidin-coated magnetic microbeads. 
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of deionized water to the PTFE cell configured in the 

Facing Up conventional electrochemical setup (Figure A-9a). 

After performing the electrodeposition and stripping steps 

as described in the main text, the average charge measured 

(three repetitions) was correlated to the concentration of 

AgNPs in the stock model analyte solution (533 pM or 961 

AgNP/magnetic microbead) using the calibration curve shown 

in Figure 4.3b. 

 

4.3.9. Modification of Streptavidin-Coated Magnetic 

Microbeads with a Biotin/fluorescein Conjugate 

First, 18.0 µL of stock streptavidin-coated magnetic 

microbeads were placed in a microcentrifuge tube and washed 

three times with 100.0 µL of 10.0 mM phosphate buffer by 

placing a magnet close to one of the tube’s side wall for 

30 s. Second, after the third wash, the microbeads were re-

suspended in an aqueous solution containing 100.0 µL of 

62.0 µM biotin/fluorescein conjugate and incubated at 25 °C 

with vortexing (level 3) for 30 min. Third, the resulting 

fluorescein/magnetic microbead conjugate were washed three 

times with 100.0 µL of 10.0 mM phosphate buffer. Fourth, 

after the last wash, the beads were re-suspended in 100.0 

µL of 10.0 mM phosphate buffer and stored at 4 °C in the 

dark until used. 
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4.3.10. Background Run for ASVs Obtained Using the 

Conventional Electrochemical Setup 

A background ASV in the presence of 125.0 µL of PBCl, 

50.0 µL of 187.0 µM KMnO4, and 50.0 µL of deionized water 

was always performed between measurements to assure the 

surface of the glassy carbon electrode (GCE) was clean. 

After each background experiment and before each test run, 

the GCE was polished with microcut paper for 1 min, rinsed 

with deionized water, and dried with Kimwipes (these last 

three steps were repeated when necessary until the GCE was 

free of Ag). 

 

4.3.11. Drying Conditions for Measuring the Capture 

Efficiency of the Model Analyte at the WE of the 

oSlip 

In the flow/capture test, after adding the final 

solution (2.0 µL of 10.0 mM phosphate buffer containing 0.2 

pM fluorescein-labeled magnetic microbeads in 48.0 µL of 

PBCl) to the Inlet of the oSlip, the device was left to dry 

at 25 °C for 2 h in the dark. At this point, the device was 

opened and the fluorescence at the WE was measured (Figure 

4.9b). In the control experiment, the solution dispensed on 

the WE (2.0 µL of 10.0 mM phosphate buffer containing 0.2 

pM fluorescein-labeled magnetic microbeads) was left to dry 

at 25 °C for 2 h in the dark. Once the solution was dry, 

its fluorescence was measured (Figure 4.9c). 
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4.4. RESULTS AND DISCUSSION 

4.4.1. Spontaneous Oxidation of AgNPs by KMnO4 

Two experiments were performed to confirm spontaneous 

oxidation of AgNPs in the presence of KMnO4. In the first, 

625.0 µL of PBCl and 250.0 µL of 75.0 pM citrate-capped 

AgNPs were placed in a microcentrifuge tube. Next, 250.0 µL 

of 187.0 µM KMnO4 were added and, after 30 s, the tube was 

placed in the nanoparticle tracking instrument for 

analysis. In the second experiment (the control), 625.0 µL 

of PBCl, 250.0 µL of 75.0 pM citrate-capped AgNPs, and 

250.0 µL of deionized water were placed in a 

microcentrifuge tube and analyzed. For each experiment, the 

solution was analyzed a total of three times. Citrate-

capped AgNP diameters of 13 ± 3 and 21 ± 1 nm were obtained 

for the experiments in the presence and absence of KMnO4, 

respectively, as observed in Figure 4.2. 
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Figure 4.2: Histogram showing the size distribution of 

AgNPs in the presence and absence of 187.0 µM KMnO4 as 

measured with the nanoparticle tracking instrument 

(Nanosight). 

 

4.4.2. Electrochemical Characterization of AgNP 

Detection Using a Conventional Electrochemical Cell 

The electrochemical detection method, which is a key 

feature of the oSlip, involves three steps: oxidation of 

AgNPs using MnO4

–
, reduction of the resulting Ag

+
 onto an 

electrode surface, and ASV to quantitate the number of AgNP 

labels originally present. To ensure the viability of this 

method, and to ensure optimized performance, we tested the 

basic principles using a conventional electrochemical cell 

prior to translating the approach to the oSlip. The 

electrochemical cell used for these experiments is shown in 

Figure A-9a in the Appendix. It is conventional, except 
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that the glassy carbon working electrode is inserted into 

the bottom of the cell such that the electrode surface 

faces up. This arrangement, which we refer to as the Facing 

up configuration, was used because of the very small sample 

volumes. 

The experiment was carried out as follows. First, the 

electrolyte, consisting of 125.0 μL of 100.0 mM phosphate 

buffer (pH 7.4) containing 100.0 mM NaCl (this buffer is 

referred to hereafter as PBCl) and 50.0 μL of 187.0 μM 

KMnO4, were added to the test cell. Second, 50.0 μL of an 

aqueous solution containing citrate-capped AgNPs were 

added. Under these conditions, MnO4

–
 (E° = 1.18 V vs NHE at 

pH 7.4)
149
 should oxidize the AgNPs to Ag

+
 (E° = 0.16 V vs 

NHE in the presence of 100 mM Cl
–
).

150
 Importantly, there are 

∼250,000 Ag atoms in one AgNP, which results in 250,000 

equivalents of charge for every AgNP. Third, after 30 s, 

the working electrode was held at −0.300 V for 200 s to 

electrodeposit Ag. Finally, the potential was held at 0 V 

for 10 s and then swept from Ei = 0 to Ef = 0.200 V at υ = 

10 mV/s to electrochemically oxidize Ag to Ag
+
. 
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Figure 4.3: Electrochemical results, obtained using a 

conventional electrochemical cell (Figure A-9a), 

demonstrating the viability of the detection strategy used 

in the oSlip platform. (a) ASV corresponding to samples 

containing 0 to 25 pM citrate-capped AgNPs (nominally 20 

nm). The data were corrected for a sloping baseline. The 

working electrode was glassy carbon (1.0 mm diameter) and 

the electrolyte consisted of 125.0 μL of PBCl. υ = 10 mV/s. 

(b) Calibration curve showing the relationship between the 

charge, measured under the ASV peaks, and the AgNP 

concentration introduced to the cell. The black dashed-line 

is the best linear fit of the experimental data. The error 

bars for each data point represent the standard deviation 

for three different measurements. 

The ASVs resulting from the foregoing experiment are 

shown in Figure 4.3a. There are two important observations. 

First, Figure 4.2 confirms oxidation of the AgNPs by MnO4

–
, 

and Figure 4.3a shows that electrodeposition of Ag followed 

by anodic stripping results in an easily detectable signal 

even at concentrations as low as 3.3 pM. Second, the 

calibration curve in Figure 4.3b reveals a linear 

correlation between the charge measured under the ASV peaks 
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and the concentration of AgNPs over the range from 3.3 to 

25 pM. The nonlinear part of the curve probably arises from 

the use of a fixed (and for the two data points at high 

AgNP concentration, substoichiometric) concentration of the 

MnO4
−
 oxidant.  

 

4.4.2.1. Optimization of the Electrochemical Signal Using 

the Conventional Electrochemical Setup 

The maximum charge obtained using the conventional 

electrochemical cell was optimized by changing the number 

of moles of KMnO4 added, while keeping the number of AgNPs 

constant. The experiment was carried out by dispensing 

125.0 µL of PBCl and 50.0 µL of 75.0 pM citrate-capped 

AgNPs into the PTFE cell in the Facing Up configuration 

(Figure A-9a). Next, 50.0 µL of different concentrations of 

KMnO4 were added and mixed thoroughly. The electrodeposition 

and dissolution steps were carried out as described in 

section 4.4.2. Figure 4.4 demonstrates that a maximum in 

the plot is obtained at 9.56 nmol of KMnO4.  
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Figure 4.4: Optimization of the electrochemical signal in 

the conventional electrochemical cell. Plot of charge under 

the ASV peak as a function of the number of KMnO4 moles 

added. The number of Ag moles was kept constant. The error 

bars for each data point represent the standard deviation 

of three different measurements. 

More specifically, to the left of the maximum in 

Figure 4.4, there are insufficient MnO4

–
 equivalents 

available to fully oxidize the AgNPs. To the right of the 

maximum point, since at neutral pH KMnO4 is reduced to MnO2 

(see Eq. 1.1),

151
 the use of increasing MnO4

–
 concentrations 

results in the formation of thicker layers of MnO2 on the 

WE.
152,153

 This insoluble solid electrically insulates the 

electrode surface and inhibits Ag reduction and subsequent 

reoxidation. 

 



 98 

𝑀𝑛𝑂4
− + 2𝐻2𝑂 + 3𝑒 ⇌ 𝑀𝑛𝑂2 + 4𝑂𝐻−                   𝐸𝑞. 1.1 

 

Figure 4.5 shows micrographs of a GCE before and after 

electrodeposition and stripping steps (in the absence of 

AgNPs) at KMnO4 concentrations of 5.0 mM (a and c) and 187.0 

µM (b and d). The micrographs reveal a thicker layer of MnO2 

when a higher concentration of KMnO4 is used. Additional 

evidence for the presence of MnO2 is demonstrated by the 

more resistive ASV wave when the concentration of KMnO4 = 

5.0 mM (Figure 4.5e). Figure A-9c demonstrates this effect 

is consistent in both the Facing Up and Facing Down cell 

configurations as the charges measured are the same (Facing 

Up = 214 ± 9 nC, Facing Down = 211 ± 7 nC). 
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Figure 4.5: Effect of MnO2 on the electrochemical signal 

using initial KMnO4 concentrations of 5.0 mM and 187.0 µM. 

(a) GCE surface before the experiment at 5.0 mM KMnO4. (b) 

GCE surface before the experiment at 187.0 µM KMnO4. (c) GCE 

surface after the experiment at 5.0 mM KMnO4. (d) GCE 

surface after the experiment at 187.0 µM KMnO4. (e) Anodic 

stripping voltammograms in the presence of 5.0 mM (black 

trace) and 187.0 µM (red trace) KMnO4. 
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4.4.3. Effect of Cl- and PO4
3- on the Electrochemical 

Signal 

The effect of Cl
-
 (present in the electrolyte) on the 

electrochemical signal was examined by performing two 

experiments. Both experiments were carried out using the 

conventional electrochemical setup in the Facing up 

configuration (Figure A-9a). In the first experiment, 50.0 

µL of 75.0 pM citrate-capped AgNP, 125.0 µL of PBCl, and 

50.0 µL of 187.0 µM KMnO4 were added to the cell. After 

electrodepositing Ag for 200 s at -0.300 V, a quiet time at 

0 V for 10 s, and stripping from Ei = 0 V to Ef = 0.220 V at 

υ = 10 mV/s, the charge under each peak was measured. In 

the second experiment, 50.0 µL of 75.0 pM citrate-capped 

AgNP, 125.0 µL of PBCl, and 50.0 µL of 187.0 µM KMnO4 were 

added to the cell. At this point, the same electrochemical 

procedure as in the first experiment was performed. Charges 

of 187 ± 18 and 200 ± 29 nC were recorded for the first and 

second experiments, respectively (Figure 4.6a). Although 

the position (Ag
+
 + e = Ag, E° = 0.7991 V vs NHE; AgCl + e = 

Ag
+
 + Cl

-
, E°= 0.2223 V vs NHE)

150
 and shape of the stripping 

peak vary between the two types of experiment, the charges 

measured are not statistically different. In addition, the 

charges measured with different experimental setups (Facing 

Up vs Facing Down, Figure A-9a and Figure A-9b, 

respectively) showed no statistical difference between the 



 101 

charges recovered (Facing Up = 214 ± 9 nC, Facing Down = 

211 ± 7 nC). These values would be much different from each 

other if AgCl precipitated from solution. Therefore, we 

conclude that the presence of NaCl at high concentration 

does not affect the electrochemical detection method. 

 

 

Figure 4.6: Ag+ solubility in PBCl. (a) ASVs obtained in the 

conventional electrochemical cell in the presence and 

absence of 100.0 mM NaCl.(b) Histogram showing the 

electrochemical signal obtained with 0.1 M phosphate buffer 

(pH 7.4) and 0.1 M KNO3. All experiments were performed in 

triplicate. 

In addition to Cl
-
, we also studied the effect of PO4

3-
 

on the electrochemistry. In this case, the experiment was 

carried out using the conventional electrochemical setup in 

the Facing down configuration (Figure A-9b). First, 30.0 µL 

of 750.0 pM citrate-capped AgNP, 125.0 µL of aqueous 0.1 M 

phosphate buffer (pH 7.4) or 0.1 M KNO3, and 50.0 µL of 

187.0 µM KMnO4 were added to the cell. Second, after 
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electrodepositing Ag for 200 s at -0.300 V, a quiet time at 

0 V for 10 s, and stripping from Ei = 0 V to Ef = 0.220 V at 

υ = 10 mV/s, the charge under each peak was measured. 

Figure 4.6b shows that the charges measured using either 

PO4
3-
 or NO

3-
 (AgNO3 is very soluble) are statistically the 

same.  

We attribute these results to the presence of KMnO4 

solubilizing Ag
+
 in solution even in the presence of a high 

concentration Cl
-
 and PO4

3-
, which would otherwise 

precipitate Ag
+
 as AgCl (Ksp = 1.8x10

-10
)
154
 and Ag3PO4 (Ksp = 

1.4x10
-16
).

154
 

 

 

4.4.4. Description and Assembly of the oSlip 

The device shown in Illustration 4.2, which we call an 

oSlip, is intended to provide a versatile design strategy 

for detecting a range of targets, including nucleic acids, 

proteins, and microbes. The oSlip is composed of 4 layers 

(Illustration 4.2a). Layer 1 contains two paper reservoirs 

called the Inlet and the Outlet. Layer 2 has a large 

rectangular paper section and a smaller circular paper 

reservoir. Layer 3 (the Slip layer) consists of a large 

rectangular paper section and two smaller paper reservoirs, 

one circular and the other square. Finally, Layer 4 
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contains a hydrophilic layer (yellow rectangle) and an oval 

Sink pad. 

 

 

Illustration 4.2: oSlip (a) layer-by-layer composition, (b) 

assembly top view, (c) cross sectional view along the 

length of the channel showing the layer-by-layer alignment 

during the two positions of Layer 3, and (d) assembly side 

view. 

After the patterns are wax-printed, the Inlet of Layer 

1 and the large rectangular sections of Layers 2 and 3 are 

removed using a razor blade (Illustration 4.1). Next, 2.0 

mm-diameter carbon electrodes are stencil printed on Layer 

1 using a protocol described in section 4.3.3. The 
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electrodes in Illustration 4.2a are just to the left of the 

labels WE, RE, and CE, which refer to the working, 

reference, and counter electrodes, respectively. Next, 3.0 

μL of a concentrated aqueous solution of a blue dye is drop 

cast and dried onto the circular paper reservoir of Layer 

2, and 4.0 μL of a 934 μM aqueous solution of KMnO4 is drop 

cast and dried onto the square reservoir on Layer 3 

(Illustration 4.2a). At this point, the oSlip is assembled 

(Illustration 4.2b) by folding Layers 1, 2, and 4, so that 

the face of Layer 1 supporting the carbon electrodes, as 

well as the hydrophilic section of Layer 4, are in contact 

with opposite faces of Layer 2. Subsequently, Layer 3 (the 

Slip layer) is placed between Layers 2 and 4 such that the 

circular reservoir of Layer 2 and the Sink pad of Layer 4 

are aligned with the circular reservoir of Layer 3. 

After assembly, the void spaces present in Layers 1, 

2, and 3, together with the hydrophilic section of Layer 4, 

constitute a single hollow channel. The hydrophilic floor 

of this channel in Layer 4 is very important, because it 

ensures flow (a mixture of capillary and low-pressure flow) 

through the hollow channel.
134
 The resulting alignment of 

all layers is represented in Illustration 4.2c, which is a 

cross-sectional cut of the oSlip across the length of the 

channel (red-dashed line in Illustration 4.2b). Note that 

the layers are numbered from top to bottom in Illustration 



 105 

4.2a, following the order of liquid flow through the device 

as shown in Illustration 4.2c (top). Finally, the oSlip is 

placed inside a holder, consisting of two acrylic plates 

that compress the device using paper binder clips, and a 

small magnet is placed in a close-fitting hole present in 

the top acrylic plate. This ensures that the magnet is 

aligned with the WE, as shown in Illustration 4.2c and 

Illustration 4.2d. 

 

4.4.5. Operation of the oSlip 

We tested the operation of the oSlip using a conjugate 

consisting of biotin/streptavidin labeled with nominally 

∼20 nm AgNPs and 2.8 μm magnetic microbeads. Hereafter, 

this conjugate is referred to as the “model analyte”, and 

its preparation is described in the section 4.3.8. The 

operation of the oSlip was tested by adding 50.0 μL of PBCl 

buffer containing different concentrations of the model 

analyte to the Inlet while the Slip layer is in position 1 

(Illustration 4.2c). In this configuration, the sample 

flows horizontally across the hollow channel and the model 

analyte is concentrated at the working electrode by the 

magnetic field (first preconcentration step, Illustration 

4.3a, also see blue-border inset). The PBCl buffer and any 

other components of the sample not conjugated to magnetic 
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microbeads flow further through the channel and into the 

Sink. When the Sink becomes saturated with buffer, upward 

flow is initiated through the device (Illustration 4.2c, 

top). This upward flow picks up the preloaded blue dye on 

Layer 2 and causes the Outlet to turn blue in 15 ± 2 s 

(measured for 15 independent oSlip devices). This indicates 

that flow inside the hollow channel has ceased. At this 

point, Layer 3 is pulled into position 2 by aligning the 

yellow Slip line (Illustration 4.2a) with the edge of the 

holder. This results in placement of the square reservoir 

on Layer 3, which contains predispensed and dried KMnO4, 

directly beneath the WE (Illustration 4.2c, bottom). The 

dissolved MnO4

–
 then diffuses to the AgNPs trapped under the 

WE and oxidizes them to Ag
+
. The second preconcentration 

step is initiated 12 s after moving the Slip layer into 

position 2: the WE is held at E = −0.600 V vs the carbon-

paste quasi-reference electrode (cpQRE) for t = 200 s to 

electrodeposit Ag onto the WE (Ag
+
 + e = Ag, Illustration 

4.3c and red-border inset). Finally, the electrode 

potential is held at −0.500 V for 10 s, and then it is 

swept from Ei = −0.500 V to Ef = 0 V at υ = 10 mV/s. This 

results in the anodic current transient corresponding to 

oxidation of Ag into Ag
+
 (Illustration 4.3d). 

 



 107 

 

Illustration 4.3: Schematic representation of the oSlip 

experiment during (a) preconcentration, (b) oxidation of 

AgNPs by KMnO4, (c) electrodeposition, and (d) anodic 

sweeping voltammetry. The blue and red-dashed rectangles 

(right) represent a zoomed-in view of the working electrode 

during (a) and (c), respectively. 

It is important to mention that conditions of no flow 

need to be met before slipping Layer 3 into position 2 

(i.e., when the Outlet turns blue) in order to, first, 

constrain the resolvated MnO4

–
 close to the WE so that it 

oxidizes the previously concentrated AgNP labels to Ag
+
 ions 

(Illustration 4.3b), and second, confine the resulting Ag+
 

in close proximity to the WE (Illustration 4.3d) so that 
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charge collection during the electrodeposition step is 

efficient. 

 

4.4.6. Characteristics of the oSlip 

4.4.6.1. Optimization of the KMnO4 Resolvation Time in the 

oSlip 

The waiting time between slipping Layer 3 into 

position 2 and the initiation of the electrodeposition step 

was optimized in order to maximize the amount of KMnO4 that 

reaches the electrode surface to oxidize the AgNPs. This 

experiment was carried out by drying 4.0 µL of an aqueous 

solution containing 934.0 µM KMnO4 onto the square reservoir 

on Layer 3 (Illustration 4.2a), assembling the oSlip, and 

adding 50.0 µL of PBCl to the Inlet. Once the Outlet turned 

blue, Layer 3 was slipped into position 2. After different 

waiting times (5, 12, 30, and 120 s), cyclic voltammograms 

were recorded (from Ei = 0.600 V to Ef = -1.000 V vs cpQRE 

at υ = 100 mV/s).  

Figure 4.7 shows a plot of the cathodic peak current 

as a function of the waiting time. The ohmic drop for every 

oSlip was compensated before each measurement. This 

compensation takes approximately 10 s; therefore, the 5 s 

data point was obtained by fixing the potentiostat to 

compensate for an ohmic drop of 4.0 kΩ (approximate average 
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resistance for 15 different oSlip). On the basis of these 

results, 12 s was chosen as the ideal waiting time for all 

oSlip experiments. The inset of Figure 4.7 shows cyclic 

voltammograms for three different oSlips for the reduction 

of KMnO4 after a waiting time of 12 s. 

 

 

Figure 4.7: Time-dependent study of KMnO4 resolvation in the 

oSlip. The error bars on each data point represent the 

standard deviation obtained for three different oSlips. 

Inset: cyclic voltammograms of KMnO4 obtained using three 

independently fabricated oSlips. These voltammograms were 

initiated 12 s after slipping Layer 3 into position 2 

(Illustration 4.2c). 
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4.4.6.2. Optimization of the Electrochemical Signal in the 

oSlip 

The maximum charge obtained in the oSlip was optimized 

by varying the number of moles of MnO4

−
, while keeping the 

number of AgNPs constant. This experiment was carried out 

by dispensing and drying different number of moles of MnO4

−
 

onto the location of the oSlip noted in Illustration 4.2a. 

Next, 3.0 μL of the model analyte stock solution 

(containing 908 pM AgNP) was added to the Inlet, followed 

immediately by 47.0 μL of PBCl buffer. The rest of the 

procedure was the same as that described in the previous 

section. 

Figure 4.8 shows that the amount of Ag collected at 

the electrode increases with the amount of MnO4

−
 dried in 

the device until it reaches a maximum, and then it 

decreases. This maximum is observed at 3.7 nmol of MnO4

−
. 

Therefore, all the oSlip experiments were carried out using 

this amount of the oxidizing agent. Note that these results 

resemble those obtained in the conventional electrochemical 

cell (see section 4.4.2.1), where to the left of the 

maximum in Figure 4.8 there are insufficient MnO4

–
 

equivalents available to fully oxidize the AgNPs and to the 

right of the maximum point, the thicker layers of MnO2 

prevent good Ag signals.  
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Figure 4.8: Optimization of the electrochemical signal in 

the oSlip. Plot of charge under the ASV peak as a function 

of the number of moles of MnO4

–
 added. The number of moles 

of Ag was kept constant. The error bars represent the 

standard deviation for three different measurements.  

 

4.4.6.3. Capture Efficiency of the Model Analyte at the WE 

in the oSlip 

The capture efficiency of the model analyte at the WE 

is an important parameter that directly affects the LOD of 

the assay. We measured this efficiency by adding 50.0 μL of 

PBCl-containing 0.20 pM fluorescein-labeled magnetic 

microbeads (used as a proxy for the model analyte) to the 

Inlet of an assembled oSlip (full details of this 

experiment are provided in section 4.3.11). After the 

solution evaporated, the oSlip was unfolded and the 
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fluorescence at the WE was measured. A control experiment 

was carried out by dispensing the same number of moles of 

the labeled microbeads directly onto the WE of an 

unassembled device, and the fluorescence was measured. As 

shown in Figure 4.9a, 84 ± 14% of the fluorescence measured 

in the control experiment is obtained in the flow/capture 

test. Figure 4.9b and Figure 4.9c show fluorescence 

micrographs of the type used as the basis for the test and 

control histograms, respectively, represented in Figure 

4.9a. The orange dashed-lines highlight the outline of the 

carbon stencil-printed electrodes, while the yellow lines 

show the region-of-interest from which the fluorescence 

intensities were obtained. This region-of-interest was 

placed at a section of the WE where the fluorescence 

intensity was highest. These experiments are important 

because they demonstrate that the vast majority of the 

model analyte is preconcentrated at the WE before MnO4

−
 is 

introduced to the system, thereby validating the first 

preconcentration principle that is key to the operation of 

the oSlip. 
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Figure 4.9: Fluorescence experiments performed to calculate 

the capture efficiency of 2.8 μm-diameter fluorescein-

modified magnetic microbeads on the working electrode (WE) 

of the oSlip. (a) Histogram comparing the fluorescence 

obtained in control and test experiments. Each type of 

experiment was background corrected (Figure A-10 in the 

Appendix) and performed in triplicate. Fluorescence 

micrographs of the WE for (b) one of the test experiments 

and (c) one of the control experiments. The orange-dashed 

and solid yellow lines in parts b and c represent the 

location of the WE and the areas used to measure the 

fluorescence intensity, respectively. Note that equivalent 

areas were used to measure the fluorescence intensity in 

parts b and c. 

 

4.4.7. Performance of the oSlip 

Figure 4.10a shows ASV peaks resulting from analysis 

of different concentrations of the model analyte by the 

oSlip. The area under these peaks corresponds to the total  
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Figure 4.10: Electrochemical results obtained using the 

model analyte in the oSlip. (a) ASV peaks as a function of 

the concentration of AgNPs introduced at the Inlet of the 

device. The inset shows the ASV peaks corresponding to the 

background and AgNP concentrations of 767 fM and 1.53 pM. 

The data were corrected for a sloping baseline. The 

electrolyte, working electrode (WE), and sweep rate were 

50.0 μL PBCl, carbon stencil-printed (2.0 mm diameter), and 

10 mV/s, respectively. The ohmic drop (4170 ± 360 Ω, for 15 

devices) was corrected for each oSlip. (b) Calibration 

curve relating total measured charge to the concentration 

of AgNP labels introduced at the Inlet. The black dashed-

line is the best linear fit of the experimental data. The 

inset shows the linear range and two additional data points 

(55.3 and 111 pM) demonstrating deviation from linearity at 

high AgNP concentration. The error bars for each data point 

represent the standard deviation of the signal obtained for 

three different oSlips. 

charge resulting from AgNP oxidation, and hence it should 

be correlated to the concentration of the model analyte 

introduced to the oSlip. Indeed, Figure 4.10b shows that 

this correlation is linear, demonstrating that both the 

device platform and electrochemical detection method 
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function as anticipated by Illustration 4.2 and 

Illustration 4.3. The electrochemical response shown in 

Figure 4.10b indicates good analytical sensitivity (slope = 

1.03 × 10
–7
 ± 2 × 10

–9 
C/pM). The lowest detectable 

concentration of AgNP labels, shown by the pink line in the 

inset of Figure 4.10a, is 767 fM. In addition, the charge 

collection efficiency (defined as the average absolute 

charge detected divided by the charge originally added) is 

13 ± 2%, and the linear range is from 0.77 to 36.8 pM. 

The electrochemical response shown in Figure 4.10b 

indicates good analytical sensitivity (slope = 1.03 × 10
–7
 ± 

2 × 10
–9 
C/pM). The lowest detectable concentration of AgNP 

labels, shown by the pink line in the inset of Figure 

4.10a, is 767 fM. In addition, the charge collection 

efficiency (defined as the average absolute charge detected 

divided by the charge originally added) is 18 ± 2%, and the 

linear range is from 0.77 to 36.8 pM. 

When performing the oSlip experiment in the absence of 

MnO4
−
, no anodic stripping signal is observed even at AgNP 

concentrations as high as 55.3 pM. This is because lack of 

electrical contact between the AgNP labels and the 

electrode surface in the absence of MnO4

−
 (Illustration 4.3, 

blue-border inset) results in poor detection sensitivity. 

Indeed, this is the reason for using MnO4

–
 to enable AgNP 

signal amplification. 
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The device-to-device reproducibility for the oSlip is 

remarkably good considering how simple it is and the 

limited number of replicates that have been carried out so 

far. Specifically, the relative standard deviation of the 

signal (RSD, defined as the standard deviation divided by 

the mean signal intensity) is 13 ± 4% determined for 16 

independently prepared oSlips. This value was obtained from 

the average RSD of different data points in the calibration 

curve linear range. 

One final point: the signal output of the oSlip is 

obtained in only 4.6 min, which includes a Ag 

electrodeposition time of 200 s. Longer electrodeposition 

times (e.g., t = 500 s) could result in detection of lower 

concentrations but would add to the total analysis time. 

Hence, depending on the intended assay, the time-to-answer 

can be offset against the target LOD. 

 

4.5. SUMMARY AND CONCLUSIONS 

In conclusion, we have reported a new family of paper-

based sensors that are very well suited for POC 

applications. This device, the oSlip, is inexpensive (∼$1 

per device at the unoptimized lab fabrication scale), 

amenable to simple and rapid fabrication techniques, user-

friendly (electrochemical detection and no washing steps), 
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sensitive, portable, quantitative, robust (AgNPs, rather 

than enzymes, as the source of amplification), efficient 

(composite capture efficiency of 84 ± 14% and charge 

collection efficiency of 18 ± 2%), sufficiently fast for 

many applications (completion of analysis in 4.6 min), and 

can detect low label concentrations (767 fM). These 

desirable attributes are a consequence of thoughtful 

integration of recent innovations, including hollow 

channels, the SlipPAD, and a novel electrochemical 

amplification strategy. In keeping with the philosophy of 

simplicity, which is inherent to the paper POC design 

paradigm, the only actions required by the user to carry 

out an assay are placement of the sample onto the device 

and then moving the Slip layer when signaled by the device 

to do so. 

The conditions under which the proof-of-concept 

experiment were carried out (neutral pH and a NaCl 

concentration of 100 mM) are similar to those present in 

human urine,
155
 which is a potential sample matrix for a 

wide variety of bioassays. Because of the filtering ability 

of paper, it is also likely that the assay could be 

configured for use with whole blood samples.
156
 We believe 

the proposed platform will be highly flexible, in that 

bioassays for nucleic acids, proteins, and even microbes 
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can be designed without significantly changing the basic 

device design.
157,158
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Chapter 5. Preliminary Results in the 

Electrochemical Detection of Human Chorionic 

Gonadotropin Using Paper Analytical Devices 

5.1. SYNOPSIS 

In this chapter, preliminary results are shown for the 

development of a POC pregnancy sensor using an improved 

version of the oSlip platform and electrochemical detection 

method described in Chapter 4. The targeted detection is 

based on the formation of a sandwich immunocomposite in 

situ (i.e., inside the oSlip device) having the analyte 

bound both to AgNPs (labels) and magnetic microbeads (solid 

supports) via antibodies specific to the target. However, 

the main focus of this chapter is to show the advancements 

achieved to date, explain the limitations encountered along 

the way, propose solutions, and mention some of the future 

experiments that need to be performed.  

 

5.2. INTRODUCTION 

The purpose of this chapter is to show preliminary 

results toward the electrochemical detection of human 

chorionic gonadotropin (hCG) via immunocomposite formation 

using the oSlip device described in Chapter 4. The 

immunocomposite is formed by binding hCG to AgNPs and 

magnetic microbeads conjugated to antibodies specific to 

the target in a sandwich format (i.e., magnetic 
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bead/antibody/hCG/antibody/AgNP). In addition, a discussion 

will be provided regarding the optimization of the 

parameters involved in the assay, such as selection of a 

more effective oxidizing agent,  modifications to the oSlip 

device to perform in-situ formation of the immunocomposite, 

characterization of reagent resolvation in the oSlip, 

optimization of the conditions for the immunocomposite 

formation, to name a few. A description of all experiments 

performed to date will be provided as well as a discussion 

of the current problems and limitations of the assay. 

Finally, a summary of the future experiments needed to 

conclude the project will be discussed briefly.  

As mentioned in Chapter 1, cellulose paper is an ideal 

material for the development of POC devices because of its 

biocompatibility, flexibility, robust and easily modifiable 

structure, inexpensive nature, and suitability for scaled-

up production.
26,137

 The pregnancy test
21
 and glucose sensor

20
 

are two of the most well-known successfully commercialized 

POC sensors, but other examples can be found elsewhere.
22
 

Nonetheless, nowadays it is difficult to find good examples 

of paper POC diagnostics that are sensitive, selective, 

reliable, and able to incorporate quantitation and speed of 

detection, all while keeping the simplicity intrinsic to 

paper. Chapter 4 reports an exception: the design of a 

novel paper-based platform, called oSlip, coupled to a 
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versatile electrochemical detection method able to detect 

767 fM of AgNP labels in less than 5 min.
159
 As a proof-of-

concept experiment a model analyte, a composite of the form 

AgNP/biotin/streptavidin/magnetic microbead, was used. This 

composite was introduced to the oSlip and captured at the 

WE via a magnet. By means of a strong oxidizing agent (MnO4

-

, preloaded on the paper device) the localized AgNP labels 

were dissolved and subsequently electrodeposited on the WE 

by holding the potential more negative than the formal 

redox potential for Ag. Finally, by sweeping the potential 

to reoxidize Ag, the resulting anodic current transient was 

used to correlate the measured charge to the concentration 

of AgNP labels initially present in the sample.  

Many research groups are pursuing the development of 

robust and, in some cases, quantitative paper POC sensors. 

For example, Pollock et al. developed a multiplexed paper-

based sensor for the colorimetric and semiquantitative 

detection of drug-induced liver failure markers.
27
 With this 

device, the authors were able to detect aspartate and 

alanine aminotransferases present in whole blood and serum 

samples, with LODs of 84 and 53 U/L, respectively. Phillips 

and coworkers developed a paper-based “fluidic battery” 

capable of generating its own power upon addition of the 

sample.
101
 This galvanic cell was tested by detecting β-D-

galactosidase from water samples via fluorescence using an 
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UV LED incorporated into the device. Along the same lines, 

the Crooks group developed a paper-based sensor with a 

combined aluminum/air battery that powered both the 

electrochemical sensor and electrochromic output.
85
 Peroxide 

and glucose were qualitatively detected using artificial 

urine as the sample matrix and Prussian blue as the 

indicator. In addition, Shen and coworkers engineered a 

bioactive paper sensor able to distinguish between all 

blood types in the ABO RhD system by localized 

haemagglutination.
160
 The sensor’s signal was displayed in 

the form of text indicating the person’s blood type. Other 

promising approaches to creating paper POC applications 

include the use of thermochromic reactions,
114
 

luminescence,
110,111

 and bateries,
161–163

 to name a few. 

In this chapter, we intend to demonstrate that the 

oSlip can be used as a universal POC paper platform, 

because it can be reconfigured to detect a wide variety of 

targets without changing the user-device interface or 

signal output presented in Chapter 4. We studied the 

detection of hCG because it is one of the simplest and best 

known targets, and it could serve as a good starting point 

for comparison of the oSlip with state-of-the-art 

technologies in terms of sensitivity and simplicity. We 

demonstrate that hypochlorite (ClO
-
) is a better oxidant 

than MnO4

-
 for this application because ClO

-
 is stable in 
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water for long periods of time (in the presence of light 

and under ambient temperature conditions) and yields high 

Ag stripping electrochemical signals in the presence of 

human urine. On the other hand, we discuss some limitations 

of the use of ClO
-
 and provide explanations where necessary. 

We establish the optimization of the hCG immunocomposite 

formation ex situ (i.e., outside the oSlip) and explain why 

it lacks reproducibility even after the optimization is 

completed. Finally, we quantitatively determine the 

rehydration of all reagents from the Inlet of the oSlip to 

be >85%.  

 

5.3. EXPERIMENTAL SECTION 

5.3.1. Chemicals and Materials 

Sodium chloride (NaCl), sodium hydroxide (NaOH), 

sodium azide (NaN3), Whatman grade 1 chromatography paper 

(180 µm thick, 20 cm x 20 cm, linear flow rate (water) of 

13 cm/30 min), low retention microcentrifuge tubes, and 

two-part 5 minute epoxy, were purchased from Fisher 

Scientific (Pittsburg, PA). Borate solutions were prepared 

by dissolving the right amount of boric acid (EM Science, 

Darmstadt, Germany) in deionized water and adjusting the pH 

with NaOH. Phosphate buffer saline (PBS, 10.0 mM; 138.0 mM 

NaCl and 2.7 mM KCl, pH 7.5) was prepared by dissolving a 
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package of dry PBS powder (in foil pouches, Sigma, St. 

Louis, MO) in 1 L of deionized water. A 1.0 M phosphate 

buffer solution was prepared by dissolving the appropriate 

amount of sodium phosphate monobasic and sodium phosphate 

dibasic (Sigma-Aldrich, St. Louis, MO) in 0.5 L of 

deionized water and adjusting to the desired pH with NaOH.  

Instant non-fat dry milk was obtained from Saco Mix’n 

Drink (Middleton, WI). Ammonium sulfate, sulfuric acid 

(H2SO4), hCG, and 3,3’,5,5’-tetramethylbenzidine (TMB) were 

purchased from Thermo Fisher Scientific (Waltham, MA). 

Microcut disks (1200 grit, 7.3 cm diameter) were purchased 

from Buehler (Lake Bluff, IL). Anti-mouse horseradish 

peroxidase (HRP) antibodies were obtained from Jackson 

ImmunoResearch Laboratories (West Grove, PA). Citrate-

capped AgNPs (measured size: 19 ± 4 nm in diameter, Figure 

5.2) and conductive copper tape (6.3 mm wide) were 

purchased from Ted Pella (Redding, CA). Lacey carbon film 

on 400 mesh nickel grids were purchased from Electron 

Microscopy Sciences (Hatfield, PA) and used to obtain TEM 

images. Epoxy-functionalized magnetic microbeads (Dynabeads 

M-270) were obtained from Invitrogen (Grand Island, NY). 

Erioglaucine disodium salt (blue dye) and 1,1’-

ferrocenedimethanol (FDM) were obtained from Acros Organics 

(Pittsburgh, PA). Sodium hypochlorite (13%) was obtained 

from Fisher Science Education (Hanover Park, IL).  
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Conductive carbon paste (Cl-2042) was purchased from 

Engineered Conductive Materials (Delaware, OH). Copper 

epoxy (EPO-TEK 430) was acquired from Epoxy Technology 

(Billerica, MA). Acrylic plates (0.6 cm-thick) were 

obtained from Evonik Industries (Acrylite®FF). A 

polytetrafluoroethylene (PTFE) cell was used as part of the 

conventional electrochemical setup (Figure A-9b). Clear 

nail polish was purchased from Electron Microscopy Sciences 

(Hatfield, PA). Microtiter plates (Costar 3590) were 

purchased from Sigma-Aldrich (St. Louis, MO). Mouse anti-α 

hCG antibody (Kd = 0.014 nM) and goat anti-β hCG antibody 

(Kd = not known) were purchased from Fitzgerald Industries 

International (Acton, MA). Alexa Fluor® 647 donkey anti-

goat IgG (H + L, A21447) and Alexa Fluor® 647 goat anti-

mouse IgG (H + L, A21235) antibodies were purchased from 

Life Technologies (Grand Island, NY). All solutions were 

prepared with deionized water (<18.0 MΩ.cm, Milli-Q 

Gradient System, Millipore, Bedford, MA). 

 

5.3.2. Instrumentation and Software 

All electrochemical measurements were performed using 

a model 700E bipotentiostat from CH Instruments (Austin, 

TX). The working electrode (WE), reference electrode (RE), 

and counter electrode (CE) used in the conventional 
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electrochemical setup were glassy carbon (1.0 mm diameter), 

saturated Hg/Hg2SO4, and Pt wire, respectively (CH 

Instruments, Austin, TX). All immunocomposite optimization 

experiments were performed by ELISA using low retention 

microcentrifuge tubes and analyzed with a Synergy H4 plate 

reader. Sizing of AgNPs and validation of their complete 

oxidation by hypochlorite was performed with a transmission 

electronic microscope (TEM, JEOL 2010F). Wax printing was 

carried out with a Xerox ColorQube 8570DN inkjet printer. 

Temperature controlled mixing during incubations was 

performed with BioShake iQ (Q Instruments). A Sorvall 

Legend Micro 21R centrifuge (Thermo Scientific) was used 

for washing in the synthesis of the anti-α hCG 

antibody/AgNP conjugate. Fluorescence detection during the 

reagent rehydration characterization experiments was 

performed with an Affymetrix Microarray Scanner 428. 

Carving of the stencil was performed with an Epilog laser 

engraving system (Zing 16). Adobe Illustrator CS6 (version 

16.0.0) was used for the design of the oSlip and stencil. 

All Ag charges were obtained by baseline correcting the 

anodic stripping voltammograms using Origin Pro8 SR4 

v8.0951 (Northampton, MA), integrating the area under the 

peaks, and finally dividing by the scan rate used to obtain 

charge.  
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5.3.3. AgNP/Antibody Conjugation Protocol 

The conjugation of AgNPs with mouse anti-α hCG 

antibody was performed following a protocol by Porter and 

coworkers,
164
 with slight modifications. Briefly, 1.0 mL of 

565 pM AgNPs stock solution was centrifuged and resuspended 

in 1.0 mL of 10 μg/mL anti-α hCG antibody (diluted in 0.1 

mM borate solution at pH 8.0). The resulting solution was 

incubated for 2 h while mixing at 1,500 rpm and 24 °C. Then 

the AgNP/anti-α hCG antibody conjugate was washed twice by 

centrifuging and resuspending the first time in 1.0 mL of 

0.1 mM borate buffer (pH 8.0) and the second time in 1.0 mL 

of 5% w/v skim milk dissolved in 0.1 mM borate buffer (pH 

8.0). Note that all centrifugation steps performed in this 

protocol were done at 16,600 g at 32 °C for 20 min, 

followed by careful removal of the supernatant. This 

conjugate was stored in 1.0 mL of the buffered skim milk 

solution at 4 °C until used. 

 

5.3.4. Magnetic Microbead/Antibody Conjugation Protocol 

The conjugation of magnetic microbeads with goat anti-

β hCG antibody was prepared following a protocol provided 

by Life Technologies,
165
 with some modifications. Note that 

unless otherwise indicated, all of the mixing steps were 

done at 1,500 rpm and 24 °C on the BioShake iQ thermomixer 

and all washing steps were done by magnetic separation. 
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That is, by holding a magnet against the side wall of the 

microcentrifuge tube for 30 s, followed by the removal of 

the supernatant and resuspension in the specified solution. 

Briefly, the protocol is described next in six steps. 

First, 5.0 mg of magnetic microbeads was suspended in 1.0 

mL of 0.1 M phosphate buffer (pH 7.5), incubated for 10 min 

while mixing, and washed twice with 1.0 mL of 0.1 M 

phosphate buffer (pH 7.5). Second, the supernatant was 

removed and the magnetic microbeads were resuspended in the 

following solutions (in the order listed) with 10 s 

vortexing between each solution addition: 100 μL of 0.1 M 

phosphate buffer (pH 7.5), 100 μL of 3.0 M ammonium 

sulfate, and 100 μL of 0.05 mg/mL goat anti-β hCG antibody 

(dissolved in 0.1 M phosphate buffer, pH 7.5). Third, the 

magnetic microbead/anti-β hCG antibody mixture was 

incubated overnight (12-15 h) while mixing at 37 °C. 

Fourth, the conjugate was washed once with 1.0 mL of 5% w/v 

skim milk (dissolved 0.01 M PBS (pH 7.4)). Fifth, the 

conjugate was resuspended in 1.0 mL of buffered skim milk 

and incubated for 2 h while mixing to block any unbound 

sites on the magnetic microbeads. Sixth, the blocked 

conjugate was washed twice with 250.0 µL of 10 mM PBS (pH 

7.4). This conjugate was stored at 4 °C in 250.0 µL of 10 

mM PBS (pH 7.4) until needed.  
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5.3.5. Protocol for the Optimized Step-wise Formation of 

the Magnetic Microbead/anti-β hCG 

Antibody/hCG/anti-α hCG Antibody/AgNP 

Immunocomposite 

The step-wise formation of the full hCG 

immunocomposite was performed by first placing 125.0 µL of 

the magnetic bead/anti-β hCG antibody conjugate fabricated 

in section 5.3.4 in a microcentrifuge tube, removing the 

supernatant by magnetic separation (see section 5.3.4 for 

details), and resuspending in 12.5 μL of an hCG commercial 

solution (at the appropriate concentration) and incubated 

for 1 h while mixing. Second, the half-immunocomposite 

formed (magnetic microbead/anti-β hCG antibody/hCG) was 

washed twice with 20.0 µL of 0.1 M borate solution (pH 

7.5), resuspended in 5.0 uL of the AgNP/anti-αhCG antibody 

conjugate synthesized in section 5.3.3, and incubated for 1 

h while mixing. Third, the now full sandwich 

immunocomposite (magnetic microbead/anti-βhCG 

antibody/hCG/anti-αhCG antibody/AgNP) was washed twice with 

20.0 µL of 0.1 M borate solution (pH 7.5) and analyzed by 

ELISA. Note that all of the mixing steps were performed at 

1,500 rpm and 24 °C on the BioShake iQ thermomixer and all 

washing steps were done by magnetic separation. 

 



 130 

5.3.6. Protocol for the Optimized One-Step Formation of 

the Magnetic Microbead/Anti-βhCG Antibody/hCG/Anti-

αhCG Antibody/AgNP Immunocomposite  

The one-step formation of the full hCG immunocomposite 

is performed by first placing 18.8 µL of the magnetic 

bead/anti-βhCG antibody conjugate fabricated in section 

5.3.4 in a microcentrifugre tube, removing the supernatant 

by magnetic separation (see section 5.3.4 for details), and 

resuspending in 27.0 μL of 0.1 M borate solution (pH 7.5) 

containing 0.2% w/v sodium azide. Second, 20.0 μL of hCG 

(at the appropriate concentration) and 3.0 µL of the 

AgNP/anti-α hCG antibody conjugate fabricated in section 

5.3.3 were added simultaneously to the microcentrifuge tube 

and incubated for 30 min while mixing. Third, the full 

sandwich immunocomposite (magnetic microbead/anti-βhCG 

antibody/hCG/anti-αhCG antibody/AgNP) was washed twice with 

20.0 µL of 0.1 M borate solution (pH 7.5) and analyzed by 

ELISA. Note that all of the mixing steps were performed at 

1,500 rpm and 24 °C on the BioShake iQ thermomixer and all 

washing steps were done by magnetic separation. 

 

 

5.3.7. Preparation and ELISA Detection of Immunocomposite  

ELISA detection was used in order to more rapidly 

optimize the variables involved in the immunocomposite 
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formation. Note that all of the mixing steps were performed 

at 1,500 rpm and 24 °C on the BioShake iQ thermomixer and 

all washing steps were done by magnetic separation. This 

was achieved by removing the supernatant of the 

immunocomposite formed in either section 5.3.3 or 5.3.4, 

resuspending in 20.0 µL of the anti-mouse HRP-containing 

antibody (in a 1:2500 dilution in 0.1 M borate solution at 

pH 7.5), and incubating for 1 h while mixing. Next, the 

resulting conjugates were washed twice with 20.0 µL of 0.1 

M borate solution (pH 7.5) and reacted with 50.0 µL of 

stock TMB solution. After exactly 1 min, the reaction 

between the TMB substrate and HRP was quenched by the 

addition of 50.0 µL of 1.0 M H2SO4. Finally, the resulting 

absorbance was measured at 450 nm using the microtiter 

plate reader. 

 

5.3.8. Attachment of Fluorophores to AgNP/Anti-α hCG 

Antibody and Magnetic Microbeads/Anti-β hCG 

Conjugates 

Fluorophore-labelled anti-species antibodies were 

attached to the AgNP/anti-α hCG antibody and magnetic 

microbead/anti-βhCG antibody conjugates fabricated in 

sections 5.3.3 and 5.3.4, respectively, in order to 

optimize the percent rehydration of the conjugates from the 

oSlip Inlet (see section 5.4.4). Briefly, 200.0 µL of 8.0 
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μg/mL Alexa Fluor 647 anti-goat antibody (in 0.1 M borate 

solution at pH 7.5) was added to 50.0 µL of magnetic 

microbead/anti-β hCG antibody conjugate, incubated for 1 h 

while mixing at 1,500 rpm and 24 °C, and washed twice with 

200.0 µL of 0.1 M borate solution (pH 7.5) by magnetic 

separation. After the last washing step, the resulting 

fluorescent conjugate was stored in 200.0 µL of 0.1 M 

borate solution (pH 7.5) at 4 °C until used. 

Similarly, 1.0 mL of the AgNP/anti-α hCG antibody 

conjugate was centrifuged at 16,600 g and 32 °C for 20 min 

and resuspended in 500.0 µL of 20 μg/mL Alexa Fluor 647 

anti-mouse antibody (in 0.1 mM borate solution at pH 8.0). 

Next, the mixture was incubated for 1 h while mixing at 

1,500 rpm and 24 °C and was washed twice (by 

centrifugation) with 1.0 mL of 0.1 mM borate buffer (pH 

8.0). After the last washing step, the resulting 

fluorescent conjugate was stored in 1.0 mL of 0.1 mM borate 

buffer (pH 8.0) at 4 °C until used. 

 

5.3.9. oSip Fabrication 

The complete protocols for the oSlip fabrication (with 

its dimensions), preparation of carbon ink for stencil 

printing, addition of electrical contacts to stencil-printed 

carbon electrodes, and reagent loading on the oSlip are the 
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same as those presented in Chapter 4. In this chapter, the 

only modification made to the oSlip was to Layer 1. In the 

new version of Layer 1, the Inlet contains cellulose and is 

divided into two separate sections by a thin layer of 

deposited wax (Illustration 5.1). This was done to avoid 

mixing of the immunocomposite reagents (i.e., the 

AgNP/anti-α hCG antibody and magnetic microbead/anti-β hCG 

conjugates) before the addition of the sample.  

 

 

Illustration 5.1: Schematic representation of Layer 1 in 

the oSlip showing the two sections of the Inlet (indicated 

by the blue arrow) separated by a wax line.  

 

5.3.10. Working Electrode Cleaning Protocol when Performing 

Experiments with the Conventional Electrochemical 

Setup 

A cleaning step was performed before all the 

experiments executed with the conventional electrochemical 

cell (Figure A-9b) to ensure that the WE (GCE) was free of 

Ag. Briefly, between runs, the PTFE cell was thoroughly 

rinsed with deionized water. In addition, the WE was 
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polished with microcut paper for 10 s, rinsed with 

deionized water, and dried with Kimwipes. Next, the 

conventional electrochemical cell was assembled and the 

electrodes were submerged in 300.0 µL of 0.1 M borate 

solution (pH 7.5) containing 0.1 M NaCl (this solution is 

referred to as BCl). Finally, the GCE was held at E = 0 V 

for t = 100 s to oxidize any remaining Ag off the WE. 

 

5.4. RESULTS AND DISCUSSION 

5.4.1. Selection of Alternative Oxidizing Agent 

In Chapter 4, MnO4

-
 was used as the oxidant to 

spontaneously oxidize the AgNP labels into Ag
+
 ions prior to 

initiating the electrochemical detection process in the 

oSlip (Illustration 4.3b). However, MnO4

-
 presents three key 

limitations that affect the electrochemical signal and, 

therefore, the sensitivity of the assay. First, MnO4

-
 slowly 

oxidizes water into O2 and the resulting reduced form, MnO2, 

acts as a catalyst for the decomposition of MnO4

-
.
149
 This 

results in the need for freshly made solutions to maintain 

accuracy of the amount of MnO4

-
 used in the experiments. 

Second, MnO4

-
 is known to oxidize carbon.

152,153
 This results 

in the electronic insulation of the electroactive surface 

area of the WE and affects the Ag stripping signal at 

higher concentrations of MnO4

-
 (as shown in Figure 4.4, 
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Figure 4.5e, and Figure 4.8). It is important to mention 

that the expected response (i.e., ideal case scenario) for 

such an experiment involved the presence of a plateau at 

higher oxidant concentrations, as shown in Illustration 

5.2.  

 

 

Illustration 5.2: Schematic representation of the ideal Ag 

stripping signal as a function of the oxidant concentration 

used. Note that this illustration is in analogy to the 

conditions used to obtain Figure 4.4 and Figure 4.8, where 

the AgNP concentration was kept constant. 

Third, urine, the intended sample matrix for hCG 

detection, contains many components (e.g., ascorbic acid, 

uric acid, among others) that can be oxidized in the 

presence of a strong oxidizing agent.
155
 Therefore, and 

because there is a decrease in the electrochemical signal 

at increasing MnO4

- 
concentrations (Figure 4.4 and Figure 

4.8), MnO4

-
 is problematic in urine matrices. As a matter of 
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fact, the Ag signal at the optimum MnO4

-
 concentration in 

human urine decreases by a factor of approximately 4.5 

compared to that in buffer (data not shown).  

 Several oxidants were screened in an attempt to find a 

good replacement for MnO4

-
, that is, an oxidant that did not 

suffer from the limitations mentioned above. The oxidants 

screened so far, in addition to MnO4

-
, are (oxidant in 

parenthesis): cerium sulfate (Ce
4+

), potassium triiodide (I3

-

), potassium dichromate (Cr2O7
2-
), ferric chloride (Fe

3+
), 

Sodium meta-periodate (IO4

-
), sodium perborate (BO3

-
), sodium 

peroxodisulfate (S2O8

2-
), electrogenerated H2O2, 

electrogenerated Cl2 from Cl
-
, and sodium hypochlorite (ClO-

). The only oxidant that proved promising and the one used 

for further experiments is ClO
-
. No data is provided here 

for the screening of the other oxidants.  

 

5.4.2. Justification for the Selection of Hypochlorite Ion 

as the Oxidant 

Hypochlorite, or ClO
-
, is a well-known household 

bleaching agent most commonly used for cleaning and 

disinfecting purposes. However, ClO
-
 has also been used in 

scientific research to oxidize elements and oxides such as 

S, Se, FeO, and SnO.
149
  Next, justification is provided for 

the selection of ClO
-
 as a substitute for MnO4

-
 in the oSlip 

experiments. 
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5.4.2.1. Stability of ClO- in Water 

Although ClO
-
 is known for being unstable as a salt, 

its decomposition in water is relatively slow at neutral 

and alkaline pH.
149
 Therefore, stock aqueous solutions of 

ClO
-
 can be used for long periods of time without losing 

equivalents of oxidant due to long term storage. 

 

5.4.2.2. Effect of ClO- on the WE Surface 

As mentioned earlier, it is important to know if the 

oxidant, or any of its oxidized/reduced forms, has any 

negative effects on the surface of the WE. This is 

important because if the WE surface is affected (e.g., 

oxidized), then the desired electrochemical signal and 

sensitivity of any assay will be affected as well. The 

following experiment was designed to study the stability of 

the electroactive surface area of the WE under the 

conditions needed for the oSlip experiments. First, a 

cyclic voltammogram (CV) was obtained using a solution 

containing 125.0 µL BCl, 100.0 µL of water, and 1.03 mM 

1,1’-ferrocenedimethanol (FDM) using the Facing Down 

conventional electrochemical setup shown in Figure A-9. 

Second, the GCE was removed from the solution, rinsed with 

deionized water, and placed in a solution of 125.0 µL BCl 
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or human urine, 100.0 µL water, and 2.3% w/v ClO
-
. At this 

point, the potential of the GCE (WE) was held at E = -0.600 

V for t = 200 s to simulate the electrodeposition 

conditions necessary for the oSlip experiments described in 

Chapter 4. Third, the GCE was rinsed with deionized water, 

placed back in 125.0 µL BCl containing 1.03 mM FDM, and 

another CV was obtained. As shown in Figure 5.1a and Figure 

5.1b, the FDM electrochemical response did not change after 

exposing the GCE to high concentrations of ClO
-
 during the 

electrodeposition step in BCl and urine, respectively. 

These results provide evidence of the stability of the WE’s 

surface throughout the time scale of, and conditions 

necessary for, the Ag detection experiments in the oSlip. 
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Figure 5.1: Cyclic voltammetry of 1,1’-ferrocenedimethanol 

before (black traces) and after (red traces) applying E = -

0.600 V for t = 200 s in the presence of 2.3% w/v ClO
-
 (no 

Ag present) in (a) BCl and (b) human urine (first morning 

sample). Conditions: WE = 1.0 mm in diameter GCE, RE = 

Hg/Hg2SO4 (sat), CE = Pt wire, υ = 0.1 V/s. 

 

5.4.2.3. AgNP Oxidation by ClO- 

Confirmation of the spontaneous oxidation of AgNPs by 

ClO
-
 was obtained by TEM. In this experiment, two different 

aliquots of AgNPs were each dried (overnight) on different 

TEM grids. The first aliquot contained 125.0 pM AgNP in 

water and the second aliquot contained 125.0 pM AgNPs in an 

aqueous solution of 0.23% w/v ClO
-
. Figure 5.2 shows two 

clear distributions in the first aliquot, one at 5 ± 2 nm 

(believed to be the AgNP seeds from which Ag growth was 

initiated during synthesis) and the other at 19 ± 4 nm. 

However, no AgNPs were found in the second aliquot (even at 
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high TEM resolution), confirming the complete oxidation of 

the AgNPs by ClO
-
. 

 

 

Figure 5.2: TEM histogram showing the AgNP distribution in 

the first aliquot where no ClO
-
 is present. Inset shows an 

image of the AgNPs. The black bar at bottom left corner of 

the inset represents a scale of 20 nm. 

 

5.4.2.4. Ag Stripping Response in the Presence of ClO-  

As demonstrated in Chapter 4, it is important to study 

the effect the oxidant concentration has on the Ag 

stripping signal to determine whether or not there is an 

optimum oxidant concentration (e.g., Figure 4.4 and 

Illustration 5.2, respectively). In the following 

experiment, BCl was used as the supporting electrolyte, the 

Facing Down conventional electrochemical setup (Figure A-9) 
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was chosen, and the concentration of the AgNPs was kept 

constant (16.7 pM) while the concentration of ClO
-
 was 

screened. Note that the total volume analyzed was 225.0 µL. 

The experiment was carried out as follows. First, 125.0 µL 

of BCl, an aqueous solution containing AgNPs, and different 

amounts of ClO
-
 were added to the electrochemical cell and 

mixed thouroughly. After 30 s, the potential of the WE was 

held at E = -0.600 V for t = 200 s (quiet time). Finally, 

the potential was scanned from Ei = -0.600 V to Ef = 0 V at 

υ = 10 mV/s. Figure 5.3a shows, semiquantitavely, that when 

using ClO
-
 as the oxidant there is indeed a maximum Ag 

signal at a specific ClO
-
 concentration. These results were 

unexpected because, as shown in section 5.4.2.2, ClO-
 does 

not affect the surface of the WE (Figure 5.1). A thorough 

explanation for the observed behavior is provided in 

section 5.4.5.2. 

Similarly, when performing the experiment mentioned 

above, but in the presence of human urine (first morning 

samples, instead of BCl) and 25.1 pM of AgNPs, the same 

trend is observed. Figure 5.3b shows that for all the 

different urine samples a maximum Ag signal is obtained at 

a specific ClO
-
 concentration. It is important to mention 

that in this case, however, the maximum signal is obtained 

at approximately the same ClO
-
 concentration for all urine 

samples. 
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Figure 5.3: Ag stripping charge obtained at different 

concentrations of ClO
-
 using the Facing Down conventional 

electrochemical setup (Figure A-9). (a) The electrolyte and 

AgNP concentration used were BCl and 16.7 pM, respectively. 

Each data point in the plot represents one repetition. (b) 

The electrolyte and AgNP concentration used are first 

morning human urine from 6 different subjects and 25.1 pM, 

respectively. Each data point in the plot represents a 

total of three repetitions. Note that the x-axis in plots 

(a) and (b) are different. This was done in order to more 

easily observe the resulting trends. 

Although more experiments are needed to draw any solid 

conclusions, these are promising results because they show 

the potential use of one specific ClO
-
 concentration for all 

first morning urine samples. Importantly, first morning 

urine samples were used because they contain the highest 

concentration of analytes and interferences possible in any 

specific day. 
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5.4.3. Ex-Situ Optimization of hCG Immunocomposite 

Formation 

The formation of the immunocomposite was optimized in 

order to: (a) gain complete understanding of the system to 

be analyzed and (b) use the ideal ratios of reagents to 

maximize the desired signals. The optimizations described 

in this section were performed both by sequential and 

simultaneous addition of reagents (i.e., step-wise and one-

step incubation, respectively). Importantly, each 

consecutive optimization step was performed by using the 

optimal conditions determined in the previous step.  

 

5.4.3.1. Optimization of the Step-wise Immunocomposite 

Formation Protocol 

Before any optimization step was initiated, a dose-

response curve for hCG was constructed using the step-wise 

immunocomposite incubation protocol and ELISA detection 

method described in sections 5.3.5 and 5.3.7, respectively. 

Figure 5.4 shows the resulting response when using the 

following conditions (different from section 5.3.5): (a) 

1.5x10
11
 AgNP/mL corresponding to the AgNP/anti-α hCG 

antibody conjugate, with a nominal anti-α hCG antibody to 

AgNP ratio of 8x10
4
:1, (b) 1.4x10

7
 magnetic microbeads/mL 

corresponding to the magnetic microbeads/anti-β hCG 

antibody conjugate, with  a nominal anti-β hCG antibody to 
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magnetic microbead ratio of 2.4x10
8
:1, and (c) various 

concentrations of hCG, ranging from 0 to 250 mIU/mL. The 

resulting absorbances were measured with the microtiter 

plate reader at λabs = 450 nm. This unoptimized curve was 

generated to serve as a point of reference for later 

comparison against an optimized dose-response curve. 

 

 

Figure 5.4: Unoptimized hCG dose-response curve performed 

using the step-wise immunocomposite formation protocol 

described in section 5.3.5 and analyzed via ELISA. Each 

point represents the average of three independent 

experiments.  

The physiologically relevant dynamic range for hCG for 

early pregnancy diagnosis is approximately 5 - 125 

mIU/mL.
166
 Therefore, for all the optimization experiments 

shown next, the concentration of hCG used was 125 mIU/mL to 

shift the dynamic range shown in Figure 5.4 to the desired 

values.   
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The optimization of the step-wise immunocomposite 

formation was performed in six steps following the protocol 

and ELISA detection method described in sections 5.3.5 and 

5.3.7, respectively. First, the concentration of the 

magnetic microbead/anti-β hCG conjugate (nominal ratio of 

1:2.4x10
8
) was varied while keeping the concentrations of 

hCG and AgNP/anti-α hCG antibody conjugate constant (125 

mIU/mL and 1.5x10
11
 AgNP/mL, respectively). Figure 5.5a 

shows that the signal increases with higher amounts of 

magnetic microbead/anti-β hCG conjugate added (MB/Ab, 

concentration expressed as MB/mL) up to about 5x10
8
 MB/mL. 

At concentrations higher than 5x10
8
 MB/mL, the signal 

plateaus. From this plot, the concentration of magnetic 

microbead/anti-βhCG conjugate selected for further 

optimization steps was 4.2x10
8
 MB/mL. 

Second, the concentration of the AgNP/anti-α hCG 

antibody conjugate (nominal ratio of 1:8x10
4
) was varied 

while keeping the concentrations of hCG and magnetic 

microbead/anti-β hCG conjugate constant (125 mIU/mL and 

4.2x10
8
 MB/mL, respectively). Figure 5.5b shows that the 

signal increases with higher amounts of AgNP/anti-α hCG 

antibody conjugate added (AgNP/Ab, concentration expressed 

as AgNP/mL). At concentrations higher than 6x10
11
 AgNP/mL, 

the signal plateaus. From this plot, the concentration of 
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AgNP/anti-α hCG antibody conjugate selected for further 

optimization steps was 2.25x10
11
 AgNP/mL. 

 

 

Figure 5.5: Step-wise optimization of the hCG 

immunocomposite formation. Optimized variables: (a) 

magnetic microbead/anti-β hCG antibody conjugate 

concentration and (b) AgNP/anti-α hCG antibody conjugate 

concentration. Concentration of constant variables: (a) 

AgNP/anti-α hCG antibody conjugate (1.5x10
11
 AgNO/mL) and 

hCG (125 mIU/mL), (b) magnetic microbead/anti-β hCG 

antibody conjugate (4.2x10
8
 MB/mL) and hCG (125 mIU/mL). 

Each point represents the average of three independent 

experiments. Note that only two out of the six 

optimizations steps performed are shown in this plot.  

The third, fourth, fifth, and sixth optimization steps 

involved varying the anti-β hCG antibody to magnetic 

microbead ratio, borate solution concentration, borate 

solution pH, and anti-α hCG antibody to AgNP ratio, 

respectively (data not shown). Their respective optimized 

values are the following: 3x10
6
 anti-β hCG antibody:1 
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magnetic microbead, 0.1 mM, pH 8.0, and 8x10
4
 anti-α hCG 

antibody:1 AgNP. Recall that the previously optimized 

variables were used in each consecutive optimization step. 

 

5.4.3.2. Optimization of the One-Step Immunocomposite 

Formation Protocol 

Optimization of the one-step immunocomposite formation 

protocol is important because when performing the detection 

in the oSlip, both reagents (i.e., magnetic microbead/anti-

β hCG antibody and AgNP/anti-α hCG antibody conjugates) 

will be stored on the device and allowed to react 

simultaneously with the target upon addition of the sample.  

In this experiment, the variables optimized during the 

step-wise immunocomposite formation (section 5.4.3.1) were 

used to study the one-step formation of the immunocomposite 

(i.e., simultaneous addition of all reagents, see section 

5.3.6). Figure 5.6a shows a dose-response curve for hCG 

obtained by performing the one-step immunocomposite 

formation described in section 5.3.6, but using the 

optimized variables found for the step-wise immunocomposite 

formation. It is clear from this plot that the previously 

found optimized variables do not apply for the one-step 

formation of the immunocomposite. This is an important 

piece of information because valuable time can be saved in 
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future assays by starting the optimizations directly with a 

one-step approach.  

Consequently, two more optimizations were performed 

(in the order mentioned), consisting of varying the 

concentration of magnetic microbead/anti-β hCG antibody and 

AgNP/anti-α hCG antibody conjugates added. These 

optimizations were performed using the one-step 

immunocomposite formation protocol described in section 

5.3.6 and, similarly to the step-wise immunocomposite 

formation case presented earlier, the concentrations 

located at the beginning of the plateau were selected as 

optimum. Their optimized values were determined to be 

5.0x10
9
 MB/mL and 2.7x10

10
 AgNP/mL, respectively.  

After the last optimization step, a dose-response 

curve was ontained that resulted in Figure 5.6b. Here, the 

optimized values for the one-step immunocomposite formation 

were used and the concentration of hCG was varied from 1 to 

200 mIU/mL (dilutions were done in 0.1 M borate solution 

(pH 7.5) containing 0.2% w/v sodium azide). The LOD 

(calculated as three times the standard deviation of the 

blank signal, divided by the slope of the linear fit from 

Figure 5.6b) was determined to be 4.8 mIU/mL. Importantly, 

the final dynamic range for the detection of hCG using the 

one-step immunocomposite formation was shifted to 5 - 100 

mIU/mL. This range lies within the targeted hCG 
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physiological relevant range (5 - 150 mIU/mL) and shows 

considerable improvement compared to the unoptimized 

results obtained in Figure 5.4. 

 

 

 

Figure 5.6: (a) Unoptimized and (b) optimized hCG dose-

response curve performed using the one-step immunocomposite 

formation protocol described in section 5.3.6 and analyzed 

via ELISA. Each point represents the average of three 

independent experiments. 

 

5.4.3.3. Optimization of the Incubation Time During the 

One-Step Immunocomposite Formation 

As mentioned in section 5.2, the targeted analysis 

time for the assay in the oSlip is <10 min. Therefore, it 

was important to determine the speed of the immunocomposite 

formation ex situ performed by the one-step protocol. In 

this experiment, the incubation time (second step in 
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section 5.3.6) was varied from t = 0 to t = 30 min while 

using the optimized variables determined previously. Figure 

5.7 shows that 5 min is sufficient to attain the maximum 

possible signal for the assay. This result is encouraging 

because it demonstrates the feasibility of achieving the 

targeted goal (i.e., <10 min).  

   

 

Figure 5.7: Time-dependent study determining the ideal 

incubation time for the one-step hCG immunocomposite 

formation using the optimized variables. ELISA was used as 

the detection method. Each point represents the average of 

three independent experiments.  

 

5.4.4. Measurement of Reagent Resolvation in the oSlip 

In order for the oSlip to become a true POC diagnostic 

device it needs to be preloaded with all the reagents 

necessary for the formation of the immunocomposite at the 
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time of use. This is important because once the sample is 

added to the oSlip, all reagents should mix simultaneously 

(i.e., one-step protocol). In this chapter, the preloaded 

reagents are magnetic microcbead/anti-β hCG antibody and 

AgNP/anti-α hCG antibody conjugates. However, as mentioned 

before, cellulose matrices present high NSA. As a 

consequence, studying the extent of rehydration of the 

reagents after they are dried at the Inlet of the oSlip is 

key to achieving high sensitivity for the detection of any 

analyte of interest.  

With the aim of attaining good rehydration of all 

reagents, various hydration and blocking agents (such as 

surfactants, blocking proteins, and sugars) were mixed in 

an aqueous solution and dried at the Inlet of the oSlip 

before drying the conjugates of interest. This mixture of 

agents is referred to as the “rehydration mixture”. The 

overall experiment consisted on two main parts. In the 

first part, various agent combinations were screened and 

those that yielded good rehydration of the conjugates were 

selected for further analysis. This selection was performed 

by adding 2.0 µL of the rehydration mixture to the bottom 

side of the Inlet shown in Illustration 5.1 (side facing 

Layer 2 in the assembled oSlip, Illustration 4.2c) and 

drying for 1 h at 25 °C in the absence of light. Next, 5.0 

µL of the fluorescently-labeled conjugates prepared in 
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section 5.3.8 were added to the bottom side of the Inlet 

and dried for 1 h at 25 °C in the absence of light, and an 

initial fluorescence scan of the Inlet was obtained. 

Subsequently, the oSlip was assembled (see section 4.4.5 in 

Chapter 4), 50.0 µL of BCl was added to the Inlet, and the 

oSlip was opened after the Outlet turned blue. Lastly, and 

after the Inlet was dry (in about 30 min), the final 

fluorescence scan from the Inlet was obtained to measure 

the percent rehydration of the reagents (calculated with 

Eq. 5.1). Only those agents (or combination thereof) that 

yielded a percent rehydration higher than 50% were selected 

for further optimization (data not shown). The combination 

of agents that fulfilled this requirement contained BSA, 

sucrose, and skim milk. 

 

% 𝑟𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 − 𝐹𝑖𝑛𝑎𝑙 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒
× 100               𝐸𝑞.  5.1 

In the second part of the experiment, the 

concentration of each of the selected agents added to the 

rehydration mixture was screened. Because three agents were 

selected, three different optimizations were performed in 

the presence of each fluorescent conjugate. In optimization 

one, the concentration of sucrose was screened. First, 2.0 

µL of the rehydration mixture containing 5% w/v BSA, 1% w/v 

skim milk, and different concentrations of sucrose were 
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added to the bottom side of the Inlet and dried for 1 h at 

25 °C in the absence of light. Second, 5.0 µL of each 

fluorescent conjugate fabricated in section 5.3.8 was added 

to the bottom side of the Inlet and dried for 1 h at 25 °C 

in the absence of light. Subsequently, the oSlip was 

assembled (section 4.4.5 in Chapter 4), 50.0 µL of BCl was 

added to the Inlet, and the oSlip opened (after the Outlet 

turned blue). Lastly, and once the Inlet was dry in about 

30 min, the final fluorescence scan from the Inlet was 

obtained. At this point, the percent rehydration was 

determined (using Eq. 5.1). 

Optimizations two and three were performed in the same 

manner as optimization one, but by screening the 

concentration of skim milk and BSA, respectively, while 

keeping the previous optimized parameters constant. Figure 

5.8a and Figure 5.8b show that when using the optimized 

values for sucrose, skim milk, and BSA (60% w/v, 1% w/v, 

and 6.25%w/v, respectively) the percent rehydration of the 

AgNP/anti-α hCG antibody and magnetic microbead/anti-β hCG 

antibody conjugates were 98% and 89%, respectively.  

 



 154 

 

Figure 5.8: Percent rehydration of (a) AgNP/anti-α hCG 

antibody and (b) magnetic microbead/anti-β hCG antibody 

conjugates as a function of the concentration of BSA used 

in the rehydration mixture (last optimization step). 

Concentration of agents used: 60% w/v sucrose and 1% w/v 

skim milk. Each point represents the average of three 

independent experiments. 

 

5.4.5. Problems  

5.4.5.1. Stability and Reproducibility of 

Immunocomposite Formation 

The biggest limitation encountered in this chapter was 

the lack of reproducibility in the formation of the hCG 

immunocomposite even after all the conditions were 

optimized ex situ. In an attempt to discover which reagent 

was causing variability in the signal, control experiments 

were performed using microtiter plates and ELISA detection 

(not shown). We hypothesize that the different antibody 
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batches purchased differ considerably in dissociation 

constants when bound to hCG. That is, the binding affinity 

between hCG and the mouse anti-α hCG and goat anti-β hCG 

antibodies varies with different batches of antibodies 

used. To date, attempts are being made to try and reproduce 

the results shown in section 5.4.3. 

   

5.4.5.2. Background Current Due to Hypochlorite 

Reduction 

Figure 5.3a and Figure 5.3b  show that there is a 

decrease in the Ag stripping signal with higher ClO
-
 

concentrations used even though ClO
-
 does not affect the 

surface of the WE. Such an effect is better understood when 

considering the results shown in Figure 5.9. Figure 5.9a 

shows the CV of 0.009% w/v ClO
-
 present in 125.0 µL BCl and 

100.0 µL of deionized water using the Facing Down 

conventional electrochemical setup (Figure A-9b). The peaks 

observed at -0.5 V and -1.1 V correspond to the reduction 

of ClO
-
 and O2, respectively. Importantly, the reverse wave 

of the CV shows that ClO
-
 is still being reduced at the 

potential where Ag is oxidized (E°Ag/Ag
+ 
= -0.25 V indicated 

by the green dashed line). This poses a problem because the 

higher the ClO
- 
concentration used, the higher the baseline 

current at E°Ag/Ag
+
 is. This effect can be more clearly  
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Figure 5.9: (a) Cyclic voltammogram of 0.009% w/v ClO-
 in 

BCl. (b) Background currents observed during a typical Ag 

stripping experiments using the conventional 

electrochemical setup at different ClO
-
 concentrations but 

in the absence of AgNPs. Deposition E = -0.600 V, 

deposition t = 200 s, supporting electrolyte = 125.0 µL BCl 

plus 100.0 µL deionized water. (c) Histogram showing the 

recovered Ag stripping charge at different ClO
-
 

concentrations. Deposition E = -0.600 V, deposition t = 200 

s, AgNP concentration = 25.1 pM, supporting electrolyte = 

125.0 µL BCl plus 100.0 µL deionized water. The charge is 

normalized to the highest charge. Note that the green 

dashed lines in parts (a) and (b) represent the potential 

at which Ag stripping is observed. 
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observed in Figure 5.9b. Here, a background scan of the 

stripping experiments described in section 5.4.2.4 was 

performed using different ClO
-
 concentrations in the absence 

of AgNPs. If the same experiment as that shown in Figure 

5.9b is performed but in the presence of 25.1 pM AgNPs, 

then a radical difference in recovered charge is observed. 

Figure 5.9c shows a histogram of Ag stripping charge as a 

function of ClO
-
 concentration used. As the concentration of 

ClO
-
 is increased, the charge retrieved decreases. This 

difference in charge measured is caused by the Ag stripping 

peak sitting atop the high bacground current corresponding 

to the reduction of ClO
-
. 

 

5.4.5.3. Decomposition of ClO- upon Drying on Paper 

One important factor to consider in the selection of 

the ideal oxidizing agent is its long-term stability on the 

slip layer (Layer 3) of the oSlip. Accordingly, five 

different experiments were performed to test the stability 

of ClO
-
 when dried on paper. In the first experiment, 4.0 µL 

of an aqueous solution containing 1% w/v ClO
-
 was added to 

125.0 µL BCl and 96.0 µL deionized water, mixed thoroughly, 

and a CV obtained using the Facing Down conventional 

electrochemical setup (Figure A-9b). This CV (black trace 

in Figure 5.10) served as a point reference indicating 100% 
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of the signal corresponding to the amount of ClO
-
 used (peak 

at -0.5 V). In the second experiment, the same amount of 

ClO
-
 was dried by gentle N2 flow (fast drying) on a paper 

zone (see Figure A-11 in the Appendix). When the solution 

was completely dry (in about 1 min), the paper zone was 

immediately immersed in 125.0 µL BCl and 100.0 µL deionized 

water, the solution mixed thoroughly for 30 s, and a CV 

obtained. The red trace in Figure 5.10 shows a decrease in 

the peak current corresponding ClO
-
 reduction. This decrease 

in current could be due to either partial decomposition of 

ClO
-
 during the drying process or incomplete rehydration of 

ClO
-
 from the paper zone. Nevertheless, the vast majority of 

the ClO
-
 dried by gentle N2 flow is still available in the 

oxidized form for the oSlip experiments.  

The third experiment was performed in a similar manner 

to the second experiment, with one exception: ClO
-
 was dried 

at 25°C in open air for 1 h. In this case, ClO
-
 completely 

decomposed during the drying process as no current was 

observed for the reduction of ClO
-
 at E = -0.5 V (Figure 

5.10, blue trace). Likewise, when ClO
-
 was dried in the 

absence of light or in an oven at 65 °C for faster drying 

no current corresponding to the reduction of ClO
-
 was 

observed (Figure 5.10, green and orange traces, 

respectively). 
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Figure 5.10: Cyclic voltammograms showing the instability 

of ClO
-
 when dried on paper.  

Therefore, and after thorough analysis, we conclude 

that ClO
-
 is not stable after evaporation of water. Thus, 

ClO
-
 cannot be stored for long periods of time on paper. 

Although this is not a limitation that will prevent the 

effective detection of hCG, it is something that needs to 

be improved if the oSlip is to be considered for POC 

applications. 

 

5.5. SUMMARY, CONCLUSIONS, AND FUTURE EXPERIMENTS 

In Chapter 5, improvements to the oSlip design and 

detection methodology are proposed. These include the use 

of a new oxidizing agent, ClO
-
, compatible with complex 
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matrices and the development of a one-step incubation 

protocol that can be used for the detection of hCG via 

sandwich immunocomposite formation. This chapter shows that 

although ClO
-
 is better than the previous oxidant (MnO4

-
) in 

terms of stability in water and performance in human urine, 

it also suffers from some limitations. One of these is the 

decrease in Ag stripping signal when using higher ClO
-
 

concentrations. This is caused by the high baseline 

currents produced from the reduction of ClO
-
 at the 

potential where Ag is oxidized (E’° = -0.250 V vs 

Hg/Hg2SO4). In addition, preliminary experiments indicate 

that ClO
-
 is not stable when dried on paper, limiting the 

use of the oSlip in POC applications. However, such a 

limitation can be overcome by finding ways of keeping ClO
-
 

stable on paper for longer periods of time, by 

electrodepositing for longer times in an attempt to 

electrolyze all the excess ClO
-
 in solution, or by finding a 

better oxidant that satisfies the requirements mentioned in 

section 5.4.1.  

Furthermore, the one-step formation of the sandwich 

immunocomposite ex situ was optimized but proven to lack 

reproducibility. This may be caused by the use of different 

batches of antibodies that differ in binding affinity 

towards hCG. Both the positive and negative results 

presented in this chapter, however, represent important 
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advances in the understanding of the detection system 

proposed and in the development of real and versatile POC 

diagnostic devices. 

Once the variables responsible for the lack of 

reproducibility in the formation of the immunocomposites ex 

situ are identified, the following experiments will be 

performed (mentioned in random order): 

(a) Human urine samples will be pooled (5-10 different 

samples) and used to test the hCG immunocomposite 

formation.  

(b) The concentration of ClO
-
 will be optimized using the 

pooled urine sample and two calibration curves will be 

performed in the oSlip. The first will consist of 

introducing the immunocomposite (formed ex situ) to the 

Inlet using the same oSlip device shown in Chapter 4 

(where the cellulose from the Inlet in Layer 1 is 

removed). This calibration curve will serve as a point 

of reference for the ideal signal. The second 

calibration curve will be performed by forming the 

immunocomposite in situ using the modified oSlip device 

shown in Illustration 5.1 and by using the optimized 

rehydration mixture used in section 5.4.4.  

(c) Additional human urine samples will be used to 

determine whether the concentration of ClO
-
 indicated 

by the black dashed line in Figure 5.3b is the optimum 
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concentration regardless of the sample used. If that is 

the case, then the oSlip will be one step closer to 

becoming a true POC device. 
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Chapter 6. Overall Summary, Conclusions and 

Outlook 

The results presented in this dissertation 

demonstrate, to a short extent, the usefulness of 

microfluidic devices for bioanalytical applications. One of 

the common goals of the chapters presented herein has been 

to transition into the development of sensors that can be 

used in real life situations at the point of care. This is 

important because, although at early stages, society’s 

interest is inclining towards a more self-regulating 

healthcare, that is, the possibility that patients can 

become more independent from clinics and gain greater 

control over their own health. In addition, with the 

advancement of globalization, people have become more aware 

of the healthcare accessibility problems in underdeveloped 

countries. Therefore, it is becoming widely accepted that 

generating good POC diagnostics that are inexpensive, 

accurate, fast, and sensitive could mean the difference 

between people living or dying in resource-limited 

settings. 

The combined use of PDMS and glass as materials for 

sensors will most likely continue to be the preferred 

platform for research among scientists in both academia and 

industry. This is because when compared to other materials, 

PDMS and glass are cheap and relatively easy to work with. 
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Additionally, as mentioned in Chapter 1, the fact that both 

materials are transparent aids the use of very sensitive 

detection methods as well as the possibility to observe in 

vitro what takes place at the time of the experiment by 

means of a microscope. It is worth noting, that another 

important benefit of combining these materials is the 

possibility to perform some of the most complicated and 

simplest techniques and methods, therefore expanding the 

reach of research.  

However, when the objective is the creation of POC 

applications, paper is the preferred material. In this 

case, the main purpose is to keep the user-device interface 

as simple as possible and to make the sensor as robust as 

possible, all while achieving analytical figures of merit 

comparable to those of state-of-the-art sensors. Although 

these are challenging goals, there have been some success 

stories, like the ones presented in Chapter 4. 

Functionalities such as the ability to time reactions, 

increase flow rate, and separate red blood cells from whole 

blood (to name a few examples) have already been 

successfully incorporated to paper devices. Yet, achieving 

high reproducibility (at least comparable to those of well-

stablished technologies) and robustness still remains two 

of the biggest challenges. 
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Glossary 

ABBREVIATION DEFINITION 

PDMS Poly(dimethylsiloxane) 

POC Point of care 

µPAD Microfluidic paper analytical device 

ELISA Ezyme-linked immunosorbent assay 

BPE Bipolar electrode 

PDF Pressure-driven flow 

BODIPY
2+
 

4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-

3a,4a-diaza-s-indacene-2,6-disulfonic acid, 

disodium salt 

MPTS
3+
 8-methoxypyrene-1,3,6-trisulfonic acid 

Etot Driving potential 

EOF Electroosmotic flow 

Eelec Potential at which BPE is floating 

ΔEelec Potential dropped across the length of the BPE 

lelec Length of the BPE 

υm Electromigration velocity 

υconv Convection velocity 

µep Electrophoretic mobility 

EF Enrichment factor 

LOD Limit of detection 

NSA Nonspecific adsorption 

3D Three dimensional 

oPAD Origami paper analytical devices 

ssDNA Single stranded DNA 

BSA Bovine serum albumin 

PBS Phosphate buffer saline 

FIV Fluorescence intensity volume 

AgNP Silver nanoparticle 

KMnO4 Potassium permanganate 

ASV Anodic stripping voltammetry 

GCE Glassy carbon electrode 

WE Working  

RE Reference electrode 

CE Counter electrode 

υ Scan rate 

PTFE polytetrafluoroethylene 

PBCl 
100 mM phosphate buffer (pH 7.4) with 100 mM 

NaCl 
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BCl 0.1 M borate solution (pH 7.5) with 0.1 M NaCl 

oSlip Origami SlipPAD 

FDM 1,1’-ferrocenedimethanol 

CV Cyclic votammogram 
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Appendix 

Year 
MICROFLUIDIC 

TOTAL 
Biomedical POC Diagnostics Sensor Assay Blood Urine 

1994 1 0 1 3 0 7 0 12 

1995 0 0 0 2 0 3 0 5 

1996 0 0 0 6 4 2 2 14 

1997 1 0 1 8 7 5 0 22 

1998 3 0 2 23 8 7 0 43 

1999 5 1 10 35 16 16 1 84 

2000 9 2 14 56 44 12 1 138 

2001 12 2 32 69 83 30 0 228 

2002 21 7 48 115 117 45 3 356 

2003 26 9 46 170 155 80 3 489 

2004 37 22 70 245 234 137 12 757 

2005 73 29 117 356 292 174 24 1065 

2006 84 39 116 413 346 204 27 1229 

2007 106 70 200 529 393 258 25 1581 

2008 118 94 248 574 471 372 44 1921 

2009 147 122 261 721 608 445 60 2364 

2010 159 150 372 854 737 559 72 2903 

2011 193 187 396 920 828 689 90 3303 

2012 195 223 430 1050 938 748 80 3664 

2013 234 312 491 1051 1022 945 89 4144 

2014 197 263 434 833 857 724 85 3393 

Table A-1: Number of publications from year 1994 to 2014 

(column 1) combining each heading in columns 2 through 8 

with the word “microfluidic”. Column 9 represents the 

summation of all publications among all word combinations 

for each year (used to construct Figure 1.1). 
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Figure A-1: Fluorescence micrographs showing the 

contribution of background fluorescence after enriching 

BODIPY
2-
 for (a-c) 25 s and (d-f) 439 s using a single 

microdevice. The evolution of the image processing used to 

construct Figure 2.1 and Figure 2.3 is also illustrated. 

(a) Un-edited fluorescence micrograph after 25 s of 

enrichment time. (b) After adjusting the brightness and 

contrast in (a). (c) After adding false color to (b). (d) 

Un-edited fluorescence micrograph after 439 s of enrichment 

time. (e) After adjusting the brightness and contrast in 

(d). (f) After adding false color to (e). 
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Figure A-2: Un-edited fluorescence micrographs 

corresponding to Figure 2.1. (a) BODIPY2-
 observed with the 

HQ:F filter during enrichment and separation. (b) MPTS
3-
 

observed with the UV-E/C filter during enrichment and 

separation. (c) Electrochemically-gated delivery of BODIPY
2-
 

into SC1. (d) Electrochemically-gated delivery of MPTS
3-
 

into SC2. 

 

 

Figure A-3: Un-edited fluorescence micrographs 

corresponding to Figure 2.3. (a) BODIPY2-
 observed with the 

HQ:F filter during enrichment and separation. (b) MPTS
3-
 

observed with the UV-E/C filter during enrichment and 

separation. (c) Electrochemically-gated delivery of BODIPY
2-
 

into SC2. (d) Electrochemically-gated delivery of MPTS
3-
 

into SC1. 
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Figure A-4: Frames used to measure the extent of leakage of 

BODIPY
2-
 and MPTS

3-
 into the gated (blocked) secondary 

microchannel using the microdevice corresponding to Figure 

2.1. The white dotted rectangles represent the regions of 

interest (ROI) used to measure the fluorescence intensity 

of the analyte inside that secondary microchannel. (a) 

Frame used to measure the fluorescence intensity in SC2 

before delivery of BODIPY
2-
 into SC1. (b) Frame used to 

measure the fluorescence intensity of SC2 during the 

delivery of BODIPY
2-
 into SC1. (c) Frame used to measure the 

fluorescence intensity in SC1 before the delivery of MPTS
3-
 

into SC2. (d) Frame used to measure the fluorescence 

intensity in SC1 during the delivery of MPTS
3-
 into SC2. 
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Figure A-5: Frames used to measure the extent of leakage of 

BODIPY
2-
 and MPTS

3-
 into the gated (blocked) secondary 

microchannel using the microdevice corresponding to Figure 

2.3. The white dotted rectangles represent the regions of 

interest (ROI) used to measure the fluorescence intensity 

of the analyte inside the secondary microchannel. (a) Frame 

used to measure the fluorescence intensity in SC1 before 

the delivery of BODIPY
2-
 into SC2. (b) Frame used to measure 

the fluorescence intensity of SC1 during the delivery of 

BODIPY
2-
 into SC2. (c) Frame used to measure the 

fluorescence intensity in SC2 before the delivery of MPTS
3-
 

into SC1. (d) Frame used to measure the fluorescence 

intensity in SC2 during the delivery of MPTS
3-
 into SC1. 

 

 

Figure A-6: Calibration curves used to calculate EFs for 

(a) BODIPY
2-
 and (b) MPTS

3-
. 
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Figure A-7: Fluorescence intensity of F1 in homogeneous 

solution as a function of the time elapsed. For curves 1 to 

3, different concentrations of A1 plus 190.0 nM of Q1 were 

added to a solution of TNka buffer containing 40.0 nM F1 

immediately before measuring the fluorescence. For curves 4 

to 6, different concentrations of A1 plus 475.0 nM Q1 were 

added to a solution of TNka buffer containing 40.0 nM F1 

immediately before measuring the fluorescence. Curves 7 and 

8 show the fluorescence reading of solutions containing 

TNka buffer with 40.0 nM of F1 and TNak buffer only, 

respectively. The inset shows an expanded view of lines 1, 

4, and 8. 
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Figure A-8: Step-by-step representation of the experimental 

protocol followed in Figure 3.2, Figure 3.3c, Figure 3.4, 

Figure 3.45, Figure 3.6b, Figure 3.6c, Figure 3.7, Figure 

3.8, Figure 3.9, and Figure 3.10,. 
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Figure A-9: Conventional electrochemical cell used to study 

AgNP dissolution, electrodeposition, and anodic stripping 

voltammetry. (a) Photograph of the Facing Up electrode 

arrangement. In this case the GCE was placed tightly in its 

position using PTFE tape (to avoid leaking). (b) Photograph 

of the Facing Down electrode arrangement. (c) Anodic 

stripping voltammetry performed in triplicate using the 

Facing Up and Facing Down arrangements. υ = 10 mV/s; 

working electrode = glassy carbon, diameter = 1.0 mm; 

Ag/AgCl (1 M KCl) reference electrode; Pt wire counter 

electrode.  
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Figure A-10: Micrographs showing the background 

fluorescence of the oSlip working electrode (WE) for the 

Test and (b) Control experiments represented in Figure 4.9. 

The orange-dashed lines represent the location of the WE. 

The yellow lines show the areas used to measure the 

background fluorescence intensity. Note that equivalent 

areas were used and each experiment was performed in 

triplicate. 

 

 

Figure A-11: Schematic representation of the paper zones 

used for testing the stability of dried ClO
- 
on the paper 

substrate (results shown in Figure 5.10). 
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