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Abstract

Food and water contamination cause safety and health concerns to both animals and
humans. Conventional methods for monitoring food and water contamination are often
laborious and require highly skilled technicians to perform the measurements, making the
quest for developing simpler and cost-effective techniques for rapid monitoring incessant.
Since the pioneering works of Whitesides’ group from 2007, interest has been strong in the
development and application of microfluidic paper-based analytical devices (WPADs) for
food and water analysis, which allow easy, rapid and cost-effective point-of-need screening
of the targets. Several methods of detection using pPADs have been developed so far
including colorimetric, electrochemical, fluorescence, chemiluminescence, and
electrochemiluminescence techniques for food and water analysis. In this research, we have
developed pPADs for the detection of aflatoxin B1 (AFB1), a highly toxic and carcinogenic
foodborne substance and the most toxic aflatoxin produced by Aspergillus fungi, via a
simple colorimetric competitive immunoassay. AFB; is a common contaminant in a variety
of agricultural as well as processed food products including peanuts, corn and other grains,
cottonseed meal, as well as animal feeds. The maximum permissible levels set by several
food agencies are 5 ug kg for AFB1 and 20 pg kg™ for total aflatoxins. However, more
rigorous regulations for AFB;1 and total aflatoxins in groundnuts, nuts, dried fruits and
cereals have been set to 2 ug kgt and 4 pg kg?, respectively, by the European Union.
Hence, it is highly necessary to device a practical method to detect AFB; for food safety
and monitoring.

In this context, the general introduction including the research theme and objectives
are described in Chapter 1.

In chapter 2, the development of a simple, portable assay system using pPADs
coupled with colorimetric detection for rapid measurements is described. The properties of
different paper substrates are investigated first to determine which type of paper would be
the most suitable for the fabrication of the pPADs. Simultaneous detection of horseradish
peroxidase (HRP) is demonstrated using a single uPAD, which is fabricated through
photolithography. The test regions are immobilized with 3,3°,5,5-tetramethylbenzidine for



HRP assay. The detection range obtained with the proposed system covers HRP
concentrations from 0.37 to 124 fmol (or 3 to 1000 ng mL™1). The detection limit (blank +
36) for HRP is calculated to be 0.69 fmol (or 5.58 ng mL™) through a 4-parameter logistic
nonlinear regression. The findings obtained using the developed system suggest that uPAD
assay systems for simple but highly sensitive measurements can be designed to give on-
site determinations of target compounds using peroxidase-conjugated molecules.

Chapter 3 describes the development of a competitive immunoassay system on a
uPAD platform. The photolithography-fabricated uPADs consist of a sample introduction
zone, control and test zones located at the other end of the uPAD and are opposite to the
sample introduction zone, and a capture zone wherein a capture reagent is immobilized
allowing competition during immunoassay. The colorimetric detection similarly involves
TMB-H20: reaction to produce the blue colored TMB/dimiine complex in the presence of
peroxidase enzyme conjugated to antibody. The color intensity generated at the test zone
after TMB oxidation increases with increasing target concentration introduced at the
sample zone, but remains constant at the control zone. The developed competitive
immunoassay system using uPADs is tested first using biotin as the model compound. In
the present work, the detection limit for the competitive immunoassay of biotin on uPADs
is 0.10 ug mL 1. To demonstrate the versatility of the developed competitive immunoassay
system further for the detection of target compounds on uPADs for practical applications,
AFB; has been detected as well. The detection limit obtained for AFB1 using the developed
uPAD immunoassay system is 1.31 ng mL ™.

In chapter 4, two competitive immunoassay (CIl) systems are described for the
detection of AFB1. Using a different uPAD platform from the one used in the previous
chapter, the yPAD immunoassay system similarly consists of a reaction zone, a sample
introduction zone, and a capture zone. In both CI systems, detection is performed at the
reaction zone via TMB oxidation by hydrogen peroxide in the presence of peroxidase
conjugate. However, in the first Cl system (CI-S1), competition occurs at the capture zone
and signal intensities at the reaction zone increases with increasing target AFB:
concentration. In CI system 2 (CI-S2), on the other hand, competition takes place prior to
sample introduction. Similarly, signal intensity increases with increasing target AFB;
concentration. In all sections of the manuscript, images of the pPADs are captured and
colorimetrically analyzed via ImageJ software for quantification.

The final chapter is the summary of the findings in the present research. In addition,

several prospects on uPAD analysis for future research are described in this chapter.
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CHAPTER 1 General Introduction

1.1 Introduction

Ensuring the safety and quality of food is an incessant concern. Hamburg’s editorial in
Science entitled “Advancing regulatory science” [1] states the relevance of this matter, and
indeed, one of the key points of food analysis is to ensure food safety [2]. In order to meet
this goal, there is a constant search for new and more practical methods for food monitoring.
Food is after all the source of nutrition and energy of every human. Similarly, water safety
and quality is of great importance. With water being the major constituent of the human
body, it is natural that enough water must be consumed to regulate bodily functions [3].
However, failure to warrant the safety and quality of food and water brings risks that often

lead to illnesses and sometimes fatalities.

The safety of food and water is often affected by several factors, including the presence
of pathogens, pesticides and herbicides, metals and other toxic materials generally borne to
the food and water through agricultural and industrial processes. Another influencing factor
is the amount of food additives used to provide food preservation, coloring and sweetening
[4]. Such food additives have to be controlled due to the potential risks that these substances
pose to human health. Some have even become prohibited due to their toxicity such as
furylfuramide (AF-2), which was used as food preservative in Japan from 1965 or earlier;

it was later banned due to its carcinogenicity in experimental animals [5].

This review discusses the recent progress in microfluidic paper-based analytical device
(LPAD) technology for food and water safety monitoring, specifically uPAD applications
to the detection of different target compounds and pathogens that are either borne naturally

to food and water, or caused by unmonitored industrial and agricultural processing and



waste contamination to both. Lateral-flow immunoassays (also known as
immunochromatographic assays) are excluded as they have been reviewed elsewhere [6,7].
This review also covers the types of paper substrates that have been utilized in the uPAD
fabrication and the detection methods that were incorporated into the uPAD for specific

target detection for food and water analysis.

1.2 Paper-based Microfluidics

Microfluidics as defined by Whitesides [8] in his article published in Nature in 2006
is the science and technology of systems that process and manipulate small amounts of
fluid up to 107 to 10'® L using fluidic channels with dimensions ranging from tens to
hundreds of micrometers. Microfluidics has undergone rapid growth with notable impacts
to the analytical chemistry community due to a number of capabilities including its ability
to utilize small amounts of samples and reagents and to perform separation and detection
with high resolution and sensitivity, at low cost and rapidly [9]. Some of the early reports
on microfluidic fabrication involved the use of glass [10,11], silicon [12,13], and polymers
such as poly(dimethylsiloxane) (PDMS) [14,15] as substrates. Though these microfluidic
devices miniaturize the conventional methods for specific target separation and detection,
they have some drawbacks such as the expense of the substrate materials, and the need for

power supply and fluid transport instruments.

Paper is a very promising substrate material for microfluidic device fabrication for a
number of reasons. The properties of paper and the many advantages that it provides as a
low-cost platform for diagnostics have been well-discussed [16-18]: It is easily printed,
coated and impregnated; its cellulose composition is particularly compatible with proteins
and biomolecules; it is environment-compatible as it is easily disposed of by incineration;

and it is accessible almost everywhere. With paper as its main substrate, the cellulose



membrane network of the microfluidic paper-based analytical devices (UWPADs) provide
instrument-free liquid transport by capillary action, a high surface area to volume ratio that
enhances detection limits for colorimetric assays, and the ability to store chemical
components in their active form within the paper fiber network [19]. Although pnPADs lack
the high resolution and sensitivity that the silicon, glass or plastic-based devices offer, the
application of pPADs is highly suitable to point-of-need monitoring that requires
inexpensive analysis for constant testing especially in less industrialized countries where
complex instrumentation and analytical laboratories and experts are limited. Hence, uPADs
have emerged as an attractive alternative to highly sophisticated instrumentation in

analytical research applications particularly in food and water monitoring and safety.

To date, much analytical research has focused on the development and application of
uPADs for food and water safety and quality monitoring; including fabrication procedures
of the uPADs and suitable methods of detection for qualitative or quantitative interpretation
of measurements. Fabrication usually entails the selection of a type of paper substrate
before subjecting it to fabrication techniques such as cutting [20—25], inkjet printing [26,27],
wax patterning [28,29], wax pencil drawing [30], wax printing [31-40], screen printing
[29,41,42], contact stamping [43—45], and photolithography [46—48]. Examples of pPADs
fabricated using various methods and paper substrates are shown in Figure 1-1. Among the
various cellulose-based paper substrates that have been used, Whatman chromatography
paper grade 1 was the first type to be utilized in 2007 [17] and it has been subsequently
used in many reported pPAD fabrication and detection methods [28,29,33,37,38,47,49,50].
Whatman filter paper grade 1, on the other hand, has been the most commonly used paper
substrate for uPAD fabrication in food and water analysis [25,30,32,34-36,41,45,51-54].
Paper substrates that have been similarly utilized include Whatman chromatography paper

3 MM Chr [20,21], Whatman filter paper grade 4 [42,55], Whatman RC60 regenerated



cellulose membrane filter [56], Millipore MCE membrane filter [57], Canson paper [58],
Fisherbrand P5 filter paper [59], JProLab JP 40 filter paper [44], Advantec 51B
chromatography paper [48], and Ahlstrom 319 paper [39]. Although comparing the
capabilities of each paper substrate is inappropriate when different fabrication methods and
detection methods are employed among the studies, some comparisons of substrates have
been made. Liu et al. [20], for instance, investigated paper substrates including
nitrocellulose membrane, filter paper, quantitative filter paper, qualified filter paper and
Whatman 3 mm chromatography paper for the pPAD chemiluminescence (CL) detection of
dichlorvos (DDV) in vegetables. With the filter paper, quantitative filter paper and qualified
filter paper, a high CL signal of the blank sample and poor repeatability for sample detection
were observed due to the non-uniform thickness of the substrates (from 10 to 250 pm)
affecting the optical path length, scattering, assay sensitivity, and volume of fluid required
for an assay. However, Whatman 3mm chromatography paper, which has high quality, purity

and consistency, provided good repeatability.

()

Detection zone  Hydrophobic barrier
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S
g:‘:
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Figure 1-1 Examples of pPADs fabricated using different methods and paper

substrates: (a) Wax patterning, WCP1. Reprinted with permission from



reference [28]. Copyright 2015 American Chemical Society. (b) Wax
printing, WP1. Reprinted with permission from reference [31]. Copyright
2011 American Chemical Society. (c) Wax printing, AP319. Reprinted with
permission from reference [39]. Copyright 2015 American Chemical
Society. (d) Alkylsilane self-assembling and UV/Oz-patterning, WFPL.
Reprinted with permission from reference [52]. Copyright 2013 American
Chemical Society. () Wax printing with screen-printed electrodes, WCPL1.
Reprinted with permission from reference [38]. Copyright 2010 The Royal
Society of Chemistry. (f) Polymer screen printing, WFP4. Reprinted with
permission from reference [42]. Copyright 2016 The Royal Society of
Chemistry. (g) Contact stamping, JPFP40. Reprinted with permission from
reference [44]. Copyright 2015 The Royal Society of Chemistry. (h) Contact
stamping, WFP1. Reprinted with permission from reference [45]. Copyright
2014 American Chemical Society. (i) Photolithography, CP. Reprinted with
permission from reference [46]. Copyright 2013 The Royal Society of
Chemistry. WFP1, Whatman No. 1 filter paper; WCP1, Whatman No.
chromatography paper; WP1, Whatman No. 1 paper; AP310, Ahlstrom 319
paper; WFP4, Whatman No. 4 filter paper; JPFP40, JProLab JP 40 filter

paper; CP, chromatography paper.

1.3 Applications to Food and Water Contamination

1.3.1 Detection of Foodborne and Waterborne Pathogens

Paper-based approaches for food safety monitoring are attractive because simple, low-cost,
and on-site detection of foodborne contaminants is achievable and they are also applicable

as preventive measures. fPADs developed for pathogen detection in food have relied



primarily on enzymatic assay-based optical methods where results are either confirmed
visually by the naked eye or digitally converted and measured using image analysis
software. Two of the most commonly used programs are ImageJ and Adobe Photoshop
where RGB (red-green-blue) image intensities are measured relative to the image pixels or
are first converted into CMYK (cyan-magenta-yellow-key) scale before intensity
measurement. In a study reported by Jokerst et al. [32], a uPAD was developed for the
microspot assay of Escherichia coli (E. coli) O157:H7, Listeria monocytogenes (L.
monocytogenes) and Salmonella Typhimurium in ready-to-eat meat samples. The
pathogens were collected from foods by a swab sampling technique and then cultured in
media before adding to a chromogen-impregnated paper-based well device. A color change
is observed indicating the presence of an enzyme associated with the pathogen of interest
and detection is achieved. Although the detection limits determined for each of the live
bacterial assays after ImageJ analysis were high (108 colony-forming unit (CFU) mL™ for
E. coli, 10* CFU mL! for Salmonella Typhimurium, and 108 CFU mL* for L.
monocytogenes), the developed uPAD was capable of detecting pathogenic bacteria in
ready-to-eat meat (bologna) at a concentration of as low as 10* CFU mL™* within 12 h or
less, which is significantly less time than the gold standard method (requires several days)
for bacterial detection and enumeration. Another method presented by Jin et al. [33] was
based on CL detection of Salmonella via adenosine triphosphate (ATP) quantification on
uPAD. Salmonella was cultured and then lysed after harvesting by the boiling method.
Color change is observed in the uPAD only when ATP is present as an indication of the
presence of Salmonella in the sample. In the presence of ATP, the HRP-tagged DNA that
is initially associated with the ATP aptamer attached to the chemically modified surface of
the paper is released and later it allows the catalytic oxidation of 3-amino-9-ethylcarbazole

by HRP/H;O,. The detection limit for Salmonella was determined to be 2 x 10’ CFU mL ™.



While no real samples were tested, the developed uPAD could be applied for food and
water monitoring. Park et al. [46] presented another optical-based technique using a highly
angle-dependent and less wavelength-dependent method of detection through a Mie
scattering strategy for Salmonella Typhimurium. Salmonella samples were pre-mixed with
anti-Salmonella conjugated particles to allow immunoagglutination before loading into the
uPAD. At the optimized Mie scatter angle, scatter intensities were analyzed using a
smartphone for quantification. An illustration of the pPAD and the smartphone application
used for the pathogen quantification are shown in Figure 1-2a,b, respectively. The detection
limit of the smartphone-based uPAD assay was 10> CFU mL™*. A one-step multiplexed
fluorescence (FL) strategy for detecting pathogens was also developed by Zuo et al. [60]
using a pPAD that was a hybrid of PDMS and glass. The paper substrate enabled the
integration of the fluorescent aptamer-functionalized graphene oxide biosensor on the
microfluidic device (Figure 1-2c). While the aptamer is adsorbed on the surface of the
graphene oxide, the FL of the aptamer is quenched. In the presence of the target pathogen,
the pathogen induced the liberation of the aptamer from the graphene oxide layer and
thereby restored the FL of the aptamer for detection. The detection limits for the
simultaneous detection of S. aureus and S. enterica were 800.0 CFU mL ! and 61.0 CFU
mL%, respectively. Other works on E. coli detection in water were reported by Burnham et
al. [57] and Ma et al. [30]. Burnham et al. specifically demonstrated the use of
bacteriophages as capture and sensing elements for the paper-based detection of the
pathogen. The method was based on the detection of -galactosidase released from the
pathogenic cells following bacteriophage-mediated lysis.  Colorimetric  and
bioluminescence methods were performed for E. coli detection using red-B-D-
galactopyranoside chromogenic substrate and Beta-Glo® reagent (Promega Corporation,

Madison, WI, USA) to produce the color and bioluminescence, respectively, for



measurement with a detection limit of 4 CFU mL™ for both methods. Ma et al., on the
other hand, presented a pPAD for the colorimetric determination of E. coli using AuNP-
labeled detection antibodies via sandwich immunoassay with a silver enhancing step for

signal amplification. The detection limit was 57 CFU mL ™,

Unit : mm

Absorbent pad

Photoresist region

Loaded with antibody
conjugated particles

Paper region

Sample inlet

a Top PDMS layer
{with channels, inlets and outlets)

Middle POMS layer
(with detection microwells)
Aptamer
C F 3

Inlet o1

Top POMS layer

Middle PDMS layer

Chromatography paper

Glass slide

Figure 1-2 Detection methods for pathogens. (a) An image of a single-channel uyPAD
and (b) the smartphone application for Salmonella detection on a multi-
channel pPAD. Reprinted with permission from reference [46]. Copyright

2013 The Royal Society of Chemistry. (c) Schematic layout of the



PDMS/paper hybrid pPAD system and illustration of the one-step
multiplexed FL detection principle on the pPAD during aptamer
adsorption (Step 1) and liberation (Step 2) from the GO surface and the
restoration of the FL for detection in the presence of the target pathogen.
Reprinted with permission from reference [60]. Copyright 2013 The Royal

Society of Chemistry.

1.3.2 Detection of Pesticides and Herbicides

Pesticides have been used for many years in agriculture and have significantly
contributed to maintaining food quality and production. Simultaneously, however, these
materials bring harmful effects on human health [61,62]. Wang et al. [49] developed a
paper-based molecular imprinted polymer-grafted multi-disk micro-disk plate for CL
detection of 2,4-dichlorophenoxyacetic acid (2,4-D). The MIP approach was proposed as an
alternative to immunoassays, which rely on antibodies and have fundamental drawbacks
such as the possible denaturation and instability of the antibodies during manufacture and
transport. An indirect competitive assay was made with tobacco peroxidase (TOP)-labeled
2,4-D that was molecularly imprinted on the polymer-grafted device. An enzyme catalyzed
CL emission was achieved from the luminol-TOP-H,O, CL system with a detection limit
of 1.0 pM. A simple paper-based luminol-H20O2 CL detection of DDV was reported by Liu
et al. [20]. Paper chromatography was combined in the uPAD CL assay of DDV in fruits
and vegetables and the separation was achievable in 12 min utilizing 100 puL of developing
reagent. The method was successfully applied to the trace DDV detection on cucumber,
tomato and cabbage by a spiking method with a detection limit of 3.6 ng-mL™'. Liu et al.
[21] also presented another MIP-based approach using a paper-based device with a

molecularly imprinted polymer for the CL detection of DDV. The detection limit was 0.8



ng-mL ! and the method was successfully applied to cucumber and tomato. A paper-based
colorimetric approach has also been demonstrated for the detection of organophosphate and
carbamate pesticides. Badawy et al. [58] developed a method that was based on the
inhibition of acetylcholinesterase (AChE) on the degradation of acetylcholine molecules
into choline and acetic acid by organophosphate (methomyl) and carbamate (profenos)
pesticides. The degree of inhibition of the AChE indicates the toxicity of the pesticides;
this makes the AChE a standard bioevaluator for the presence of organophosphates and
carbamates [63]. While the method was not tested on real samples, the method could detect

AChE inhibitors within 5 min response time.

With the goal to devise portable and easy measuring techniques and considering the
increasing use of smartphones, the number of uPAD strategies that incorporate mobile or
smartphones for target measurements is increasing. A pPAD sensor and novel smartphone
application was developed by Sicard et al. [34] for the on-site colorimetric detection of
organophosphate pesticides (paraoxon and malathion) based on the inhibition of
immobilized AChE by the pesticides. AChE hydrolyzes the colorless indoxyl acetate
substrate and converts it to an indigo-colored product in the absence of pesticides. The color
intensity is reduced with increasing pesticide concentration owing to inhibition of AChE.
The color produced is processed by the image analysis algorithm using a smartphone,
allowing real time monitoring and mapping of water quality. The method is capable of
detecting pesticide concentration of around 10 nM as evidenced by a color change in the
uPAD. Another colorimetric approach was reported by Nouanthavong et al. [42] on the use
of nanoceria-coated uPAD for colorimetric organophosphate pesticide detection via
enzyme-inhibition assay with AChE and choline oxidase. In the presence of the pesticides,
AChE activity is inhibited leading to no or less production of H.O> and hence less yellow

color development of the nanoceria (the color production mechanism is shown in Figure 1-

10



3). The assay was able to analyze methyl-paraoxon and chlorpyrifos-oxon with detection
limits of 18 ng-mL ™! and 5.3 ng-mL™!, respectively. The method was successfully applied
for methyl-paraoxon detection on spiked cabbage and dried green mussel, with ~95%

recovery values for both samples.

No/Less @ .\'o/L(_\
Choline ==y H,0, —_

Nasoceria-coated PAD Colorless
OP pesticides

AChE [ Inhibited

Acetylcholine + H,O

AChE (f\ctlvc

r’\ (Ox)
Choline sy H,0, —

Nanoceris-<osted PAD

Figure 1-3 Colorimetric detection of pesticides based on the enzyme inhibition
properties of the pesticide on nanoceria substrate. Reprinted with
permission from reference [42]. Copyright 2016 The Royal Society of

Chemistry.

Another pesticide causing a health concern is pentachlorophenol (PCP) [64-66]. PCP is
a xenobiotic that accumulates in the body with carcinogenic and acute toxic effects. Sun et
al. [50] developed a photoelectrochemical (PEC) sensor that utilized the MIP technique on a
UPAD to detect PCP. The paper working electrode of the uPAD was covered with a layer of
gold nanoparticles (AuNPs) and a layer of polypyrrole (Ppy)-functionalized ZnO
nanoparticles. The photoelectrochemical mechanism involves the excitation of electrons
from Ppy from its highest occupied molecular orbital to the lowest unoccupied molecular
orbital of ZnO after being irradiated with visible light. Since the lowest unoccupied molecular

orbital of ZnO and Ppy matched well, the transfer of the excited electrons to ZnO was allowed

11



and the electrons subsequently reached the gold-paper working electrode (Au-PWE) surface,
where photocurrent generation efficiency was improved leading to a sharp increase of the
photocurrent. However, in the presence of the PCP, the steric hindrance toward the diffusion
of the quencher molecules and/or photogenerated holes on the interface of the electrode
increased, thereby leading to a decrease in generated photocurrent. The device was capable

of measuring PCP down to a limit of 4 pg-mL™".

The only paper-based approach applied to herbicide detection that has utilized FL as a
method of detection for methyl viologen is presented by Su et al. [67]. The method was based
on the integration of CdTe Qdots on the paper device and the CdTe quenching effect in the
presence of the target methyl viologen. Presence of a higher methyl viologen concentration
in the system gave a darker area on the uPAD as a result of the quenching of the methyl
viologen on the CdTe Qdots. The detection limit of the CdTe-paper-based visual sensor was

0.16 pmol-L ..

1.3.3 Detection of Food Additives

In food and beverage industries, wide use is made of food additives such as glucose,
fructose and sucrose, which are specifically used as sweeteners, and other food additives,
which are used to improve or enhance the flavor or color of the food or beverage. Though
most of these food additives are essentially nontoxic, large intakes of them may promote
unhealthy nutrition, and some become toxic above a certain amount. Hence, there is a
strong demand for fast, highly sensitive and economical methods of analysis that can be
provided by the easily accessible and portable point-of-need testing of uPAD technology.
Kuek Lawrence et al. [51] reported on an amperometric detection of glucose on a screen-
printed electrode uPAD. The assay involved the use of ferrocene monocarboxylic acid as a

mediator for the catalytic oxidation of glucose on the yPAD by the immobilized glucose
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oxidase on the paper. The method was successfully applied to glucose detection in
commercially marketed carbonated beverages with a limit of 0.18 mM. Adkins et al. [35]
presented a pPAD that utilized microwire electrodes as an alternative to screen-printed
electrodes for the non-enzymatic electrochemical detection of glucose, fructose and sucrose
in beverage samples. A copper working electrode was used and the copper
electrocatalytically reacted with glucose in the alkaline media, allowing the non-enzymatic
electrochemical detection of the carbohydrates. A variety of commercial beverages were
tested including Coca-Cola™, Orange Powerade™, Strawberry Lemonade Powerade™,
Red Bull™ and Vitamin Water™. The detection limits were 270 nM, 340 nM and 430 nM

for glucose, fructose and sucrose, respectively.

Colletes et al. [43] presented a study that utilized a paraffin-stamped paper substrate
for the detection of glucose in hydrolysis of liquors (detection limit 2.77 mmol-L™!) by
paper spray mass spectrometry (PS-MS). PS-MS is a fast, precise, accurate and cost-
effective ionization method introduced by Crooks and co-workers in 2010 that provides
complex analyses in a simple and economical way by mass spectrometry [68]. Although
the paraffin-stamped paper substrate is not a uPAD per se, Colletes et al. explained the
potential of the paper substrate for the combination of a microfluidic paper-based analytical

device with mass spectrometry that used paper spray as the ionization method.

Nitrites are food additives used to prevent the growth of microorganisms as well as to
inhibit lipid oxidation that causes rancidity [69]. Nitrite monitoring in food and water is
essential due to the ability of nitrite to readily react with secondary and tertiary amines and
produce carcinogenic nitrosamine compounds [70]. Several works on nitrite detection have
involved the use of the Griess-color reaction mechanism to visually detect the presence of

nitrite in food. For instance, He et al. [52] described a uPAD using the Griess-color nitrite
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assay, where, upon reaction of nitrite with the Griess reagent in the uPAD, a color
developed with intensities depending on the amount of nitrite in the sample. Image
processing was done for quantification showing a dynamic range of 0.156-2.50 mM, and
a successful application to nitrite detection in red cubilose (a traditional nutritious food and
medicine in China) was achieved. Other works presented by Lopez-Ruiz et al. [45],
Cardoso et al. [44] and Jayawardane et al. [53] similarly focused on the colorimetric
detection of nitrite in water and food using the Griess method in uPADs. Lopez-Ruiz et al.
presented a strategy using a mobile phone with a customized algorithm for image analysis
and detection. As depicted in Figure 1-4a, the method allowed a multidetection of the uPAD
sensing areas specific for pH detection simultaneously with nitrite detection in water
samples. The strategy involved capturing the uPAD image upon sample detection with the
smartphone camera, and processing of the image in order to extract the colorimetric
information for measurement, wherein, hue (H) and saturation (S) of the HSV color space
were used for the determination of pH and nitrite concentration, respectively. The
colorimetric assay for pH determination was based on the use of two pH indicators, phenol
red and chlorophenol red. A color transition of chlorophenol red from yellow to purple
indicated a pH from 4 to 6, while a color transition of phenol red from yellow to pink
indicated a pH from 6 to 9. The nitrite assay, on the other hand, involved a Griess-color
reaction in which the color formation was quantitatively interpreted showing a detection
limit of 0.52 mg-L"!. Cardoso et al. similarly reported a uPAD strategy for nitrite detection
in ham, sausage and the preservative water from a bottle of Vienna sausage using the
Griess-color assay with a detection limit of 5.6 uM. The colorimetric analysis was
performed by first taking the image of the detection device using a scanner, and later
processing the magenta scale of the image after conversion to the CMYK using Corel

Photo-Paint™ software. Finally, Jayawardane et al. presented their work for nitrite and
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nitrate determination in different water samples using two uPADs, each specific for nitrate
and nitrite, respectively. The image of the 2D and 3D pPADs used for detection are shown
in Figure 1-4b. The nitrite detection simply employed the Griess method for colorimetric
measurements after image scanning and processing using ImageJ software. In the nitrate
detection however, a conversion of the colorimetrically undetected species was first
performed to the colorimetrically detected nitrite using a Zn reduction channel incorporated
in the pPAD for nitrate detection. After conversion, the Griess method was employed and
image quantification was performed. The method was successfully applied to actual
analysis of different water samples (tap water, mineral water, and pond water) with

detection limits of 1.0 uM and 19 pM for nitrite and nitrate, respectively.
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Figure 1-4 (a) Griess-color reaction assay-based detection methods for nitrite using a
smartphone for image processing. Reprinted with permission from
reference [45]. Copyright 2014 American Chemical Society. (b) Griess-

color reaction assay-based detection methods for nitrite and nitrate using
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2D (i) and 3D (ii—iv) uPADs. Reprinted with permission from reference

[53]. Copyright 2014 American Chemical Society.

The addition of colorants to food has become a normal practice to enhance or change
food color and make it more attractive to consumers. However, most of these colorants are
potentially harmful to human health especially after excessive consumption. One pPAD
design that has been developed for detecting colorants was presented in the work of Zhu et
al. [22] where a poly(sodium 4-styrenesulfonate)-functionalized paper substrate was used
for the rapid separation, preconcentration and detection of colorants in drinks with complex
components via a surface-enhanced Raman spectroscopy (SERS) method. Sunset yellow
and lemon yellow were both detected in grape juice and orange juice with detection limits

of 107 M and 10™* M, respectively.

1.3.4 Detection of Heavy Metals

Several uPADs have been developed for the detection of heavy metals in both food and
water. The most common methods of detection integrated with the pPADs were
colorimetric-based using silver or gold nanoparticles and nanoplates, but electrochemical
and FL based methods were used as well. Nie et al. [47] developed a pPAD for the versatile
and quantitative electrochemical detection of biological and inorganic analytes in aqueous
solutions. Specifically, for water analysis, lead was investigated via square wave anodic
stripping voltammetry using a uPAD with screen-printed electrodes as shown in Figure 1-
5a. The measurements relied on the simultaneous plating of bismuth and lead onto the
screen-printed carbon electrodes of the uPAD, which formed alloys, followed by anodic
stripping of the metals from the electrode. The method showed a detection limit of 1.0 ppb
in water medium. Similarly, Shi et al. [54] developed an electrochemical pPAD for Pb(II)

and Cd(11) detection based on square wave anodic stripping voltammetry (SWASV) relying
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on in situ plating of bismuth film. The method was capable of detecting lead and cadmium
ions simultaneously in carbonated electrolyte drink (salty soda water as described by the
authors) samples with detection limits of 2.0 ppb and 2.3 ppb for Pb(ll) and Cd(ll),

respectively.

Blotting cellulose paper

Adrop of sample was

I CG zone l added to CR zone

and incubated for 10
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Lateral flow
chromatography

(a) (b)

Figure 1-5 Detection methods for metals. (a) Electrochemical device for SWASV
analysis of lead in water with screen-printed carbon working and counter
electrodes and Ag/AgCl pseudo-reference electrode. Reprinted with
permission from reference [47]. Copyright 2009 The Royal Society of
Chemistry. (b) Multiplexed colorimetric detection of metals based on B-
GAL and CPRG interaction in the presence of Hg?*, Cu®*, Cr®* and Ni?*
mixture. Reprinted with permission from reference [31]. Copyright 2011

American Chemical Society.

Using silver nanoparticles (AgNP) self-assembled with aminothiol compounds on
uPADs, Ratnarathorn et al. [25] reported on the colorimetric detection of copper in drinking
water samples. In the presence of Cu?*, the modified AgNP solution changed from yellow

to orange and then green-brown due to nanoparticle aggregation. The method was tested
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on tap water and pond water samples with a detection limit of 7.8 nM or 0.5 pg-L™!. Two
other applications of WPAD with colorimetric detection for Cu(ll) were reported by
Jayawardane et al. [55] and Chaiyo et al [36]. In the former work, a polymer inclusion
membrane (PIM) containing the chromophore (1-(2'-pyridylazo)-2-naphthol (PAN))
reactive to Cu(ll) was incorporated in the uPAD and was used as the sensing element
selective to the metal ion. The original yellow color of the membrane changed to red/purple
as the Cu(ll) formed a complex with PAN. The device was applied to Cu(ll) determination
in hot tap water samples with a detection limit of 0.6 mg-L™!. The latter work by Chaiyo et
al. on the other hand used silver nanoplates (AgNPIs) modified with hexadecyltrimethyl-
ammonium bromide (CTAB) for the colorimetric detection of Cu(ll) based on the catalytic
etching of the AgNPIs with thiosulfate (S203>"). The violet-red S;03* /CTAB/AgNPI on
the detection zone lost its color with increasing Cu?* concentration. The method was
applied for determination of Cu?* in drinking water, ground water, tomato and rice with a
detection limit of 1.0 ng-mL"! by visual detection. Nath et al. [23] presented a sensing
system that could detect As®* ions using gold nanoparticles chemically conjugated with
thioctic acid (TA) and thioguanine (TG) molecules on paper. During detection, a visible
bluish-black color appeared on the paper due to nanoparticle aggregation through
transverse diffusive mixing of the Au-TA-TG with As®* ions. While no real water sample
testing was performed, the detection limit (1.0 ppb) was lower than the reference standard
of World Health Organization (WHO) for arsenic in drinking water, hence there would be
method applicability to real water sample analysis. Another work presented by the same
group used a similar approach for the detection of Pb?* and Cu?* using AuNP that was
chemically conjugated with TA and dansylhydrazine [24]. The detection limit was <0.0
ppb for both metal ions. Apilux et al. [41] developed a colorimetric method using AgNPIs

for the detection of Hg(ll) ion levels. A change in color from pinkish violet to pinkish
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yellow occurred with the Hg(ll) ion detection, a phenomenon that can be attributed to a
change in the surface plasmon resonance of the AgNPIs, which is related to the AgNPI
apparent color. At Hg(l1) concentration levels above 25 ppm, the color of the AgNPIs fades
as observed by the naked eye. With digital imaging and software processing though, the
quantitative capability of the system was improved and showed a detection limit of 0.12 ppm
with successful applications to real sample analysis of drinking water and tap water. Another
method via FL detection for the determination of Hg(ll), Ag(l) and neomycin (NEO) for food
analysis was presented by Zhang et al. [37]. The method used a Cy5-labeled single-stranded
DNA (ssDNA)-functionalized graphene oxide (GO) sensor that generated FL in the presence
of the target analytes, otherwise, the Cy5 was quenched while adsorbed on the GO surface.
The detection limits were 121 nM, 47 nM and 153 nM for Hg(ll), Ag(l) and NEO,

respectively.

Hossain et al. [31] presented a multiplexed uPAD that is capable of detecting heavy
metals simultaneously in a single uPAD. As shown in Figure 1-5b, the uPAD is composed
of seven reaction zones, two of which are for control experiments, one for testing the
mixture of metal ions via -galactosidase (B-GAL) assay, and four using colorimetric
reagents specific for Hg(ll), Cu(ll), Cr(VI) and Ni(Il), respectively. In the B-GAL assay,
the chromogenic substrate, chlorophenol red 3-galactopyranoside (CPRG), which is printed
on a region upstream to the B-GAL zone, is transported into the detection zone by the
sample solution through capillary action and it is hydrolyzed by the B-GAL enzyme to form
the red-magenta product. In the presence of the metal ions, the red-magenta color produced
upon CPRG hydrolysis is lost to a degree dependent on the concentration of the metal ions
in the sample. For the assays specific for each metal ion, color appearance is observed in
the presence of each metal ion on their respective detection zones, while the absence of any

of the metal ions results in no color change on the respective zones. The detection limit of
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the device is ~0.5-1.0 ppm. Li et al. [28] demonstrated the use of a uPAD that enables easy
detection of trace metals via text-reporting of results. Using the color-generating periodic
table symbols of the specific trace metals fabricated on the pPAD as markers, even
nonprofessional users can carry out handy detection and monitoring. The Cu(ll) assay was
based on the formation of an orange to brown complex by bathocuproine as the indicator
with Cu(ll). For the Cr(VI) assay, a magenta to purple complex formed in the presence of
the metal ion with the indicator 1,5-diphenylcarbazide in acidic medium, while for the
Ni(Il) assay, a stable pink-magenta colored complex formed between dimethylglyoxime
and Ni(Il). The device was capable of colorimetric detection of Cu(ll), Cr(VI) and Ni(ll)
in tap water with concentrations of >0.8 mg-L™!, >0.5 mg-L"' and >0.5 mg L',
respectively. Finally, for uPAD detection of heavy metals, a colorimetric approach for
image processing and quantification based on an iron-phenanthroline (Fe-phen) assay that
has colored response with increasing concentration of iron was incorporated for the
investigation of iron in water samples by Asano et al. [48]. The developed method allowed
a direct analysis of tap and river water samples without pretreatment with a detection limit

0f 3.96 M.

1.3.5 Detection of Other Food and Water Contaminants

Several methods have also been demonstrated for detecting other food and water
contaminants using pPAD technology. Nie et al. [38] presented an electrochemical
technique for ethanol detection in water for possible food quality control purposes.
Electrochemical uPADs and a glucometer (Figure 1-6a) were used to amperometrically
measure ethanol (LOD 0.1 mM) using ferricyanide as an electron-transfer mediator and
alcohol dehydrogenase/B-NAD* as detecting components in the device. An electrochemical

UPAD for halide detection in food supplement and water samples via cyclic voltammetry
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was also developed by Cuartero et al. [56]. The device utilizes silver elements as working
and counter/reference electrodes as illustrated in Figure 1-6b. The oxidation of the silver
foil working electrode is induced by an anodic potential scan resulting in a current that is
related to the plating rate of the target halides in the sample as silver halides precipitate.
This process is complemented by the reduction of the silver/silver halide element in the
reference/counter electrode upon ion exchange movement of the Na* ion (halide
counterion) through the permselective membrane to maintain the neutrality of charges in
each paper compartment, and that leads to the release of halide ions into the solution. The
two silver elements are regenerated to their previous states through the application of a
backward potential sweep after the forward scan. The device was found capable of
detecting bromide, iodide and chloride mixtures in food supplement, seawater, mineral
water, tap water and river water samples with a detection limit of around 107> M of halide
mixtures. Myers et al. [39] developed a multiplexed pPAD (called a saltPAD) that is
capable of making an iodometric titration in a single printed card. Multiple reagents are
stored on every compartment of each detection zone of the saltPAD and they are allowed
to recombine and undergo surface-tension-enabled mixing upon introduction of the iodized
salt sample solution for determination. During the iodometric titration process, triiodide is
formed as excess iodide that reacts with iodate in the presence of acid. The triiodide is then
titrated with thiosulfate that was previously stored in the saltPAD. Using starch as an
indicator, the detection zone produces a blue color if the amount of triiodide exceeds the
reducing capacity of the thiosulfate. The indicator remains uncolored if the amount of
triiodide is smaller than the reducing capacity of the thiosulfate. The detection limit of the

device expressed as mg iodine/kg salt was 0.8 ppm.
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Figure 1-6 Detection methods for other food and water contaminants. (a) Components of
the electrochemical detection system for ethanol using a glucometer as a
readout device. Reprinted with permission from reference [38]. Copyright
2010 The Royal Society of Chemistry. (b) The configuration of the
electrochemical cell for the analysis of halides utilizing silver components as
electrodes on paper-assisted electrochemical detection. Reprinted with
permission from reference [56]. Copyright 2015 American Chemical Society.
(c) A representative paper-based colorimetric bioassay of BSA based on the
enzymatically generated quinone from tyrosinase and chitosan interaction in
the presence of the phenolic compound. Reprinted with permission from ref

[59]. Copyright 2012 American Chemical Society.
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Cyanobacteria in drinking water pose a great threat to public health due to the
cyanotoxins produced and released into water supplies. The most toxic of the cyanotoxins
is microcystin-LR (MC-LR) [71,72]. Ge et al. [40] focused on the development of a method
that specifically detects MC-LR in water using a gold-paper working electrode (Au-PWE)
for electrochemical immunoassay. Differential pulse voltammetric measurements were
performed by monitoring the oxidation process of thionine in the system for the
quantification of MC-LR under the catalysis of HRP and peroxidase mimetics (Fe3Oa). The
sandwich immunoreaction produced a current proportional to the logarithm of MC-LR and
gave a detection limit of 0.004 pg-mL"!. Phenolic compounds are generally produced as
byproducts from industrial processes that present health risks to humans after consumption
of contaminated food and water. For detection of phenolic compounds, Alkasir et al. [59]
developed a paper sensor that produces different color responses for phenol (reddish-
brown), bisphenol A (blue-green), dopamine (dark-brown), cathecol (orange), and m-cresol
(orange) and p-cresol (orange) resulting from the specific binding of enzymatically
generated quinone to chitosan immobilized in multiple layers on the paper. Figure 1-6¢
illustrates an example of the layer-by-layer paper-based bioassay for bisphenol A. The
paper sensor was successfully applied to the analysis of tap and river water samples with a

detection limit of 0.86 (£0.102) pg-L™! for each of the phenolic compounds.

Finally, the only pPAD detection strategy based on electrochemiluminescence (ECL)
detection for the specific analysis of food has been reported by Mani et al. [29]. The work
described a device that specifically measures the genotoxic activity of a certain compound
(benzo[a]-pyrene (B[a]P)) whose metabolite reacts with DNA and the responses are
measured via ECL detection. The measurement essentially involves two steps, the first of
which involves the conversion of the test compound B[a]P to a metabolite by a microsomal

enzyme from rat liver microsomes. The second step is a DNA damage detection that
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involves the liberation of ECL light upon oxidation of the guanine in the damaged DNA by
the (bis-2,2’-bipyridyl) ruthenium polyvinylpyridine ([Ru(bpy)2(PVP)10]2+ or RuPVP)
polymer of the electrochemical device. The technique was specifically tested on grilled

chicken, and the detection limit was ~150 nM.

1.4 Present Perspective

A review on microfluidic paper-based devices for food and water analysis has been
discussed and recently published in Micromachines. Table 1-1 summarizes the uses of
microfluidic paper-based devices for detection of different pathogens, additives and
contaminants in food and water that have been reported to date. uPADs in food and water
safety and analysis represent a burgeoning technology that provides fast, economic, easy-
to-use advantages and is highly applicable for point-of-need testing especially in resource
limited environments. While the field of microfluidic paper-based sensors has expanded
rapidly, food and water safety remains an area with many issues still to be addressed. One
specific challenge in food analysis for example is the method of handling and pretreatment
of the samples before uPAD detection. While fluid samples such as water and beverage
usually do not require any pretreatment to the sample before introducing into the device for
uPAD detection [22,28,38,48,49,51,53-56,59], food specimens could be in solid form, and
therefore, a suitable pretreatment step is necessary for target sample collection before
introducing into the uPAD for detection. In treating fruits, vegetables and meat samples for
instance, most groups employ an extraction method to collect the target of interest [29,42],
although an elution process [20,21], or boiling method [44], with the use of distilled water,
followed by filtration are simple steps that are possibly performed to collect the target for
UPAD detection. For pathogen collection, the swab sampling technique has also been

performed which requires a significantly reduced enrichment times compared to the gold
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standard culture method before sample introduction and colorimetric paper-based detection
[32]. While successful, the enzymatic assay systems point to the potential for exploring the
use of specific inducers to enhance enzyme production as well as using selective
enrichment media to inhibit the growth of competing microorganisms. Despite the current
limitations on selectivity and sensitivity using paper as substrates for detection, the ability
of WPADs to detect specific targets such as pathogenic bacteria, food additives and
contaminants has been demonstrated in real food and water samples at levels that are vital
to the safety and health of both animals and humans, therefore demonstrating its significant
impact to the community for food and water safety and quality monitoring. Based on the
number of references reporting the development of uPADs specifically directed to food and
water safety and quality monitoring in the last six years, uPAD technology is still in its
early stage and there are wide opportunities for developments and applications. Particularly
exciting is the potential for application of pPADs for regular monitoring of food crops and
drinking water sources, where, contamination is a risk from mining and industrial processes,
and analytical measurements have traditionally been a cost limiting factor. From the
detection of foodborne and waterborne infectious pathogens to different organic and
inorganic analytes in general, uWPADs offer the means to detect different targets using an
inexpensive material like paper as their main substrate for qualitative as well as quantitative

on-site food and water monitoring.

1.5 Objectives of the Present Research

The main objective of the present research is to develop novel microfluidic paper-
based analytical devices with the incorporation of suitable detection methods for the
analysis of food that would be suitable for rapid onsite food testing. This dissertation then

describes the experimental procedures and results obtained during the time of research.
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A simple, portable assay system using uPADs coupled with colorimetric detection
for rapid measurements is developed and described in chapter 2. The properties of different
paper substrates are first investigated to determine which type of paper would be the most
suitable for the fabrication of the uPADs. Simultaneous detection of horseradish peroxidase
(HRP) is demonstrated using a single uPAD, which is fabricated via photolithography. This
work suggests that uPAD assay systems for simple but highly sensitive measurements can
be designed to give on-site determinations of target compounds using peroxidase-

conjugated molecules.

In chapter 3, a competitive immunoassay system on a uPAD platform is developed.
The colorimetric detection similarly involves TMB-H»O> reaction to produce the blue
colored TMB dimiine product in the presence of an antigen-bound peroxidase enzyme
conjugated to the antibody. Biotin is first used as the model compound to test the developed
competitive immunoassay system using WPADs. Then, in order to demonstrate the
versatility of the developed competitive immunoassay system for target compound
detection on uPADs for practical applications, AFB1 has been detected as well. The work
proposes an alternative low-cost and portable immunoassay device that offers good

sensitivity and selectivity with rapid analysis of the target.

Finally, two competitive immunoassay (Cl) systems are developed for the detection
of AFB1 in food. Using a different uPAD platform compared to the one used in the previous
chapter, both the uPAD CI systems similarly involve colorimetric detection of the target
based on peroxidase-catalyzed TMB oxidation. The results obtained for the proposed CI

systems are described in chapter 4.

26



In all sections of the manuscript, images of the pPADs have been captured and
colorimetrically analyzed through ImageJ software for quantification. The overall findings

of the present research are summarized in chapter 5.
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Table 1-1 Summary of foodborne pathogens, toxins, pesticides and insecticides, heavy metals and food additives for food and water analyses
on paper-based platforms.

pPAD Wall . . .

Target Fabrication Paper Substrate Detection Linear Detection LOD Real S a”f‘p'e Reference
Method Range Application

Method
Pathogens
E. coli O157:H7

' 108 CFU mL™,
Salmonella Wax printing Whatman No. 1 Colorimetric - 10* CFU mL™, Bologna [32]
Typhimurium, filter paper g 1
108 CFU mL
L. monocytogenes
Salmonella Wax printing Whatman No. 1 CL - 2.6 x 10’ CFUmL™? - [33]
chromatography paper

S. Typhimurium  Photolithography Chromatography paper Optical (Mie 102-10° CFU mL™** 102 CFU mL™ - [46]

scattering)

Cutting by punching

S. aureus, Whatman 10%-106 CFU mL™, 800.0 CFU mL™,
S. enterica E;Erl}/glpaper/glass chromatography paper FL 42.2-675.0CFUmL? 61.0CFUmL™ i [60]
E coli ) Millipore MCE Colorimetricand 4 CEU mL-1 ) [57]
membrane filter bioluminescence
Wax pencil drawing
E. coli and PDMS screen ¥Vhatman No. 1 Colorimetric - 57 CFUmL™ Drinking water [30]
o ilter paper
printing
Pesticides and Herbicides
2.4-D ) Whatman No. 1 cL ) 1.0 pM Tap water, lake [49]
chromatography paper water
Paraoxon, _— Whatman No. 1 . . 5 6
Malathion Wax printing filter paper Colorimetric 1x10%ca.1x10°M 10nM - [34]
Methyl-paraoxon,  Polymer Whatman No. 4 Colorimetric 0-0.1 pg-mL ™, 18 ng-mL%, Eggbn;eéh)g;& aaraorggg: [42]
Chlorpyrifos-oxon  screen-printing filter paper 0-60 ng-mL™* 5.3ng-mL*? ge. g

mussel
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Table 1-1 Continued...

pPAD Wall

o Detection Linear Detection Real Sample
Target Fabrication Paper Substrate Method Range LOD Application Reference
Method
Whatman 3MM .
Dichlorvos Cutting Chr chromatography CL 10 ng-rplL 10 3.6 ng-mL! Cucumber, tomato, [20]
pgmL cabbage
paper
Whatman 3MM 3.0 na-mL-1.0
Dichlorvos Cutting Chr chromatography CL ) ~mgL*1 ' 0.8 ng-mL™*! Cabbage, tomato [21]
paper HE
Methomyl, Cutting Canson paper Colorimetric - 6.16 x 10™* mM, 0.27 mM - [58]
Profenofos ' T
PCP Wax = Whatman No. 1 PEC 0.01-100 ng-mL-: 4 pg-mL-t - [50]
screen-printing chromatography paper
Methyl viologen . - g1 11 -
(paraquat) Cutting Whatman filter paper  FL 0.39-3.89 umol-L 0.16 pmol-L [67]
Food Additives
Glucose Cutting by V_Vhatman No. 1 Electrochemical 1-5mM 0.18 mM Commercial soda [51]
punching filter paper beverages
Coca-Cola™, Orange
T™M
Glucose, Fructose Whatman No. 1 270nM, g?r‘z;vvevrbaeier 7
' " Wax printing 8 ' Electrochemical - 340 nM, y [35]
Sucrose filter paper 430 M Lemonade Powerade™,
Red Bull™, Vitamin
Water™
Glucose Paraffin Whatman grade 1 PS-MS 1-500 pmol-L 2.77 pmol -L L Liquors [43]
stamping paper
Sunset yellow, . . 1075 M, Grape juice, orange
Lemon yellow Cutting Filter paper SERS - 104 M juice [22]
Nitrite Paraffin JProL.ab JP 40 Colorimetric  0-100 uM 5.6 M Ham, sausage, [44]
stamping filter paper preservative water
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Table 1-1 Continued...

pPAD Wall

o Detection Linear Detection Real Sample
Target Fabrication Paper Substrate Method Range LOD Application Reference
Method
Alkylsilane
Nitrite assembling and Whatman No. 1 Colorimetric 0.156-2.50 mM - Processed red cubilose [52]
. filter paper
UV-lithography
Nitrite Indelll_)Ie Ink contact Whatman No. 1 Colorimetric - 0.52 mg-L? - [45]
stamping filter paper
Nitrite, . _ Whatman No. 1 and . - 10-150 uM, 1.0 uM, Tap water, mineral
Nitrate Inkjet printing no.4 filter papers Colorimetric 50-1000 uM 19 uM water, pond water [53]
Metals
. Whatman No. 1 .
Pb(IT1) Photolithography chromatography paper Electrochemical ~ 0-100 ppb 1.0 ppb - [47]
Hg(11), Cu(), - —_ ] ) )
Cr(VI), Ni(ll) Wax printing Whatman No. 1 paper  Colorimetric 0.5-1 ppm [31]
Pb(11), . Whatman No. 1 . . 2.0 ppb, Carbonated electrolyte
cd(in Cutting filter paper Electrochemical ~ 10-100 ppb 2.3 ppb drinks [54]
As(l) Cutting Whatman filter paper ~ Colorimetric - 1.0 ppb - [23]
E:tl)]((llll))’ Cutting Whatman filter paper  Colorimetric - <10.0 ppb for both - [24]
Cu(ln) Cutting Whatman No. 1 Colorimetric 7.8-62.8 uM 7.8nMor 0.5 pg-L? Drinking water [25]
filter paper
Cu(ll) Wax printing Whatman No. 1 Colorimetric 0.5-200 ng-mL* 0.3ng-mL"? Drinking water, ground [36]
filter paper water, tomato, rice
Cu(ll) Inkjet printing Whatman No. 4 Colorimetric 0.1-30.0 mg-L* 0.6 mg-L™* Hot tap water [55]
filter paper
Commercial bottled
Wax screen Whatman No. 1 . . L
Hg(ll) printing filter paper Colorimetric 5-75 ppm 0.12 ppm drinking [41]

water, tap water
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Table 1-1 Continued...

pPAD Wall

o Detection Linear Detection Real Sample
Target E/?;ﬂggtlon Paper Substrate Method Range LOD Application Reference
Hg(ll), 0-3 uM, 121 nM,
Ag(l), Wax printing l’m:;q”;?g ';‘ao'hl oor FL 0-1.75 uM, 47 M, - [37]
NEO graphy pap 0-2 uM 153 nM
Cu(In, >0.8 mg-L 1,
Cr(VI), Wax patterning ::Ar?r]c?rtnn;?g l:lao.hl aper Colorimetric - >0.5mg-L7?, Tap water [28]
Ni(I1) graphy pap >0.5 mg-L !
Fe Photolithography gdr\(;i?;fgg’;l:ﬁhsylsaper Colorimetric 8.9-89 uM 3.96 uM Tap water, river water [48]
Others
Ethanol Wax printing X\r(rc?%rg?gg’;la%hi/ paper Electrochemical 0.1-3 mM 0.1 mM Water [38]
Phenol, 1-400 pg-L?,
Bisphenol A, 1-200 pg-L 1, )
Dopamine, Cutting by hole Fisherbrand P5 . . 1-300 pg-L?, 0.86 (£0.102) pg'L .
Catechol punching filter paper Colorimetric 1-300 pg Lt for each of the Tap water, river water [59]
m-CresoIl 1-500 ug'L’ll phenolic compounds
p-Cresol 1-200 pg-L?
—4.8_
Bromide, Whatman RC60 10 . 01M _for_ Food supplgment,
. . bromide and iodide, 5 seawater, mineral
lodide, - regenerated cellulose Electrochemical - 10° M [56]
. ) 1048-0.6 M water, tap water
Chloride membrane filter ' Y '
for chloride river water
lodate Wax printing Ahlstrom 319 paper Colorimetric 0.8-15 ppm_iodine 0.8 ppm iodine atoms lodized salt [39]
atoms from iodate '
MC-LR Wax printing ergfnrgﬁgg'?la%hly paper Electrochemical  0.01-200 ug-mL™* 0.004 pg-mL™* - [40]
Wax patterning
B[a]P and screen Whatman No. 1 ECL 0.15-12.5 uM ~150 nM Chicken skin [29]

printing

filter paper
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CHAPTER 2 Simple and Sensitive Colorimetric Assay System for
Horseradish Peroxidase Using Microfluidic Paper-

Based Devices

2.1 Introduction

Applications of paper substrates as porous media for the development and fabrication
of microfluidic devices have been widely realized in such fields as clinical diagnostics [1-
4], environmental monitoring [5-8], and food and nutrition safety [9-12]. Microfluidic
paper-based analytical devices (WPADs) are being exploited in various fields of analytical
research mainly due to the inexpensive materials and cost-effective manufacturing
processes required [13-15]. Consequently, these analytical devices are seen as a tool that

can be mass produced for point-of-need applications.

Paper as a substrate material for fabricating uPADs has many advantages including its
abilities to provide instrument-free liquid transport through capillary action, to store
chemical components in their active form within the fiber network of the paper, and to
provide a high surface area to volume ratio that improves sensitivity for colorimetric
techniques [16]. These advantages have led to paper being applied in uPAD fabrication for
specific target compound detection ranging from simple spot tests for metals [5,17] and
salts [18], to bioassays for proteins [19,20] and other biomolecules [21,22]. Though paper
has long been utilized in analytical research studies, for example, in 1812 John Davy
reported a use of litmus paper [23], Whitesides and his co-workers [24] have sparked the
resurgence of the application of paper to microfluidic analytical and clinical research.
Whitesides’ group presented the fabrication of a microfluidic paper device by structuring a

hydrophobic region using photoresist on paper to direct the flow of reagents within the
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hydrophilic flow region of the device. This led to what is now an emerging technology for
easy target detection and screening, most applicably in resource-limited environments,
where access to expensive equipment and the availability of highly skilled technicians are

a challenge such as in the developing countries.

When subjected to certain fabrication procedures to assemble the pPADs, however,
the properties of the paper substrates, such as porosity and wicking, are often altered. With
cellulose-based types of paper, including filter paper and chromatography paper, when
photolithography is used, the wicking ability and hydrophilicity of each paper substrate is
reduced depending on the type of the paper, and hence, an extra step such as plasma
oxidation is necessary to increase the hydrophilicity of the fabricated uPADs [24,25]. In
order to meet the desired requirements for the fabrication of uPADs — i.e., ease of
fabrication, simple to no instrumentation required, less pretreatment of the paper and/or
uPAD — the most suitable paper substrate to undergo a specific fabrication procedure

should be investigated.

In this report, we use photolithography as the fabrication method due to the availability
of the equipment. Photolithography was the first reported fabrication method for uPADs
with the main advantage of producing clearly defined hydrophilic channels of up to 186 +
13 um width and hydrophobic barriers formed after polymerization of the photoresist [26].
We describe which paper substrate is the most suitable to undergo the photolithographic
fabrication that does not necessitate any further treatments to increase its hydrophilicity and
at the same time does not lower the detection performance of the uPADs. We developed an
assay system for horseradish peroxidase (HRP) using the uPADs. HRP is a widely used
enzyme conjugate in bioanalytical studies due to its high stability and its ability to intensify

a weak detection signal, hence, increasing the detectability of the target compound [27-30].
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HRP is used in immunoassays [29,31] including enzyme-linked immunosorbent assays
(ELISA) [32,33] due to its monomeric characteristic and its quick reactive response through
the generation of a colored product with a chromogenic substrate such as 3,3°,5,5’-
tetratmethylbenzidine (TMB) [34] in the presence of an oxidant such as H20-, which is the
most commonly produced substance from optical enzymatic reactions [35]. Although
several groups have reported on the HRP-TMB-H>0, ELISA method for target compound
detection [36,37], detailed basic information for the HRP-TMB-H20> assay on puPADs
including its protocol is still elusive. Hence, we present a simple HRP assay system that
can be applied to a variety of target molecules for point-of-need testing using portable
microfluidic paper-based analytical devices. By appropriately designing a uPAD assay
system using HRP-labeled molecules, the developed HRP-TMB-H-0O> assay system can be
applied to the determination of specific target compounds. The wicking rates of the paper
devices are investigated after subjecting each to photolithography and SEM observations
are made of each paper before and after the photolithography. The most suitable paper
substrate is identified as Whatman filter paper grade 41 and it is used for the HRP assay
system. Then, we investigated the effect of the photoresist and solvent exposure of the
hydrophilic areas of the photolithography-fabricated paper-based analytical devices to
detection signals produced as compared to the un-exposed hydrophilic areas that were

fabricated via wax-printing. Finally, we discuss assay results obtained for the system.

2.2 Research Methodology

2.2.1 Chemicals

All reagents were of analytical grade and all solutions were prepared using deionized
water (Millipore, France). 10 mM of 3,3°,5,5’-tetramethylbenzidine (Dojindo Laboratories,

Kumamoto, Japan) was dissolved in acetonitrile (Wako Pure Chemical Industries, Ltd.,
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Japan). Horseradish peroxidase (Wako Pure Chemical Industries, Ltd.) standards were
prepared with 1x phosphate-buffered saline Tween® 20 (PBST), pH 7.5 (Thermo Fisher
Scientific Inc., IL, USA). The blocker stock solutions including bovine serum albumin in
phosphate-buffered saline (BSA-PBS), casein in PBS (casein-PBS), BSA in Tris-buffered
saline (BSA-TBS) and casein in TBS (casein-TBS) were obtained from Thermo Fisher
Scientific Inc. Working solutions of 1x BSA-PBS and 1x casein-PBS were diluted with
PBST while working solutions of 1x BSA-TBS and 1x casein-TBS were diluted with 1x
Tris-buffered saline Tween®-20 (TBST), pH 7.5 (Thermo Fisher Scientific Inc.). A 0.001%
(v/v) hydrogen peroxide solution (Wako Pure Chemical Industries, Ltd.) was added into

each HRP standard solution for the HRP assay.

2.2.2 Fabrication of pnPADs

The pPADs were fabricated by photolithography, with slight modification of the
reported method [24]. Figure 2-1 illustrates the steps in the uPAD fabrication. In brief, each
paper substrate was impregnated with SU-8 2010 photoresist (Microchem, MA, USA) for
about 30 s, spun for 5 s at 500 rpm then for 30 s at 2000 rpm with a spin coater (Mikasa
MS-A100, Japan) to remove excess photoresist, prebaked for 5 min at 95°C, cooled to room
temperature for 30 s, aligned under a photomask using a mask aligner (Mikasa M-1S,
Japan) before being exposed to UV radiation for 18 s, post-baked for another 5 min at 95°C,
developed (SU-8 developer, Microchem) for 6 min, washed 3 times with 2-propanol (Wako
Pure Chemical Industries, Ltd.), then finally dried with high pressurized air before storing
for future use. The dried puPADs were stored in a sealed plastic bag until the time of use.
The patterns of the photomasks were designed using AutoCAD 2015 (Autodesk, Inc., USA),
and then ordered from Unno Giken Co., Ltd. (Tokyo, Japan) for printing with resolutions

of 12700 dpi each.
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Transparency mask

Paper substrate %
CO-> D G
i
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Figure 2-1  Schematic diagram of the photolithographic procedure used for fabricating

the uPADs.

2.2.3 SEM Observation and Wicking Rate Evaluation of the Substrates and pPADs

The paper substrates (GE Healthcare Life Sciences, UK) selected for study are listed
in Table 2-1 along with some of their properties. One had a nitrocellulose (NC) membrane

and the other six had a cellulose membrane.

For observation with the SEM (JEOL JSM-6390LVS, Japan), specimens were
prepared: each fabricated uPAD and its respective untreated paper substrate were sputtered
with platinum using a magnetron sputtering device (JEOL JUC-5000) for 2-3 min at a
pressure of 4 Pa and a current of 10 mA. The SEM images of the puPADs and untreated

paper substrates were compared.

The wicking rates of the pPADs were evaluated. Figure 2-2 shows the set-up for the
deionized water wicking rate evaluation and the structure and dimensions of the uPADs
studied. A microtiter plate was used and 200 uL of deionized water was wicked through

each uPAD.
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Table 2-1 Relevant properties and the evaluated wicking rates of the paper substrates and their pPADs.

Paper type*2  Material Typical thickness*? Filtration speed*® Wicking rate before Wicking rate after

(um) (Herzberg) photolithography photolithography
(s per 100 mL) (s mm1)*¢ (s mm1)*¢

FP41 Cellulose 220 54 25+0.1 28+0.1

FP4 Cellulose 205 ca. 37 24+0.1 21 + 23

FP541 Cellulose 155 34 18+0.1 409

CP1 Cellulose 180 59+0.1 86+8

FP40 Cellulose 210 340 40+0.2 120 £ 16

FP1 Cellulose 180 ca. 150 6.2+0.2 183 + 60

NC Cellulose nitrate™ 200" 2.4+0.1 N/A

*2 EP — filter paper; CP — chromatography paper; NC — Nitrocellulose membrane (FF120HP)
*b Data obtained from GE Healthcare Life Sciences

*¢4 mm x 20 mm (n=3)

*d Cellulose nitrate with polyester backing

*¢200 pm including 100 um backing



20
30

Figure 2-2  (A) Setup using a microtiter plate for the wicking rate evaluation of the

uPADs with hydrophobic vertical boundaries and center hydrophilic regions.

(B) An illustration of the uPAD showing the dimensions in mm.

2.2.4 Simple HRP Assay using Different pPADs

The reaction of TMB with H20: in the presence of HRP was done on the pPADs fabricated
with different paper substrates. First, the yPADs were bonded onto an aluminum foil
backing using an acrylic double adhesive tape (Figure 2-3) to limit the reagents on the test
regions and avoid leakage. A 10 mM TMB solution was then added onto the test regions
of the uPADs. After at least 2 min of air-drying each test region, the TMB-immobilized
devices were then blocked with BSA-PBS for 20 min by adding 10 pL of the blocking
solution to each hydrophilic test regions. Then, the blocked hydrophilic test regions of the
uPADs were washed three times by adding 5 pL of PBST (pH 7.5) to each and then
sequentially wiped by simply pressing a cellulose absorbent sheet on top of the uPADs with
the washing solution. Finally, the washed ptPADs were air-dried for 15 min. Next, 5 pL of
100 ng mL! of HRP in PBST containing 0.001% (v/v) H20. was reacted with the
immobilized TMB on the test regions. The blue color intensities were then captured using

a digital camera (EOS Kiss X6i Canon, Japan), and analyzed using ImageJ software.
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(Please refer to Section 2.5.2 for more details regarding the image acquisition and

processing.)

Lo\
o,0
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i ® TVMB ® HRP A H,O
Aluminum foil ~ e

A B

Figure 2-3  Schematic illustrations of the (A) uPAD for the (B) HRP assay.

2.2.5 Optimization of HRP Assay System

Certain parameters were optimized before HRP measurement. The drop volume
sufficient to immobilize reagents onto a 5-mm diameter test region (Figure 2-3) was
investigated using 0.50 to 2.50 puL of 2.0 mM methyl orange (Sigma-Aldrich, USA).
Different types of blocking and washing reagents were investigated as well to determine
which reagents gave the optimum results. Blockers BSA-PBS and casein-PBS were
investigated in combination with PBST (pH 7.5) as the washing solution, and blockers
BSA-TBS and casein-TBS were investigated in combination with TBST (pH 7.5) as the

washing solution.

The optimum TMB and H>O> compositions were simultaneously determined for the
range of 0.05 to 30.0 mM TMB using a 100 ng mL™* of HRP standard with H.0>

concentrations from 0.0001 to 0.50 % (v/v).
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2.2.6 HRP Determination

After getting the optimum conditions for the HRP assay system, a determination of
HRP was made. Similar to the procedure described above, the pPADs with the 5 mm
diameter test region were first immobilized with 10 mM of TMB solution, blocked with
BSA-PBS, washed three times with PBST (pH 7.5), and then air-dried for 20 min. After
that, 5 uL solutions with concentrations of HRP in PBST ranging from 0 to 1000 ng mL
containing 0.001% (v/v) each of H20, were dropped onto the test regions. Figure 2-3B
illustrates the HRP assay. Color images were captured using a digital camera and then

analyzed using ImageJ software.

2.2.7 TMB Oxidation on Photolithography-fabricated vs. Wax-printed uPADs

Then, the effect of the photoresist and solvent exposure of the hydrophilic areas of the
photolithography-fabricated paper-based analytical devices (P-PADSs) to the detection
signals produced was investigated as opposed to the un-exposed hydrophilic areas that were
fabricated via wax-printing (W-uPADS). The W-uPADs were fabricated via wax-printing
as described previously [38] with slight modification. In brief, the patterns were first
designed using Inkscape software, printed on the chromatography paper using wax-printer
(Tektronix Phaser 850), and then melted the wax into the paper at 100°C for 2 min using

an oven (Yamato Drying-oven DX-38) to form the hydrophobic barriers.

Using both a P-uPAD and a W-pPAD, a simple HRP assay via spot test method was
simultaneously performed. Figure 2-4 shows the schematic illustration of the assay
procedure. Firstly, 1.4 uL of 35.7 mM TMB solution (equivalent to 50 nmol of TMB) was
added onto each test zones of the paper-based arrays. After at least 2 min of drying, 10 pL
of blocker BSA-PBS was next added onto each test zone. After 20 min of incubation, the

test zones were washed three times with 7.5 pL each of PBST. After 15 min of air drying
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at ambient temperature, 5 uLL of the HRP standard solutions (0 — 1000 ng mL-1) containing
0.001% (v/v) hydrogen peroxide in PBST were added into respective test zones. The
images of the PADs were recorded using a digital camera (EOS Kiss X6i Canon) and

analyzed using ImageJ software (NIH) as described previously.

Hydrophilic test zone of the
paper-based device

Addition of 50 nmol of TMB on ¥ ) ] ¥ w
the paper-based device

Blocking with BSA-PBS then DUDD D UDUDD
washing with PBST

s © ® s @
TMB oxidation upon addition of X I~ X KX KX K I

sample solution

3 TMB @ TMB/diimine complex <» BSA A H,0, . HRP

Figure 2-4  Schematic illustration of the colorimetric assay procedure involving the

catalytic oxidation of TMB by hydrogen peroxide on PADs.

2.3 Results and Discussion

2.3.1 SEM Observation and Wicking Rate Evaluation of the Substrates and pnPADs

The paper substrates were investigated to determine which one would be the most
suitable for fabricating the pPADs. Each pPAD and each untreated paper substrate were
observed by SEM. Figures 4A and C show the SEM images for two pPADs, using a

cellulose membrane-based paper substrate, Whatman filter paper grade 41 (FP41), and the
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NC membrane-based substrate (FF120HP), respectively, and Figures 4B and D show the
SEM images for their respective paper substrates before photolithography. All of the
uPADs fabricated using cellulose-based paper substrates had similar SEM images,
suggesting that each is capable of forming well-defined hydrophobic regions after
photolithography (Figure 2-5A is one example; see also Figure 2-13 in Section 2.5);
additionally, the hydrophilic regions showed no particular structural changes compared to
their original untreated counterparts. However, the cellulose nitrate matrix of FF120HP
(Figure 2-5D) was completely destroyed after the photolithography (Figure 2-5C). When
the NC membrane was impregnated with SU-8 developer, the NC matrix was immediately
damaged; and after the membrane was exposed to UV radiation and developed using the
SU-8 developer, the damage became even more (see also Figure 2-14). The NC membrane
was unstable to the SU-8 photoresist, which is mainly composed of cyclopentanone and
epoxy resin, and to the SU-8 developer, which consists of propylene glycol monomethyl
ether acetate (PGMEA). These instabilities led to the complete destruction of the membrane
after photolithography (Figure 2-5C). Therefore, the NC-based substrate was eliminated as

a choice for the uPAD fabrication.

In a microfluidic paper-based assay, the wicking rate of the uPAD is an essential
property to influence rapid flow detection. In a spot test method, the wicking rate is directly
related to the rate of spreading of the fluids within the hydrophilic test regions during assay.
Therefore, the uPAD wicking properties of the cellulose-based paper substrates were
investigated. Although FP541 has the fastest wicking rate before photolithography (1.8 +
0.1smm, Table 2-1), FP41 uPAD showed the fastest wicking rate, 2.8 = 0.1 s mm™2. This
is attributed to the different properties of the cellulose substrates, including the particle
retention (pore size), nominal basis weight and the typical thickness of each (Please refer

to Table 2-2 in Section 2.5 for more details). The different properties of the paper substrates
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suggest that the degree of compactness of the cellulose fibers in the fiber network
composition of the paper substrates possibly affects the capabilities of the paper substrates
to liberate the unpolymerized SU-8 photoresist during the washing procedure, therefore,

resulting to the reduced wicking rates of the uPADs.

3.0kV. X100 100pm 0022 11 37 SEI - I

Figure 2-5  SEM images of (A, C) uPADs and (B, D) plain Whatman filter paper grade

41 and Whatman nitrocellulose membrane FF120HP, respectively.

2.3.2 Simple HRP Reaction on the pPADs

To determine which paper substrate would be most suitable for the uPAD fabrication,
a TMB reaction with H2O in the presence of HRP was done to observe how the devices
responded to the assay. Figure 2-6 compares the cyan intensities obtained by the uPADs

under uniform reaction conditions. Figure 2-6A shows that pPADs using CP1, FP4, and
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FP41 produced the highest intensities and there was little difference between the three.

However, FP41 showed the fastest wicking rate, 2.8 £ 0.1 s mm.

Although NC membrane paper substrate is commonly used for pPAD fabrication,
specifically for lateral flow assays [39,40], it was unstable to photolithography as shown
here. Hence, for the HRP assay system, FP41 was chosen as the most suitable cellulose-

based paper substrate for the pPADs.
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5 0.5
@ @ FP1
2;0.4 ]
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Figure 2-6  (A) A comparison of cyan intensities obtained by the uPADs for the HRP
reaction with TMB under uniform conditions (n=2). (B) An image of the
uPADs showing the cyan intensities separated through ImagelJ analysis after
the HRP reaction with TMB. [Conditions: 10 mM TMB, 100 ng mL HRP

in PBST with 0.001% (v/v) H202]

2.3.3 Optimization of HRP Assay System

Prior to HRP detection, parameters including drop volume were investigated. The drop
volume is the amount of reagent needed to spread onto the entire test region. Figure 2-7

shows the FP41 uPADs for the drop volume optimization obtained after a few seconds of
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incubation using 2 mM methyl orange solution. The first trial (T1) showed that the optimum
drop volume should be from 1.25 to 1.5 pL. The second trial narrowed the optimum drop
volume to 1.4 pL. This volume was then used to introduce reagents for immobilization of

the TMB.

T Ay

05uL 1.0uL 1.25pL 15pL 1.75puL 20pL  225uL  2.5pL

12 o B ‘ 3 ‘eﬁ

10puL  1.1pL 12pL 1.3pL 14pL 15pL 164l

Figure 2-7  Photographs of the optimum drop volume investigation results using 2 mM

of methyl orange with FP41 puPADs of 5 mm diameter test regions.

Though the HRP assay system presented here involves a spot test method, a suitable
blocking condition is essential when the system is considered for practical application to a
microfluidic paper-based system involving flow-based detection. The most suitable
blocking condition was therefore determined. Blocking in bioassays allows specific
binding of target molecules and eliminates unwanted side reactions due to nonspecific
adsorption on possible remaining unblocked active sites [41]. Moreover, the blocking step
in an assay is necessary to improve sensitivity by reducing background interference. In
figure 2-8A, the signal intensity for BSA-PBS as blocking solution was more than twice as
high as the other three, and hence it was chosen for the subsequent blocking procedures.

Washing, on the other hand, is necessary to eliminate excess reagents. The blocking
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solution showing optimum washing results was BSA in PBST solution. Hence, PBST (pH,

7.5) was used for all succeeding measurements.

Investigating the optimum amount of TMB for immobilization also showed that visible
blue color intensities increased with increasing TMB concentration, as shown in Figure 2-
8B. TMB was oxidized to a blue TMB diimine product by H>O> in the presence of HRP,
forming water as another byproduct (Figure 2-9) [14,42]. The blue color intensity produced
after TMB oxidization depended on the amount of HRP present during the reaction (see
also Figure 2-16). However, higher TMB concentrations than 10 mM gave almost uniform
intensities as illustrated in Figure 2-8B (see also Figure 2-17). Hence, the concentration

used for TMB for the rest of the study was 10 mM.
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(A) Comparison of intensities produced during the HRP-TMB reaction

using different blocking conditions (n=2). (B) Signal intensities for TMB
analysis with the optimum intensity at TMB concentration of 10 mM (n=2
for 0.05 to 1 mM of TMB concentrations, and n=4 for 10 to 30 mM of TMB
concentrations). (C) Signal intensities for 100 ng mL™* of HRP in PBST
containing an increasing amount of H>O> upon reaction with different
concentrations of TMB: (1) from 0.05 to 10 mM of TMB (n=2); and (2) from
10 to 30 mM of TMB (n=4). The measured cyan intensity at 10 mM of TMB

in trial (1) was slightly different from the cyan intensity at 10 mM of TMB
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in trial (2) due to the difference in the brightness of the background as the
images were captured separately and later measured by ImageJ analysis.
[Conditions: 10 mM TMB, 100 ng mL* HRP with 0.001% (v/v) H20> in

PBST and TBST, respectively]
HsC CH;
=
HiC CH;
HiC CH3
2 | HaN O O NHp | + H,0, HRP + 2H,0
—_—

HaC CHs
HiC CH3 HN NH
HaC CH;

TMB

TMB/diimine
blue complex

Figure 2-9  TMB oxidation by H>O: in the presence of HRP produced a blue TMB

diimine product and water [41].

The optimum amount of H20. needed to obtain maximum intensity upon TMB
oxidation was determined to be 0.001% (v/v), as shown in Figure 2-8C. Although Josephy,
et al. [43] showed that 1 mole of H.O> requires 2 moles of TMB for its oxidation to produce
the maximum blue color intensity in a solution reaction, the present results showed that
about 30 times less H2O2 was enough to produce the maximum intensity using uPADs.
With 50 nmol of TMB immobilized on the pPAD, only 1.66 nmol of H2O> was necessary
to obtain the optimum cyan intensity in the presence of HRP. This was assumed to be due
to the shorter diffusion length for TMB to undergo catalytic oxidation within the pores of
the paper substrate, therefore, allowing faster reaction with much less H20, within the
cellulose fiber networks than in bulk solution. However, for higher amounts of H20., lower

to no intensities were obtained. This might be attributed to the possibility that the HRP
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activity was impeded at high H>O> concentration, and hence, the oxidation of TMB was
hindered. Another possibility was that at high H.O> concentration, the excess H.O: attacked
the oxidized blue colored diimine product of the TMB, leading to lower or no intensities.
As reported by Josephy et al. [43], the blue product was formed and then subsequently
destroyed with more H>O». This indicated that the blue product was a one-electron
oxidation product of TMB. Hence, 0.001% (v/v) of H20O, was added to the HRP solution

for reaction with immobilized TMB.
2.3.4 HRP Determination

Figure 2-10 shows the uPAD calibration plot, an actual image and the cyan profile
obtained using ImageJ analysis for the HRP determination. At the optimum working
conditions, the concentration detection range was 3 to 1000 ng mL. Since the expected
curve for most HRP-involved assays is sigmoidal in shape [44,45], a 4-parameter logistic
(4PL) nonlinear regression was done and the calibration curve was obtained as following

the equation:

where, y is the cyan intensity, x is log [HRP], a is the minimum asymptote, which can be
thought of as the response intensity at blank concentration, b is the Hill slope, which refers
to the steepness of the curve, c is the inflection point where the curvature changes in
direction or sign, and d is the maximum asymptote, which can be thought of as the response
intensity at infinite concentration [46,47]. Using Ngraph software, the 4PL equation for the

HRP-TMB system was determined as:

0.019-0.471
3.869"
i)

(1.461

y = 0471+
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Figure 2-10 (A) HRP measurements at optimum conditions (n=6). (B) An image of the
uPAD used to measure increasing concentrations of HRP in PBST inng mL~
L unit. (C) The cyan profile separated from the captured image in (B) using

ImagelJ analysis.

The inflection point, or the concentration where the curve changes direction, as computed
from the above equation is at 28.9 ng mL* HRP. The limit of detection (LOD), determined
experimentally as the lowest HRP concentration that gives a cyan intensity equal to the sum
of the cyan intensity of the blank and three times its standard deviation, was 5.58 ng mL™*

(or 0.69 fmol) HRP. Simple lateral-flow assays for HRP and peroxidase-conjugated

59



antibody have been successfully demonstrated on uPADs (see Figures 2-18 and 2-19 in
Section 2.5.4 for additional information). A further application of the established HRP
assay system to demonstrate the HRP-mediated quantification of a specific target in real

samples is kept as a scope for future work.

2.3.5 Effect of Photoresist and Solvent Exposure of the uPADs on TMB Oxidation

The catalytic oxidation of TMB by hydrogen peroxide on puPADs produces blue
colored products that can be easily detected by the naked eye. As described previously by
Josephy et al. [43], the blue color production is caused by the one-electron oxidation of
TMB in solution producing a blue charge-transfer complex of the parent compound and its
imine oxidation product in equilibrium with its cation free-radical in the presence of less
than equimolar hydrogen peroxide (see Figure 2-11A for structures). However, uPADs that
are fabricated via photolithography have hydrophilic areas that are exposed to polymers
and solvents, specifically to the SU-8 photoresist, a strong electron-donor consisting of 8
epoxy groups (Figure 2-11B), which causes the production of detection signals from the
possible formation of a charge-transfer complex with TMB. As observed experimentally,
even prior to the addition of the sample solution consisting of HRP and hydrogen peroxide,
the simple addition of TMB on the hydrophilic test zones of the PADs produce a slight blue
color intensity. This observation may be attributed to the unavoidable incomplete

elimination of the photoresist during fabrication.
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Figure 2-11 (A) Catalytic oxidation of TMB by hydrogen peroxide producing the blue
colored TMB/diimine complex [43]. (B) Chemical structure of SU-8

photoresist.

We further confirmed such observation by comparing experimental results using
MPADs that were fabricated via photolithography, in parallel with uPADs that were
fabricated via wax-printing. As described previously, photolithography has the
disadvantage of exposing the hydrophilic areas of the uPADs to polymers and solvents,
which greatly reduces the hydrophilicity and wicking ability of the PADs after fabrication.
Therefore, although this work presents a spot test method of detection, the need for
blocking was necessary to increase the hydrophilicity of the chromatography paper after
being subjected to photolithography. The blocking also enables the 5-uL. volume of sample

61



solution to spread throughout the 5-mm diameter test zones. As the HRP assay was further
performed on both the P-PAD and W-PAD, we have observed notable differences on the
signal intensities produced at similar HRP concentration range. Figure 2-12 shows the
comparison of detection signals observed using the two pUPADs. At very low HRP
concentrations including the blank, the P-uPAD produced light blue detection signals.
Analyzing the images at the blank concentration using ImageJ software shows higher cyan
intensity using the P-uPAD (Figure 2-12B) compared to that using the W-uPAD (Figure
2-12C). This may be attributed to the photoresist residues on the P-uPAD that possibly
formed a charge-transfer complex with TMB, therefore producing the faint blue false
detection signal. Another possibility could be that the amine groups of TMB may have
interacted with the epoxy groups of the photoresist, facilitating the early deprotonation of
the amine groups upon the addition of TMB to the P-uPAD (Figure 2-11). Then, the early
formation of the deprotonated TMB could have formed charge-transfer complex with the
free TMB, resulting to the formation of higher background signal (i.e., detection signal at
blank concentration). However, as the HRP concentration increased, detection signals also
increased but the magnitude of intensities are reversed showing higher intensities with the
polymer-free test zones of the W-UPAD from 10 — 1000 ng mL~* HRP concentration than
with those of P-uPAD. This may be due to a decrease in the available TMB concentration
for the reaction to proceed at the hydrophilic test zone of the P-uPAD, owing it to the
possible binding of the TMB molecules to the photoresist, hence, the production of lower
signal intensity. Yet, computing for the detection limits (LODs) of HRP (blank intensity
plus 3 times the standard deviation) on both WPADs via 4-parameter logistic (4PL)
nonlinear regression using OriginPro software (OriginLab Corporation) show a lower value
for the P-pPAD (0.33 ng mL™* or 0.038 fmol) compared to that of W-pPAD (1.08 ng mL"

1 or 0.12 fmol). The lower LOD for the P-uPAD may be attributed to the sigmoidal shape
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of the 4PL calibration curve with determined inflection point of 5.47 ng mL~* HRP and Hill
slope (referring to the steepness of the curve) of 1.32 ng! mL, which are lower values
compared to those of W-PAD (7.33 ng mL* HRP and 1.46 ng' mL, respectively).
Nevertheless, visual analysis reveal that colorimetric detection for HRP using the TMB-
H20, assay system on W-pUPAD present more reliable readouts using the naked eye than

on P-uPAD.
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Figure 2-12 (A) Representative images of the spot tests performed on P-uPAD (top
images) and W-puPAD (bottom images) at increasing HRP concentration.
(B) And (C) Respective cyan profiles of the images of the fabricated devices
at blank HRP concentration. The cyan profiles were enhanced by adjusting
the contrast and brightness to —20% and +40%, respectively. (D) 4-
Parameter logistics nonlinear regression for HRP determination. Error bars

represent 4 replicate measurements.
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2.4 Conclusion

A highly sensitive HRP assay system implemented on a microfluidic paper-based
analytical device (WPAD) using Whatman filter paper grade 41 (FP41) has been developed
where HRP can be visually detected by the naked eye using blue color intensity for a
minimum concentration of about 6 ng mL* (0.75 fmol) within a 15-minute reaction time.
The detection signals were comparably higher for the FP41 uPAD using the HRP-TMB-
H20:> reaction than for pfPADs using other paper substrates. These results suggest that the
developed FP41 uPAD can be utilized for the measurement of specific target substances
by appropriately designing the assay system for HRP-conjugated molecules. A journal
article regarding these findings has been published in Sensors and Actuators B: Chemical

(2016).

Moreover, the colorimetric oxidation of 3,3°,5,5’-tetramethylbenzidine by hydrogen
peroxide in the presence of horseradish peroxidase using photolithography-fabricated and
wax-printed paper-based analytical devices has been investigated. The production of faint
detection signal even at blank intensity suggest the possible formation of a blue colored
complex of TMB and the photoresist residues on P-puPAD. However, at higher HRP
concentration more intense detection signals are produced using W-pPAD at
concentrations from 10 to 1000 ng mL™%, which may be attributed to the possible binding
of the TMB molecules to the photoresist residues on the P-uPAD, hence, reducing the
available TMB concentration for reaction, and producing less intense detection signals. The
findings therefore demonstrate that the use of W-puPADs for the TMB-H20- assay system
in the presence of HRP offer more reliable visual readouts for practical applications
involving HRP-labeled molecules in clinical and bioanalytical fields of research. Another

journal article regarding these findings has been published in Analytical Sciences (2016).
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2.5 Additional Information

2.5.1 Preparation of Buffer and Blocking Solutions

During the optimization of blocking conditions, two buffer solutions were used
depending on the type of blocking solutions used. Phosphate-buffered saline Tween®-20
(PBST), pH 7.5 (Product # 28352, Thermo Fisher Scientific Inc., IL, USA) and Tris-
buffered saline Tween®-20 (TBST), pH 7.5 (Thermo Fisher Scientific Inc.) were both
diluted 20x with deionized water (Millipore, France) to obtain 1x working buffer solutions,
respectively. The 1x diluted concentration of PBST contains 10 mM sodium phosphate,
0.15 M sodium chloride and 0.05 % Tween®-20. pH 7.5. The 1x diluted concentration of
TBST on the other hand contains 25 mM Tris, 0.15 M sodium chloride and 0.05 % Tween®-
20, pH 7.5. The blocker stock solutions including bovine serum albumin in phosphate-
buffered saline (BSA-PBS, Product # 37525), casein in PBS (casein-PBS, Product # 37582),
BSA in Tris-buffered saline (BSA-TBS, Product # 37520) and casein in TBS (casein-TBS,
Product # 37583) were obtained from Thermo Fisher Scientific Inc. The working solutions
of BSA-PBS and BSA-TBS were diluted 10x with PBST and TBST, respectively. The
washing buffer used for BSA-PBS (containing 1 % (w/v) BSA) and casein-PBS (containing
1 % (w/v) casein) was PBST, while that for BSA-TBS (containing 1 % (w/v) BSA) and

casein-TBS (containing 1 % (w/v) casein) was TBST.

2.5.2 Image Processing using ImageJ Software

The blue color intensities produced during the HRP-TMB-H20 assay were captured
using a digital camera (EOS Kiss X6i Canon, Japan) equipped with a standard 18-55 mm
objective lens. The photos were taken using the ISO AUTO Close-up Mode with an

exposure time of 1/40 s, aperture of F/4, 1SO of 125, focal distance of 27 mm, and color
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representation in standard RGB (sRGB). The camera was hand held by the researcher and

was positioned above the pnPAD during image acquisition.

The JPG file formats of the images were analyzed using ImageJ software (NIH,
Bethesda, MD). During ImageJ analysis, the RGB images were first split to obtain the
CMYK (cyan-magenta-yellow-key) profiles. Using the cyan profile of each image, a
circular region of interest (ROI) was drawn around each test region of the uPAD for
quantitative determinations. The histogram of each of these ROI delivered a mean cyan

value that was used for quantitative determinations and construction of calibration plots.

2.5.3 Wicking Rate Evaluation of the pPADs

The wicking rates of the different paper substrates and their pPADs have been
evaluated. Before photolithography, the untreated paper substrates showed wicking rates
that were comparable to each other and were correlated to their filtration speed (in
Herzberg) as well. However, after photolithographic fabrication of the pPADs, the paper
substrates (excluding the NC membrane) revealed highly reduced wicking rates, except for

FP41 uPAD which showed the fastest wicking rate of 2.8 £ 0.1 s mm ™.

Excluding the NC (FF120HP) membrane, all the other paper substrates are composed
of cellulose fibers. Despite the similarity in composition, each paper substrate differ in
properties as shown in Table 2-2. For instance, FP41 has a typical particle retention (pore
size) of 20-25 pum similar to FP4, but the nominal basis weights of FP41 and FP4 are 85 g
m2and 92 g m?, respectively. The typical thickness of FP41 and FP4 are 220 um and 205
um, respectively. Considering the properties of the two paper substrates, FP4 would have
a more compact cellulose fiber structure than FP41 since it is less thick but has more
nominal basis weight. Therefore, although the wicking rates of both before

photolithography are comparable (2.5+0.1 s mm~and 2.4 + 0.1 s mm™ for FP41 and FP4,
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respectively), the obtained experimental result for FP41 uPAD having the faster wicking
rate compared to FP4 pPAD agrees well when taking into account the individual properties

of the paper substrates.
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Figure 2-13 (Al - A7) SEM images of different plain hydrophilic paper substrates and
(B) their corresponding SEM images after pPAD fabrication by
photolithography showing the respective boundaries that were formed
separating the hydrophilic (left) and hydrophobic (right) regions for the
cellulose-based papers (B1 — B6). The NC nitrocellulose membrane was

completely destroyed after photolithography (B7).
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Table 2-2 Relevant properties and evaluated wicking rates of the paper substrates and the evaluated wicking rates of their uPADs.

Paper type*® Typical particle Nominal basis Typical thickness*®  Filtration speed*®  Wicking rate before ~ Wicking rate after
retention in liquid*®  weight*® (g m?) (um) (Herzberg) photolithography photolithography
(pore size) (um) (s per 100 mL) (s mmt)*e (s mmt)*e

FP41 20-25 85 220 54 25+01 28+0.1

FP4 20-25 92 205 ca. 37 24+01 21+23

FP541 22 78 155 34 18+0.1 409

CP1 88 180 59+0.1 86+ 8

FP40 8 95 210 340 40+£0.2 120+ 16

FP1 11 87 180 ca. 150 6.2+0.2 183 £ 60

NC - - 200" --- 24+01 N/A

*2 EP — filter paper; CP — chromatography paper; NC — Nitrocellulose membrane (FF120HP)

*D Data obtained from GE Healthcare Life Sciences

*¢4 mm x 20 mm (n=3)

*4 200 um including 100 um backing



Figure 2-14 Photographs of the NC membrane (FF120HP) (A) before photolithography,

(B) after impregnating with photoresist, and (C) after the development step.
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Figure 2-15 Color development profile of the oxidation of TMB during HRP-TMB-H0-
assay in duplicate measurements. [Conditions: 10 mM TMB; 100 ng mL™
HRP standard with 0.001 % (v/v) H202 in PBST; blocking with BSA-PBS,

washing with PBST, pH 7.5.]
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The color development during TMB oxidation was observed to determine the necessary
incubation time during HRP-TMB-H202 assay. As shown in Figure 2-15, the cyan intensity
during color development is maximum at 15 min incubation time. However, as observed in
the color development profile, the intensities not only diminish but also the error bars widen
with further incubation as the pPADs gradually dry. Therefore, the intensities were
measured after 15 min of reaction in all experiments.
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Figure 2-16  (A) The captured image of the uPAD during the optimum H20- investigation
with different HRP concentrations of (1) 10, (2) 100, and (3) 1000 ng mL™.
(B) The bar graph of the analyzed data in (A) (triplicate measurements for
10 and 100 ng mL! HRP concentrations; and, duplicate measurements for
1000 ng mLt HRP). [Conditions: 10 mM TMB; blocking with BSA-PBS;

washing with PBST, pH 7.5.]

It was observed in Figure 2-16, however, that as the concentration of HRP was
increased, the H>O, composition necessary to produce a more intense signal also increased.
This observation was somehow expected because the amount of HRP affects the rate of
TMB oxidation, although not the concentration of the final product, as discussed previously

by Josephy, et al. (1982) [43]. In other words, it takes longer time to achieve the same blue
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color intensity of the oxidized product with lower HRP concentration. Hence, since we
were interested in working within the concentration range of 100 ng mL and 15 min

reaction time, a H.O> composition of 0.001% was then specifically chosen for the study.
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Figure 2-17 Digitally captured images of the uPADs used for simultaneous investigation
of optimum TMB and H20; compositions. (A) The pPAD image showing

intensities with TMB concentrations of (1) 10, (2) 20, and (3) 30 mM. (B)
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The uPAD image with different TMB concentrations of (1) 10, (2) 1, (3) 0.1,
and (4) 0.05 mM. [Conditions: blocking with BSA-PBS; washing with

PBST, pH 7.5; 100 ng mL* HRP standard.]

2.5.4 Comparison of Results With and Without Blocking in the Assay Procedure

2.5.4.1 Microfluidic Paper-based Assay of HRP

Blocking is an essential step during protein transport in immunoassay procedures to prevent
nonspecific binding of the protein during the transport, which often results to lower
detection signal. Hence, in order to demonstrate the applicability of the developed method
in this work to a uPAD detection, a simple HRP assay was performed on a microfluidic
paper-based platform while comparing the results of an assay with a blocking procedure to
that without BSA-PBS blocking. The upPADs were fabrication similarly via
photolithography as described in the main article and consist of a test zone with 5 mm
diameter, where TMB-H20: reaction in the presence of HRP takes place, and a sample
region with 7.75 mm diameter, where the sample solution is introduced. 1.4 pL of 35.7 mM
TMB equivalent to 50 nmol TMB was first added onto the test regions of the uPADs. After
drying for at least 2 min, the uPADs were blocked with 35 uLL of BSA-PBS for 20 min. On
the other hand, 35 pLL PBST was introduced to the other pfPADs and incubated similarly
for 20 min. After incubation, the pPADs were washed three times with PBST, pH 7.5. After
air-drying for at least 5 min, 12.5 pL of 100 ng mL™! HRP containing 0.001 % H2O; in
PBST, pH 7.5, was added onto the sample region for HRP detection. The generated cyan
intensities the ptPADs were compared by computing the percent difference, % difference,
of the intensities with and without the blocking procedures. The % difference was

determined by dividing the difference of the generated cyan intensities with blocking, Xb,
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and without blocking, Xxo, to half the sum of both the intensities as shown in the following

equation:

, _ (Xp — Xpo)
% difference = ——— X 100%
(Xp + Xpo)/2

It was then determined that the cyan intensity produced when a blocking procedure is

performed was 11.5 % higher than the cyan intensity produced without blocking (Figure 2-

”! .!
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Figure 2-18 A comparison of signal intensities produced in a microfluidic paper-based
assay of HRP with and without the blocking procedure at triplicate
measurements. Inset: Representative images and their respective cyan
profiles of the uPADs used for the HRP assay with a scale bar of 5 mm.
[Conditions: 50 nmol TMB; blocking with BSA-PBS; washing with PBST,
pH 7.5; 12.5 pL of 100 ng mL~! HRP containing 0.001 % H-0; in PBST,

pH 7.5, solution.]
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2.5.4.2 Microfluidic Paper-based Assay of Anti-biotin 1gG-peroxidase

To evaluate further the applicability of the proposed method for uPAD detection using
HRP-conjugated proteins, anti-biotin 1gG-peroxidase was measured as a model compound
in a similar fashion as described above for the HRP assay while comparing the generated
signal intensities with and without the blocking procedures during the assay. 50 nmol TMB
was first added onto the test regions of the uPADs and allowed to dry for at least 2 min.
After drying, the uPADs were blocked with BSA-PBS and incubated for 20 min, while the
other set were simply incubated with PBST, pH 7.5, for 20 min. After incubation, the
uPADs were washed three times with PBST, pH 7.5, and allowed to dry for at least 5 min.
After drying, the sample solution consisting of 0.26 pg mL™* of the peroxidase-conjugated
biotin antibody and 0.001 % H.O> in PBST, pH 7.5, was introduced in the sample region.
The generated cyan intensities were then measured and compared in Figure 2-19. At 15
min incubation time, the % difference were determined to be 17.6 %, with results obtained
via uPAD assay with blocking procedure more intense than that obtained for the yPAD
assay without blocking. This result then demonstrates that nonspecific binding of the
proteins during protein transport is highly more likely in the absence of a blocking step
during assay. With this observation, a longer uPAD compared to the 2.05-cm long pPAD
used in this work would then be expected to generate signal intensity with a larger %
difference due to more nonspecific binding that is expected to occur during protein

transport before reaching the detection zone.

74



o
o

o
3

°
~

Cyan Intensity, a.u.
=} o
N w

o©
—_

Without With
BSA-PBS Blocking

Figure 2-19 A comparison of signal intensities produced during the microfluidic paper-
based assay of peroxidase-conjugated biotin antibody with and without the
blocking procedure at triplicate measurements. Inset: Representative images
and their respective cyan profiles of the uPADs used for the HRP assay with
a scale bar of 5 mm. [Conditions: 50 nmol TMB; blocking with BSA-PBS;
washing with PBST, pH 7.5; 25 uL of 0.26 pg mL* anti-biotin IgG-

peroxidase containing 0.001 % H202 in PBST, pH 7.5, solution.]
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CHAPTER 3 Competitive Immunoassay System for Microfluidic

Paper-based Analytical Detection

3.1 Introduction

Several detection methods have been incorporated in microfluidic paper-based
analytical devices (uPADs) for target detection including colorimetric [1-5],
electrochemical [6-10], fluorescence [11-13], chemiluminescence [14-17], and
electrochemiluminescence [18] methods. Among these methods, colorimetric method
offers the simplest means to display detection results without the use of additional read-out
devices since a simple production of or change in color intensity as a result of the presence
or absence of a target compound is easily obtained. Such colorimetric methods include
immunoassays [19-21], which involve the recognition and binding of antibodies to specific
molecules in what might be a complex mixture of molecules, providing high specificity for
target detection. Moreover, another key feature that immunoassays have is the means to

produce measureable detection signal as a result of the antibody-antigen binding.

The conventional method for competitive immunoassay such as the enzyme-linked
immunosorbent assay (ELISA) involves the use of microtiter plates and a photometer to
measure the absorbance or optical density of the solution being measured. This
conventional method, however, has the disadvantage of not only requiring such device
readers making it impractical for onsite monitoring of target substances, but also requires
larger volumes of reagents as well as the need of an expert to perform the measurement.
Therefore, the application of pPADs for onsite screening and monitoring of target
substances provide a low-cost, easy-to-perform and rapid analysis, requiring only small

amounts of reagents, as well as sample solution, and little to no external supporting
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equipment or power, and that may not require trained personnel to perform the

measurement.

In the previous chapter, we have demonstrated a simple colorimetric assay system of
horseradish peroxidase (HRP) on pPADs. The color production reaction was based on the
oxidation of the chromogen 3,3’5,5’-tetramethylbenzidine (TMB) by hydrogen peroxide,
H20,, in the presence of the HRP enzyme. Similar assay system has been developed in the
present work. Here, however, an antigen-antibody interaction is involved, the antigen being
of a small molecular weight molecule, hence, a competitive immunoassay system using
uPADs was designed as the platform. The pPADs have been fabricated first via
photolithography, and then further prepared by depositing and immobilizing reagents on
the uPADs. The pPADs consist of control and test regions, where the TMB chromogen
were deposited, a capture region, where the capture reagent was immobilized, and sample
introduction zone, where the sample solution was introduced into the device. The
developed competitive immunoassay system was successfully demonstrated using biotin

as a model compound and aflatoxin By for practical application of the system on uPADs.

3.2 Research Methodology

3.2.1 Chemicals

All reagents were of analytical grade. 35.7 mM of 3,3°,5,5’-tetramethylbenzidine
chromogen reagent (Dojindo Laboratories, Kumamoto, Japan) was prepared with
acetonitrile (Wako Pure Chemical Industries, Ltd., Japan). The 1x blocker bovine serum
albumin in phosphate-buffered saline (BSA-PBS) (Thermo Fisher Scientific Inc) was
diluted with 1x phosphate-buffered saline Tween® 20 (PBST), pH 7.5 (Thermo Fisher
Scientific Inc., IL, USA), which was also used as the washing solution during immunoassay.

For the biotin immunoassay, 200 pg mL™ biotin stock solution (Sigma-Aldrich, Inc.) and
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10 mg mL?! biotin-BSA conjugate (Sigma-Aldrich, Inc.) were prepared by dissolving the
solids separately in PBST. For the AFB: immunoassay, 1 mg Aflatoxin B, (AFB1) powder
(Sigma-Aldrich, Inc., MO, USA) was dissolved in 1 mL acetonitrile, and 1 mg mL ! AFB;-

BSA conjugate (Sigma-Aldrich, Inc.) was prepared in PBST.

3.2.2 Fabrication of pnPADs

The uPADs were fabricated by photolithography as described in our previous work?,
with slight modification of the first reported method [22]. The fabrication procedure
includes the following steps: (1) soaking of Whatman filter paper grade 41 (GE Healthcare
Life Sciences, UK) or Alhstrom grade 319 (Ahlstrom Corporation, Helsinki, Finland) in
SU-8 2010 photoresist (Microchem, MA, USA) for about 30 s; (2) spinning for 5 s at 500
rpm then for 30 s at 2000 rpm to remove excess photoresist using a spin coater (Mikasa
MS-A100, Japan); (3) prebaking for 5 min at 95°C; (4) aligning under a photomask
(designed using AutoCAD 2015 (Autodesk, Inc., USA), and then ordered from Unno Giken
Co., Ltd. (Tokyo, Japan) for printing with a resolution of 12700 dpi) using a mask aligner
(Mikasa M-1S, Japan) after cooling to room temperature for 30 s and before being exposed
to UV radiation for 18 s; (5) post-baking for another 5 min at 95°C; and, (6) developing
(SU-8 developer, Microchem) for 6 min then washing 3 times with 2-propanol (Wako Pure
Chemical Industries, Ltd.). The fabricated uPADs were dried with high pressured air and

then stored in a sealed plastic bag until the time of use.

3.2.3 Preparation of pPADs for Competitive Immunoassay

Before using for immunoassay, one side of the fabricated pfPADs was bonded to an
acrylic double adhesive tape without removing the rayon of the other side of the tape to
limit the reagents on the hydrophilic regions and avoid leakage (Figure 3-1). The capture

zone was then chitosan-activated as described in a previous report before immobilizing the
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capture reagents [23]. In brief, 0.25 mg mL™ of chitosan (Wako Pure Chemical Industries,
Ltd.) solution was prepared by dissolving the flakes in hot (80 — 90°C) aqueous solution of
0.05 M HCI (Wako Pure Chemical Industries, Ltd.), and then adjusting the pH to 3.5~5.0
with sodium hydroxide solution (Wako Pure Chemical Industries, Ltd.) after cooling to
room temperature. 0.6 pL of the chitosan solution was added to the capture zone and
allowed to dry for at least 5 min. Then, chitosan was activated with 2.5% glutaraldehyde
(Wako Pure Chemical Industries, Ltd.) in PBST and incubated for 1 hr at room temperature.
After incubation, the capture zone with glutaraldehyde-activated chitosan was washed three
times with PBST and then sequentially wiped by simply pressing a cellulose absorbent
sheet on top of the uPADs with the washing solution and then allowed to dry for at least 5
min. For the biotin immunoassay, a total of 3.0 uL of 10 mg mL of biotin-BSA conjugate
was added 5 times at 0.6 uL. volume each onto the capture zone for immobilization. For the
AFB; immunoassay, a total of 10 pL of 1.0 mg mL™ capture AFB;-BSA was added 10
times at 1 pL. volume each onto the capture zone for immobilization. After allowing to dry
for at least 5 min, the capture zone was similarly washed three times with PBST and then
sequentially wiped. Then, 1.4 uL of 35.7 mM TMB solution (50 nmol TMB) was added
onto the test and control zones of the uPADs and were allowed to air-dry for at least 2 min
each before blocking with 100 uL of BSA-PBS solution for 20 min. After blocking, the
uPADs were washed three times with 75 pL each of PBST washing solution, sequentially

wiped with cellulose absorbent sheet, and then allowed to air-dry at room temperature.

3.2.4 Competitive Immunoassay of Biotin on pPADs

For the biotin immunoassay, the biotin standard solutions composed of increasing
concentration of the standard (0 — 10 pg mL™), 1:7,000 dilution of anti-biotin 1gG-

peroxidase (Sigma-Aldrich, Inc), and 0.001% hydrogen peroxide solution (Wako Pure
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Chemical Industries, Ltd.). 50 puL each of the biotin standard solutions were introduced
separately on the uPADs for colorimetric detection. The images of the uPADs were
captured using a digital camera (EOS Kiss X6i Canon, Japan), and then analyzed using

ImageJ software.

Rayontape

< 77 UPAD
oa 2y b .
A 74 Acrylicadhesive
"-g:.*-

Figure 3-1  Schematic illustration of the competitive immunoassay system on uPAD.
[Legend: .7 — TMB; £ — biotin-BSA or AFB1-BSA; A —H,02; ¢ — biotin or

AFB;; Ye — anti-biotin 1gG-peroxidase or anti-AFB; IgG-peroxidase]
3.2.5 Competitive Immunoassay of Aflatoxin Bi on pnPADs

For the AFB: immunoassay, the standard solutions composed of increasing
concentration of the AFB; standard (0 — 25 ng mL 1), 1:25,000 dilution of anti-AFB; 1gG-
peroxidase, and 0.001% hydrogen peroxide solution. 50 pL each of the AFB: standard
solutions were introduced separately on the pPADs for colorimetric detection. The images

were captured using digital camera and analyzed using ImageJ software.
3.2.6 Image Analysis for Colorimetric Measurements

The blue color intensities produced during the competitive immunoassay were

captured using a digital camera (EOS Kiss X6i Canon, Japan) equipped with a standard 18-
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55 mm objective lens. For the biotin measurements, the photos were taken using the I1SO
AUTO Close-up Mode with an exposure time of 1/125 s, aperture of F/5, 1SO of 100, focal
distance of 44 mm, and color representation in standard RGB (SRGB). The uPADs were
placed in a light box made of acrylic and painted black with two LED lights positioned
parallel to each other on top of the box (Figure 3-2). The light box has a cover with a hole
that exactly fits the camera lens where the camera is positioned above the pPAD during
image acquisition. For the AFB: measurements, the photos were taken using the 1SO
AUTO Close-up Mode with an exposure time of 1/60 s, aperture of F/4.5, ISO of 1250,
focal distance of 36 mm, and color representation in standard RGB (SRGB). The camera
was hand held by the researcher and was positioned above the pPAD during image

acquisition.

The RAW file formats of the images were processed with Digital Photo Professional
(Canon, Japan) and stored as a 16-bit color TIF file (Figure 3-4A). The RGB file was then
split to obtain the CMYK (cyan-magenta-yellow-key) profiles (Figures 3-4B to 3-4E)
using ImageJ software (NIH, MD, USA). Using the cyan profile of each image, a circular
region of interest (ROI) was drawn around each test and control zones of the uPAD for
quantitative determinations. The histogram of each of these ROI delivered a mean cyan
intensity value that was used for quantitative determinations and construction of

calibration plots.
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Figure 3-2  Process of data acquisition using digital camera and data quantification

using ImageJ software.
3.3 Results and Discussion
3.3.1 Competitive Immunoassay on pPADs

The puPAD detection system presented in this work demonstrates a competitive type of
immunoassay. The pfPAD composed of a sample introduction zone located on one end of
the uPAD, a control zone and a test zone that branch out from the sample introduction zone
and are located on the other end of the uPAD opposite to the sample zone, and a capture
zone located between the test zone and the sample introduction zone where competitive
immunoassay takes place. Upon mixing of the components of the sample solutions, the
peroxidase-conjugated antibody binds to the free antigen in the solution. As the sample
solution is introduced in the sample zone of the pPAD, all the components flow via
capillary action to the capture zone, where, unbound peroxidase-conjugated antibody are
captured and allowed to bind to the immobilized BSA-conjugated antigen. The previously
antigen-bound peroxidase-conjugated antibody however flows past the capture zone and
reaches the TMB-immobilized test zone as illustrated in Figure 3-3. A blue-colored TMB
diimine product is then formed at the test zone for quantitative measurement. Hence,

competition happens at the capture zone of the pPAD immunoassay system. With
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increasing antigen concentration in the sample solution, more antigen-bound peroxidase-
conjugated antibody component flows past the capture and to the test zone which result to
an increasing blue colored product intensity as well. At the control zone however, all
antigen-bound peroxidase-conjugated antibodies flow completely to the TMB-immobilized
control zone, hence producing a constant blue color intensity. Quantification is then
performed by measuring the relative intensity, Ir, which is computed by simply dividing

the test intensity, I, with the control intensity, I, with the following equation:

m‘{.r”"‘ﬂ@gf?f

N

Sample zone Capture zone Test zone

Figure 3-3  Schematic illustration of the competitive immunoassay on pPAD. [Legend:

A — H202; ¢ — biotin or AFB;; ¥e — anti-biotin 1gG-peroxidase or anti-

AFB; IgG-BSA; ! — biotin-BSA or AFB;-BSA,; ;?’— biotin-BSA-captured
anti-biotin  1gG-peroxidase or AFB:-BSA-captured anti-AFB: IgG-

peroxidase; & — TMB diimine]
3.3.2 Data Evaluation for Colorimetric Measurements

The competitive immunoassay system demonstrated a colorimetric detection of the
target on a uPAD using the common enzymatically catalyzed TMB-H20, system. Upon
enzymatic oxidation of TMB by hydrogen peroxide in the presence of peroxidase, a blue

TMB diimine product is produced with water as byproduct. The blue intensity of the TMB
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diimine product depends on the amount of peroxidase that catalyzes the reaction of TMB
and H.0, as demonstrated in our previous work.® The intensities were captured using a
digital camera, and then image-processed using Digital Photo Professional (Canon, Japan)

and analyzed using ImageJ software (NIH, MD, USA).

During image processing, the RGB images were first split to CMYK (cyan-magenta-
yellow-key) profiles to determine which profile would best provide quantitative results
during analysis. Figure 3-4 shows the split CMYK profiles of a representative detection
uPAD. Based on the different profiles, since the immunoassay produces a blue colored
product after target detection with different concentration producing varying intensities, we
find that the cyan profile would provide the best quantitation for target measurement.
Therefore, the TMB-H202 immunoassay system was quantitatively measured via cyan

profiles of each uPAD used for immunoassay.

Figure 3-4  (A) The RGB image and its (B) cyan, (C) magenta, (D) yellow, and (E)

key split profiles of a FP41 uPAD after image-processing with ImageJ.
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3.3.3 Method Application for Specific Target Detection

3.3.3.1 Biotin Immunoassay

The proposed competitive immunoassay system on uPAD was tested using biotin as
the first model compound. To determine the time it takes for the reaction to produce the
maximum relative intensity, the development profile of the biotin immunoassay was plotted.
As shown in Figure 3-5, although the cyan test intensity increases with time (Figure 3-5A),
the relative intensity is constant at any time from 5 min up to 30 min incubation time (Figure
3-5B). However, to allow enough time for color development, the calibration plot for the
biotin measurement was constructed after analyzing the color intensities of each uPAD
obtained after 20 min of incubation time. Figure 3-6 shows the calibration plot for the biotin
measurements after analyzing the cyan intensities produced during biotin pPAD
immunoassay. The limit of detection (LOD), determined experimentally as the lowest
biotin concentration that gives a cyan intensity equal to the sum of the cyan intensity of the

blank and three times its standard deviation, was 0.10 pg mL™ biotin.
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Figure 3-5  Color development profile showing (A) the cyan test intensity , and (B) the
relative cyan intensity of biotin immunoassay on FP41 pPAD (n=3).

[Conditions: 10 pg mL™* biotin with 1:7,000 dilution of anti-biotin 1gG-
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peroxidase conjugate and 0.001% H.O,; BSA-PBS blocking; PBST

washing; 0.050 umol TMB]
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Figure 3-6  Biotin immunoassay on FP41 uPAD.

3.3.3.2  Aflatoxin B1 Immunoassay

To demonstrate the versatility of the proposed competitive immunoassay system for
detecting target compounds on PPAD for practical applications, a highly toxic foodborne
substance in the form of aflatoxin B:1 (AFB1) was detected as well along with the
comparison of AFB: immunoassay results using two different paper substrates — Whatman
filter paper grade 41 (FP41) as previously reported?, and a commonly used absorbent pad
Ahlstrom grade 319 (A319). Although the previous demonstrations of HRP-catalyzed
TMB-H:0; assay on different cellulose-based uPADs showed constant tint of blue color in
the oxidized TMB product, TMB oxidation using A319 pPAD during AFB; immunoassay
revealed a bluish yellow-green color of product as shown in Figure 3-7A. Since similar
competitive immunoassay system of identical target compound was being evaluated using
the two uPADs, the measured relative cyan intensities are similar as well (Figure 3-7B).
However, with the different tint of product being measured with the A319 uPAD, the

standard deviations represented by the error bars for the A319 pPAD measurements are
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significantly higher than the results using FP41. Moreover, visual analysis is more reliably
performed using FP41 pPADs with its more intense blue colored product after
immunoassay. Hence, the quantitative measurements of AFB1 on FP41 uPADs are plotted
in Figure 3-8, showing a detection limit of 1.31 ng mL* at the highest test intensities

produced between 6 to 9 min of incubation.

>
w

AFB, concentration, ng mL""
blank 2.5 10 20

N

A319 2
208 .
£ .
k= o |
= 06
S °
©o4
blank 5 10 25 -502 o FP41
= ® U.
P41 o @ @ & 3 A319
0
0 05 1 15 2

Log [AFB, + 2], ng mL-!

Figure 3-7  (A) Images of the A319 and FP41 uPADs, and (B) the comparative results

of AFB1 immunoassay on the pPADs.
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Figure 3-8  Competitive immunoassay of AFB; on FP41 pPAD.
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3.4 Conclusion

A novel competitive immunoassay system on a microfluidic paper-based device has
been demonstrated. The pPAD consisted of three main elements: (1) test and control zones;
(2) a sample introduction zone; and (3) a capture zone. Competition happens in the capture
zone, where antigen-free peroxidase-conjugated antibodies are captured before it reaches
the test zone, inhibiting the production of blue colored TMB diimine product due to the
limited peroxidase molecules reaching the test zone, which in turn implies the absence or
the limited presence of antigen in the sample solution. The proposed competitive
immunoassay system was demonstrated on pPADs with biotin as a model compound and
with aflatoxin B, for analytical testing as a practical application for food monitoring, with
limits of 0.10 pg mL* for biotin and 1.31 ng mL* for AFBs1. This simple competitive
immunoassay system introduces the basic fundamental principle of competitive ELISA on
microfluidic paper-based devices, verifying its promising applications on a broad range of
analytical testing, not only in food monitoring, but also in environmental as well as clinical
applications. A journal article regarding this chapter has been submitted for consideration

in Analyst and is now currently under revision
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Chapter 4  Microfluidic Paper-based Analytical Devices for Aflatoxin

B: Immunoassay in Food

4.1 Introduction

Aflatoxin B1 (AFB1), is a highly toxic and carcinogenic substance that is produced by
Aspergillus fungi and is found in food and agricultural products such as corn and peanuts,
among others. Being the most predominant and most toxic kind of mycotoxin, AFB; has
been classified by the International Agency for Research in Cancer (IARC, 2002) as a group
1 carcinogen in humans as well as in animals [1]. Since its discovery in 1960s, many
conventional methods based on chromatographic principles have been developed for the
quantification of AFB: [2-8]. However, these methods are costly, time-consuming,
laborious, unsuitable for on-site detection, and require trained personnel in performing the
measurement [9]. Microfluidic paper-based analytical devices (uWPADs), on the other hand,
are constantly being developed in various fields of analytical research mainly due to the
inexpensive materials and cost-effective manufacturing processes required [10-15].
Additional advantages of such devices include simplicity, portability, and rapid with
highly-multiplexed analysis when fully developed, therefore making it an inexpensive
alternative method to more advances methodologies and equipment already being used to
date. Moreover, uPADs have the characteristic advantage of being highly suitable for onsite
detection without requiring trained personnel when performing the analysis, hence, making

it an attractive method for use in less industrialized countries.

In the present work, uPADs, which were first fabricated through photolithography — a
fabrication technique that offers high resolution with regards to the construction of
microfluidic channels with sharp barriers [10] — have been proposed for the determination
of AFB: via colorimetric immunoassay technique. The uPADs consisted of a sample
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introduction zone, a capture zone immobilized with a capture reagent, and a reaction zone
deposited with 3,3°,5,5’-tetramethylbenzidine (TMB) chromogen substrate. Since AFB;
has a small molecular weight compared to proteins and other macromolecules, two
competitive immunoassay (CI) systems have been developed using pPAD platform for
AFB; detection. The first Cl system (CI-S1) was designed to allow competition of the target
AFB; with the immobilized capture AFB1-BSA at the capture zone, allowing only the target
AFB;-bound anti-AFB1 IgG-peroxidase to be transported past the capture zone via capillary
action and oxidize the deposited TMB into a blue colored TMB diimine product at the
reaction zone by H->O: in the presence of the peroxidase-conjugate. The second CI system
(C1-S2), on the other hand, was designed to allow competition prior to sample introduction.
As the sample solution was introduced into the uPAD, the sample components travel
through the capture zone via capillary action, wherein, an anti-BSA IgG capture reagent
was immobilized. At the capture zone, the AFB1-BSA-bound anti-AFB; 1gG-peroxidase is
captured, allowing only the target AFB1-bound anti-AFB: IgG-peroxidase to be transported
past the capture zone and similarly oxidize the deposited TMB at the reaction zone by H>O>
in the presence of the peroxidase-conjugate. For both CI systems, signal intensities were
expected to increase with increasing target AFB1 concentration. Then, AFB1 was measured

using the proposed CI systems and the results obtained are discussed for each system.

4.2 Research Methodology

421 Chemicals

All reagents were of analytical grade. 35.7 mM of 3,3°,5,5’-tetramethylbenzidine
chromogen reagent (Dojindo Laboratories, Kumamoto, Japan) was prepared with
acetonitrile (Wako Pure Chemical Industries, Ltd., Japan). The blocking solution composed

of 1x blocker bovine serum albumin in phosphate-buffered saline (BSA-PBS) (Thermo
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Fisher Scientific Inc) was diluted with 1x phosphate-buffered saline Tween® 20 (PBST),
pH 7.5 (Thermo Fisher Scientific Inc., IL, USA), which was also used as the washing
solution during immunoassay. 1.0 mg mL ! Aflatoxin B1 (AFB:) (Sigma-Aldrich, Inc., MO,
USA) stock solution prepared by dissolving 1.0 mg of the powder in 1.0 mL acetonitrile,
from which different concentration of standard solutions (0 — 25 ng mL 1) were prepared.
1.0 mg mL! AFB1-BSA conjugate (Sigma-Aldrich, Inc.) and 2.2 mg mL ™ anti-BSA 1gG

(Sigma-Aldrich, Inc.) solutions were prepared separately with PBST, pH 7.5.

4.2.2 Preparation of pnPADs

The uPADs were fabricated by photolithography as described in Chapter 2, with slight
modification of the first reported method.! Before using for immunoassay, one side of the
fabricated pPADs was bonded to an acrylic double adhesive tape without removing the
rayon of the other side of the tape to limit the reagents on the hydrophilic regions and avoid

leakage (Figure 4-1).

4.2.2.1 nPADs for AFB1 Measurements via Competitive Immunoassay System 1

(CI-S1)

The capture zone was first chitosan-activated as described in a previous report before
immobilizing the capture reagents.2 0.6 uL of the chitosan solution was added to the capture
zone and allowed to dry for at least 5 min. Then, chitosan was activated with 2.5%
glutaraldehyde (Wako Pure Chemical Industries, Ltd.) in PBST and incubated for 1 hr at
room temperature. After incubation, the capture zone with glutaraldehyde-activated
chitosan was washed three times with PBST and then sequentially wiped by simply
pressing a cellulose absorbent sheet on top of the yPADs with the washing solution and
then allowed to dry for at least 5 min. 1.0 pL of 1.0 mg mL* capture AFB1-BSA was added

onto the capture zone for immobilization. After incubating for 20 min, the capture zone
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was similarly washed three times with PBST and then sequentially wiped. Then, 1.4 puL of
35.7 mM TMB solution (0.050 umol TMB) was added onto the test and control zones of
the pPADs and were allowed to air-dry for at least 2 min each before blocking with 35 pL.
of BSA-PBS solution for at least 5 min. After blocking, the pyPADs were washed three
times with 35 pL each of PBST washing solution, sequentially wiped with cellulose
absorbent sheet, and then allowed to air-dry at room temperature. For the AFB:
immunoassay via competitive immunoassay system 1 (CI-S1), the standard solutions
composed of increasing concentration of the AFB; standard (0 — 20 ng mL™?), 1:25,000
dilution of anti-AFB;1 IgG-peroxidase, and 0.001% hydrogen peroxide solution. 12.5 pL
each of the AFB: standard solutions were introduced separately on the pPADs for
colorimetric detection. The images were captured using digital camera (EOS Kiss X6i
Canon, Japan), processed using Digital Photo Professional (Canon, Japan), and analyzed

using ImagelJ software (NIH, MD, USA) as described in Chapter 3 of this manuscript.

4.2.2.2 nPADs for AFB1 Measurements via Competitive Immunoassay System 2

(CI-S2)

Similarly, the capture zone was first chitosan-activated before immobilizing the
capture reagents. After chitosan activation, 1.0 pL of 2.2 mg mL™ capture anti-BSA IgG
solution was added onto the capture zone for immobilization. After incubating for 20 min,
the capture zone was similarly washed three times with PBST and then sequentially wiped.
Then, 1.4 pL of 35.7 mM TMB solution (0.050 pmol TMB) was added onto the test and
control zones of the pPADs and were allowed to air-dry for at least 2 min each before
blocking with 35 pLL of BSA-PBS solution for at least 5 min. After blocking, the ptPADs
were washed three times with 35 pL each of PBST washing solution, sequentially wiped

with cellulose absorbent sheet, and then allowed to air-dry at room temperature. For the
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AFB:1 immunoassay via competitive immunoassay system 2 (C1-S2), the standard solutions
composed of increasing concentration of the AFB; standard (0 — 50 ng mL™1), 0.32 pg mL~
1 AFB:-BSA conjugate, 1:25,000 dilution of anti-AFB; IgG-peroxidase, and 0.001%
hydrogen peroxide solution. 12.5 uL each of the AFB; standard solutions were introduced
separately on the pPADs for colorimetric detection. Then, the images were captured using
digital camera, processed using Digital Photo Professional, and analyzed using ImageJ

software.

4.2.3 AFB: Detection using ELISA kit

The conventional method of detection for AFB; via ELISA was performed using a
commercial Aflatoxin B1 ELISA kit (5121AFB, EuroProxima, Netherlands). The kit
composed of a ready-to-use microtiter plate coated with antibodies directed against mouse-

lgG.

4.3 Results and Discussion

4.3.1 Competitive Imnmunoassay Systems on pPADs

Two competitive immunoassay (ClI) systems for the detection of AFB1 on uPADs have
been proposed in this work. Though both consist of 3 similar elements — a sample
introduction zone located at one end of the uPAD, a reaction zone located at the other end
of the uPAD opposite to the sample introduction zone, and a capture zone located between
the reaction zone and the sample introduction zone, — the chemical components of ClI
systems differ. For CI-S1, the capture zone was composed of AFB1-BSA, while that of the
CI-S2 composed of anti-BSA 1gG as illustrated in Figure 4-1. Moreover, for CI-S1, the
sample solution was composed of the AFB: antigen, anti-AFB1 1gG-peroxidase conjugate,

and hydrogen peroxide solution. On the other hand, the sample solution for CI-S2
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composed of the AFB; antigen, AFB;-BSA conjugate, anti-AFB1 1gG-peroxidase
conjugate, and hydrogen peroxide solution. Hence, competition occurs at the capture zone
for C1-S1, while competition occurs at the sample zone or even before sample introduction

for CI-S2.

Reaction zone Reaction zone

“~—Rayon tape “— Rayon tape

- YoYe
,/Arrylicadhesive M?A 74 - Acrylicadhesive
\

Figure 4-1  Schematic illustration of the competitive immunoassay systems (A) CI-S1
and (B) CI-S2 on pPADs. [Legend: ¢ — AFB;; A — H,02; Ye — anti-AFB;

lgG-peroxidase; £ — AFB1-BSA; ¥ — anti-BSA IgG; . — TMB]
4.3.1.1 AFB:1 Competitive Immunoassay System 1 (CI-S1)

In CI-S1, the anti-AFB; 1gG-peroxidase conjugate binds to the free AFB1 upon mixing
of the components in the sample solution. As the sample solution is introduced in the
sample zone of the uPAD, all the components flow via capillary action to the capture zone,
wherein, unbound anti-AFB; IgG-peroxidase conjugates are captured and allowed to bind
to the immobilized AFB1-BSA. The previously bound AFB:—anti-AFB:1 1gG-peroxidase,
however, flows past the capture zone and reaches the TMB-immobilized test zone as
illustrated in Figure 4-2. A blue-colored TMB diimine product is then formed at the test
zone for quantitative measurement. Hence, competition happens at the capture zone of the

uPAD immunoassay system. With increasing AFB1 concentration in the sample solution,
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more AFB:—anti-AFB: IgG-peroxidase form and flow past the capture zone all the way to
the test zone which result to an increasing blue colored product intensity as well.
Quantification is then performed and the AFB1 measurements via CI-S1 are plotted in

Figure 4-3A and the image of the uPAD is shown in Figure 4-3B.

Sample zone Capture zone Test zone

Figure 4-2  Schematic illustration of the competitive immunoassay on pPAD. [Legend:

A — H,0z ¢ — AFBy; Yo — anti-AFB; IgG-BSA; I — AFB-BSA:; f -

AFB1-BSA-captured anti-AFB; 1gG-peroxidase; Y - AFB:-bonded anti-

AFB: 1gG-peroxidase; & — TMB diimine]
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Figure 4-3  Competitive immunoassay of AFB1 on uPAD via CI-S1 at pH 7.5.
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4.3.1.2 AFB:1 Competitive Immunoassay System 2 (CI-S2)

As described earlier for CI-S2, competition occurs prior to sample introduction. The
anti-AFB:1 IgG-peroxidase conjugates bind to either the AFB; target or the AFB:-BSA
conjugate present in the solution. The components in the sample solution then flow through
the capture zone via capillary action after sample introduction. At the capture zone, the
AFB;1-BSA-bound anti-AFB; 1gG-peroxidase is captured by another antibody that has been
previously immobilized and is specific to BSA. Hence, only the target AFB1-bound anti-
AFB;: lgG-peroxidase flows past the capture zone and reaches the reaction zone as
illustrated in Figure 4-4. At the reaction zone, colorimetric reaction occurs producing blue
colored TMB diimine product after TMB oxidation by H>O> in the presence of the
peroxidase conjugate. The produced blue color intensity depends on the amount of
peroxidase-conjugated AFB;: antibody present at the reaction zone, which indirectly
indicates the amount of AFB; target present in the sample. Similarly then, quantification is
performed and the AFB1 measurements via CI-S2 are plotted in Figure 4-5A and the image

of the uPAD is shown in Figure 4-5B.

Sample zone Capture zone Test zone

Figure 4-4  Schematic illustration of the competitive immunoassay on uPAD. [Legend:

A — H,02; ¢ — AFB;; Ye —anti-AFB; 1gG-BSA; £ — AFB1-BSA; Y — anti-
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; 7

BSA IgG; Y _ anti-BSA IgG-capture AFB1-BSA; Y _ AFB:-BSA-

bonded anti-AFB: 1gG-peroxidase captured by anti-BSA IgG; Y AFB:-

bonded anti-AFB;1 1gG-peroxidase; @ — TMB diimine]
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Figure 4-5  Competitive immunoassay of AFB1 on uPAD via CI-S2 at pH 7.5.

4.3.2 Comparison of the uPAD CI Methods with the Conventional Method for

AFB;1 Detection

The conventional method for AFB: detection via enzyme linked immunosorbent assay
(ELISA) on microtiter plate was performed for method comparison. The assay protocol for
the AFB1 ELISA on microtiter plate is illustrated in Figure 4-6. In step 1 of the assay, the
target AFB1 was added in the cell, which was pre-coated with antibodies directed to mouse
IgG, followed by the peroxidase-labeled AFBi1. Then the anti-AFB;: IgG was added and
competition took place. The mixture was incubated for 1 hour to allow competitive binding
of the target AFB1-bound or peroxidase conjugated AFB1-bound anti-AFB; 1gG to the anti-
mouse IgG coating on the cell. Finally, after washing off the free antigen and peroxidase-
conjugated antigen, the TMB chromogen solution was added allow TMB oxidation by
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hydrogen peroxide in the presence of peroxidase enzyme. The absorbance values were then
measured at 450 nm wavelength and the calibration curve obtained is shown in Figure 4-7.
Performing a 4-parameter logistic regression delivered a limit of detection of 0.030 ng mL~

! for the AFB; ELISA Kit.

Figure 4-6  Schematic illustration of the competitive immunoassay procedure using the
Aflatoxin ELISA kit. [Legend: ¢ — AFBy; 1 — anti-mouse 19G; § — AFB;-
peroxidase; Y — anti-AFB; 1gG; v — TMB; @ — oxidized TMB (TMB

diimine)]
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Figure 4-7  (A) Image of the portion of the microtiter plate during (B) AFB1 ELISA

detection.
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4.3.3 pH Evaluation on pPAD CI systems

Due to the fact that the working pH used in the AFB1 ELISA kit was pH 6.5, the effect
of this pH was also evaluated in this work. Figure 4-8 shows the cyan intensities obtained
via spot test of a simple TMB-H20- reaction catalyzed by HRP. As observed in the figure,
TMB oxidation produces a 29.1% higher intensity with pH 6.5 than with pH 7.5 at 14 min
of incubation, after which, the cyan intensities decreased with pH 6.5. The percent
difference was calculated by dividing the difference of the intensities at pH 6.5 and pH 7.5
(XpHe.s and XpH7.5, respectively) from the half the sum of both the intensities, as shown in

the equation below:

(XpHs.S - pH7.5)
(XpHes + Xpn7s)/2

% dif ference = X 100%

Hence, AFB: was further measured via CI-S1 at pH 6.5 with results shown in Figure 4-9.

A 086 B

®pH 6.5
gO'S [ epH7.5 TILLLT SR
S04 ++§ . QQQQI pH6.5 | | ) i @
.203 §+ §§§§ pH 7.5
£ o et -
E 02 8 . 'y Cyan profile
O 0.1 o

® pH 7.5

0 o .
0 5 10 15 20
Time, min

Figure 4-8  (A) Color development profile of HRP during assay at pH 6.5 and pH 7.5.
(B) RGB image and the corresponding cyan profile of the paper-device.
[Conditions: 50 nmol TMB; blocking with BSA-PBS; washing with PBST,
pH 7.5; 5 uL of 100 ng mL™! HRP containing 0.001 % H.0; in PBST, pH

6.5 or pH 7.5, solution.]
109



A 05 B

b * ! > 3 W — = _ i )
5 04
©
>
=0.3 |
w N
g 0.5
et ‘ | ~ . ‘
E 0.2 ....................... . 3
: 025 ....... * %
9 R? = 0.9987
O 0.1 0
0 1 2 ° 25 5 1 20 L 0 35 & . .
Log [AFB,], ng mL-1
0
0 10 50 o

AFB,, ng mL""

Figure 4-9  Competitive immunoassay of AFB1 on uPAD via CI-S1 at pH 6.5.

4.4 Conclusion

Two different competitive immunoassay systems for microfluidic paper-based
detection have been proposed in this study. The first system (CI-S1) was a uPAD detection
of aflatoxin B: demonstrating a competitive immunoassay with target competition
occurring at the capture zone, while the second system (CI-S2) demonstrated target
competition for the immunoassay prior to pPPAD sample introduction. Although current
results were not quite excellent, we have realized that the problem lies at the protein
immobilization step at the capture zone, and hence we intend to simply correct this part of
the experiment in order to obtain better results for later journal submission and publication.
We have further realized that a working pH of 6.5 produces higher cyan intensities, which
might possibly lead to a lower detection limit, and therefore, the next experiments shall be

done at this working pH.

In the conventional competitive ELISA, the substrate used is the microtiter plate that
is usually made of polymers such as polystyrene, which is more costly than the use of paper

as substrate in uPADs. Moreover, a secondary antibody is necessary in the conventional
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competitive ELISA to allow the capture of the competitively bound target antigen and
peroxidase-conjugated antigen for detection, as opposed to the developed uPAD CI-S1
system, which only needed one type of antibody specific to the target substance. Hence, the
developed pPAD immunoassay systems provide promising applications for analytical as

well as clinical testing, more specifically for on-site target monitoring.
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CHAPTERS Conclusion and Future Prospects

5.1 Conclusive Remarks in the Present Research

In the present research, microfluidic paper-based analytical immunoassay systems for
the rapid onsite measurement of aflatoxin B: in food have been developed. First, the
incorporation of a colorimetric detection via enzyme-catalyzed TMB-H»O> reaction on
uPADs for rapid measurements was investigated and described in chapter 2. The properties
of different paper substrates were first investigated to determine which type of paper would
be the most suitable for the fabrication of the pPADs. Simultaneous detection of
horseradish peroxidase (HRP) utilizing a 5-uL sample analytical volume was demonstrated
using a single uPAD. Hydrophilic test regions were separated by hydrophobic barriers,
which were fabricated through photolithography. These test regions were immobilized with
10 mM of 3,3,5,5’-tetramethylbenzidine for HRP assay. The detection range obtained with
the proposed system covered HRP concentrations from 0.37 to 124 fmol (or 3 to 1000 ng
mLY). The detection limit (blank + 35) for HRP was calculated to be 0.69 fmol (or 5.58 ng
mL1) through a 4-parameter logistic nonlinear regression using results obtained within a
15 min assay time. The findings obtained using the developed system suggest that uPAD
assay systems for simple but highly sensitive measurements can be designed to give on-

site determinations of target compounds using peroxidase-conjugated molecules.

In chapter 3, a competitive immunoassay system on a uPAD platform has been
developed. The photolithographically fabricated uPAD consisted of three elements — (1) a
sample introduction zone located at one end of the puPAD, (2) control and test zones located
at the other end of the pPAD opposite to the sample introduction zone, and (3) a capture
zone, wherein, a capture reagent was immobilized allowing competition during

immunoassay. The colorimetric detection similarly involved TMB-H20. reaction to
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produce the blue colored TMB dimiine product in the presence of peroxidase enzyme
conjugated to antibody. Biotin was first used as the model compound to test the developed
competitive immunoassay system using pPADs. The capture reagent composed of biotin-
BSA, which captured the free peroxidase-conjugated biotin antibody in the absence (or in
the presence of a limited amount) of the target biotin. In the presence of biotin in the sample
solution, the anti-biotin 1gG-peroxidase conjugate bonded to the target biotin. The biotin-
bonded anti-biotin 1gG-peroxidase then flowed past the capture zone and then into the test
zone, wherein, TMB was oxidized by the hydrogen peroxide in the presence of the
peroxidase conjugate, producing the blue colored TMB diimine product. Hence, color
intensity at the test zone increased with increasing biotin concentration that were introduced
at the sample zone, but remained constant at the control zone. In the present work, the
detection limit for the competitive immunoassay of biotin utilizing 50-uL sample volume
introduced onto the uPAD was 0.10 pg mL 1. To demonstrate further the versatility of the
developed competitive immunoassay system for the detection of target compounds on
uPADs for practical applications, AFB1 has been detected as well. With a similar detection
procedure as with the biotin, the detection limit obtained for AFB: using the developed

uPAD detection system was 1.31 ng mL 2.

In chapter 4, two competitive immunoassay (Cl) systems have been developed for
the detection of AFB:. Using a different uPAD platform, the pPAD assay system similarly
consisted of three elements — (1) a reaction zone, (2) a sample introduction zone, and (3) a
capture zone. In both CI systems, the reaction zone was immobilized with 50 nmol of TMB.
However, in the first CI system (CI-S1), the capture zone was immobilized with AFB:-
BSA, and the sample solution consisted of the target AFB3, anti-AFB: 1gG-peroxidase
conjugate, and hydrogen peroxide in phosphate-buffered saline Tween® 20 (PBST), pH 6.5.

With this kind of uPAD immunoassay system, competition occurred at the capture zone
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and signal intensities at the reaction zone increased with increasing target AFB:
concentration. In Cl system 2 (CI-S2), on the other hand, the capture zone was immobilized
with anti-BSA 1gG, and the sample solution was composed of the target AFB1, AFB1-BSA,
anti-AFB:1 1gG-peroxidase conjugate, and hydrogen peroxide in PBST, pH 6.5. In this
uPAD immunoassay system, competition took place prior to sample introduction. The
BSA-conjugated AFB1 bonded to the anti-AFB1 1gG-peroxidase were captured by the anti-
BSA 1gG at the capture zone, allowing only the target-AFB: bonded anti-AFB; IgG-
peroxidase to pass through and reach the reaction zone, wherein, TMB was oxidized by
hydrogen peroxide to blue TMB diimine product in the presence of peroxidase conjugate.
Hence, similarly, signal intensity increased with increasing target AFB1 concentration. The
novel competitive immunoassay systems described in this research are believed to be the
first to have been reported on uPADs so far. In all sections of the manuscript, images of the
uPADs were captured and colorimetrically analyzed through ImageJ software for

quantification.

5.2 Future Prospects

Some of the key features of microfluidic paper-based analytical devices for specific
target detection is its applicability for a low-cost and reliable point-of-need testing without
the necessity of highly expensive and sophisticated instrumentation as well as trained
personnel to perform the testing, especially in extreme point-of-need settings such as in the
developing countries. Food and water contamination are always of safety and health
concern, making the quest for a reliable, low-cost, and accessible devices for target

detection in food and water incessant.
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5.2.1 Innovation of Novel Microfluidic Paper-based Analytical Detection Methods

for Food and Water Monitoring

There shall be several topics to be considered regarding the development of
microfluidic paper-based analytical detection methods for future research on food and
water monitoring. One is to design a multiplexed detection system that may be utilized to
simultaneously detect target species using a single uPAD. One possible application of such
kind of uPAD system would be the simultaneous detection of fumonisin and trichothecene
mycotoxins as well as the Fusarium fungi that produce the mycotoxins and cause fungal
disease in food crops [1]. Such mycotoxins are toxic and carcinogenic to humans [2,3].

Exposure to these toxins are often observed from intake of foods including cereal grains.

A B

COOH

OH NH,
COOH
O COOH

Fumonisin B1

http://www.ipm.iastate.edu/ http://www.cornell.edu/

Fusarium fungi

Figure 5-1  The chemical structures of (A) fumonisin B1 and (B) trichothecene, which
are mycotoxins produced by Fusarium fungi found in rotting food crops

such as in (C) corn and (D) melon.
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A colorimetric approach would be highly appropriate for such multiplexed detection
system, with the capability to provide a “yes/no” result depending on the generation of a
certain colored product or a change in color of the detection species upon multiplexed assay.
Such multiplexed pPAD colorimetric system would be suitable for on-site monitoring of
agricultural plantations without requiring expensive equipment and trained personnel to

perform the monitoring.

5.2.2 pPAD Analysis of Target Analytes in Food and Water via Enhanced Detection

Methods

Another prospect is to incorporate other detection methods such as fluorescence,
chemiluminescence and electrochemical methods on pPADs to obtain improved sensitivity
and selectivity of the detection system. In many other food toxins, very low maximum
permissible levels of the substance are allowed to be present in food to guaranty food and
health safety. An example of which is aflatoxin M1, a metabolite of aflatoxin B; that is
excreted in milk [4,5], wherein, the maximum permissible level is 0.50 pg kg™t in milk and
milk products according to the United States Food and Drug Administration (US-FDA) [6].
A more strict regulation set by the European Union was a maximum permissible level of
0.05 pg kg [7]. Hence, the goal to devise a pPAD detection system that offers the
advantages of simplicity and reliability of a puPAD for affordable target monitoring but

without sacrificing the quality of the device to perform sensitive detection.
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