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“But still try for who knows what is possible!”
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PREFACE

This PhD thesis is focused on the development of lateral flow devices based on the use of
nanomaterials with the objective to enhance the detection performance in terms of

sensitivity in addition to other analytical parameters.
The state-of-the art studies carried out resulted in three review publications:

Quesada-Gonzalez, D. & Merkoci, A. “Nanoparticle-based lateral flow biosensors”.

Biosens. Bioelectron. 73, 47—-63 (2015).

Quesada-Gonzalez, D. & Merkogi, A. “Mobile phone—based biosensing: an emerging

‘diagnostic and communication’ technology”. Biosens. Bioelectron. 92, 549-562 (2016).

Quesada-Gonzalez, D. & Merkoci, A. “Nanomaterial-Based Devices for Point-of-Care

Diagnostic Applications”. Chem. Soc. Rev. 47, 4697-4709 (2018).

Also the experimental work performed conducted to four full length articles not yet

published:

Quesada-Gonzalez, D.; Jairo, G. A.; Blake, R.C., Blake, D.A. & Merkoci, A. “Uranium (VI)
detection in groundwater using a gold nanoparticle/paper-based lateral flow device”. In

preparation (2018) — work related to Chapter 3.

Quesada-Gonzalez, D.; Stefani, C.; Gonzdlez, |.; de la Escosura-Mudiz, |.; Domingo, N.;
Mutjé, P. & Merkogi, A. “Signal enhancement on gold nanoparticle-based lateral flow tests

using cellulose nanofibers”. In preparation (2018) — work related to Chapter 4.

Quesada-Gonzalez, D.; Baiocco, A.; Martos, A. A.; de la Escosura-Muiiiz, A.; Palleschi, G. &
Merkogi, A. “Iridium oxide (IV) nanoparticle-based electrocatalytic detection of PBDE”. In

preparation (2018) — work related to Chapter 5.

Quesada-Gonzélez, D.; Sena-Torralba, A.; Wicaksono, W. P.; de la Escosura-Muiiiz, A.;
Ivandini, T. A. & Merkoc¢i A. “Iridium oxide (IV) nanoparticle-based lateral flow

immunoassay”. In preparation (2018) — work related to Chapter 5.
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THESIS OVERVIEW






THESIS OVERVIEW

Fig. 0.1. Lateral flow device. From left to right: 3D-printed cassette, lateral flow strip in a 3D-printed
cassette and a single lateral flow strip.

Lateral flow biosensors (Fig. 0.1) are paper-based devices of high relevance in point-
of-care diagnostics and environmental monitoring. In the recent years, many publications in
regard to this topic have been published. Some authors exhibit new applications for lateral
flow strips, detecting new analytes or molecules. Other authors focus on new signal
enhancement strategies, applying label modifications or novel designs. And there is a third
group seeking for new signal recognition methods, more sensitive than naked-eye response
or just more simple for the final user. It is the goal of this research to reach these three
objectives, give a new application to lateral flow strips, find a new signal enhancement
strategy and propose a new signal recognition method. To fulfil these objectives the

properties of nanomaterials will be explored and taken in consideration.

This thesis is divided in five chapters followed by a general conclusions section. A brief

explanation of each chapter is given below:

Chapter 1. Introduction. An overview of the state-of-the-art regarding the use of
nanomaterials in different point-of-care tools, among which are lateral flow biosensors, is
given. First, classification of different nanomaterials according their shape or “dimensions”
and the most relevant reported works is described. This is followed by discussion of various
examples of nanomaterial-based lateral flow assays. Finally, some examples about the
integration of lateral flow devices in real world applications are discussed. This first chapter

is based in the published review works (Fig. 0.2).
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Fig. 0.2. Graphical abstracts of the published works:
Quesada-Gonzélez, D. & Merkoci, A. “Nanoparticle-based lateral flow biosensors”. Biosens.
Bioelectron. 73, 47—63 (2015).
Quesada-Gonzalez, D. & Merkogi, A. “Mobile phone—based biosensing: an emerging ‘diagnostic
and communication’ technology”. Biosens. Bioelectron. 92, 549-562 (2016).

Chapter 2. Objectives of the thesis. This chapter briefly describes the objectives that

motivated and conducted this work.

Chapter 3. U(VI) detection using a gold nanoparticle/paper-based lateral flow device.
In this chapter is shown a new application for lateral flow strips. For the first time, it is
reported the detection of uranium in groundwater, tested on real samples, using lateral flow
strips. This is the first equipment-free and selective uranium detection method since the
current ones are laboratory-based (e.g. ICP-MS) or, if they are portable, they are not selective

(e.g. radioactivity detectors).

Fig. 0.3. Iridium oxide (IV) nanoparticles-based lateral flow strips, first time
reported in this thesis work.
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Chapter 4. Signal enhancement in lateral flow tests by using cellulose nanofibers.
Cellulose nanofibers are introduced onto nitrocellulose membrane (the material from which
is made the detection zone on lateral flow strips) to increase the probability of stopping gold
nanoparticles only in the case of positive samples. Thus, in this chapter it is reported a new

signal enhancement strategy for lateral flow biosensors.

Chapter 5. Iridium oxide (IV) nanoparticle-based lateral flow immunoassay. This
chapter includes two works related to each other. First, the electrocatalytical properties of
iridium oxide (IV) nanoparticles are tested following a competitive strategy to detect 3,3',4,4'-
tetrabromodiphenyl ether, a marine water contaminant of interest nowadays due its toxicity
and stability. Secondly, the nanoparticles are integrated on lateral flow strips for the optical
detection of a model protein (Fig. 0.3). Although this objective was not reached during this
thesis, the combination of both works could lead to new signal recognition method based on

the electrochemical detection of iridium oxide (IV) nanoparticles on lateral flow strips.

General conclusions. Summary of objectives achieved, conclusion remarks, future

perspectives and work to be done are given in this section.
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CHAPTER 1. Introduction

The advancements made on medicine in the last years have been impressive.
However, diseases not detected on time or not properly monitored are still the main causes
of death in today’s society. Ischemic heart diseases, respiratory infections, diabetes or
bacterial infections as tuberculosis or diarrheal diseases are some of the examples that cause

more deaths around the world but, if detected on time, could be prevented.

We have the potential technologies and the tools to detect all of them, therefore,
why so many people are still dying due to these diseases? Probably the main reasons are two.
First the lack of equipment, especially in development countries where the costs are not
affordable for all the population or even for the medical centers. Second, the time frame
between the moment when the symptoms are appreciable by the patient and the time when
diagnostic is accomplished by the specialist. How could these problems be solved? May we

have a doctor anywhere for a single patient, ready at any time, accurate and fast, or is this a

SORRY, HONEY...YOU HAVE
RHINOVIRUS, STRAIN 17.

I'VE SENT THE SEQUENCE
DATA TO THE PHARMACY...

...AND A LITTLE CHICKEN
SOUP WOULDN'T HURT...

Fig. 1.1. Caricature illustrating the simplicity expected from a PoC. Reprinted with permission from
ref. 1, Copyright 2002 American Association for the Advancement of Science (AAAS).
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utopia? Now, instead of having a real doctor imagine having a little device, portable and easy-
to-use, able to monitor several parameters and variables, like a portable laboratory®. With all
the data collected this tiny device could decide in few minutes either by itself or by an
immediate communication with a specialist/medical doctor, which action is required by the
patient being everything done at home or even in the field, without requiring any kind of
medical knowledge by the user. This “futuristic” idea is exemplified in Fig.1.1: a mother is
using a portable device to diagnose what virus has her daughter, send the data to the
pharmacy and conclude that some chicken soup may make the child feel better (no need for

any medication at all).

Nowadays some portable devices able to monitor and diagnose the condition of the
user are already available. A well-known example is the glucose meter that, with few
microliters of blood, is able to determine the glucose concentration in the sample and notify
the diabetes patient if there is any action required as the injection of insulin or the intake of

food.

It is noteworthy the capabilities of mobile phones to carry out these type of tasks?
given the huge amount of population that has, at least, one mobile phone and the tools that
these devices include as cameras, light sensors, power sources, movement detectors and
wireless connection among others (and more to appear in the future). Some parts of a mobile
phone as the camera?, the light sensor® or even the NFC (near-field communication) antenna®
can be used to monitor different variables in nanomaterials-based platforms with interest for
future diagnostics. In fact, the power of current mobile phones, also called smartphones, is
far beyond that of the computer that controlled Apollo 11, first rocket landing on the Moon®.
That computer had a processing unit of 1 MHz and an internal memory of roughly 4 kB. In
comparison, the processing speed of an iPhone X is about 2.5 GHz and its storage capacity is
256 Gb. This means that, today, anyone can carry in their pockets 64 million times more

information, and access it 2,500 times faster, than could the Apollo 11 crew.
1.1. Point-of-Care tests

Devices able to perform fast analysis and accurate diagnostics near the patient care
are known as “bedside” or “point-of-care” (PoC) tests’. The ideal PoC test should be user-

friendly and as simple as possible so that any user, even without any type of medical or
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laboratory knowledge, will be able to use it and understand its response (as shown in the
example of Fig. 1.1). Also, low-cost is an important and desirable quality of PoC to ensure that
the device is easy to be acquired by everyone and anywhere. Because of this, one of the most
popular materials employed as substrate for PoC devices is paper®*2, which is cheap,
abundant, recyclable and biosustainable. Other qualities that PoC test should have are
robustness (the capacity to withstand changes on environmental conditions), selectivity (the
ability to respond to a unique analyte or parameter, not to be affected by interferences) and

sensitivity (the quality to discriminate between similar values).

There exist different methodologies to produce the signal on PoC devices (or in any
other type of sensor and biosensor) and in most of the cases the chosen methodology will
depend on the transducer employed. Optical and electrochemical-based PoC devices are
probably the most popular, as they are the examples of pregnancy test and glucose meter
respectively. With the emerging of nanotechnology both kind of devices are taking
advantages of nanomaterials integrating these in different parts of existing sensing platforms

or offering quite innovative detection systems.
1.2. Nanomaterials for Point-of-Care

Regarding the transducer, synthetic nanomaterials (with a diameter between 1 and
100 nm) offer a wide range of possibilities due to their size, shape and properties as can be
biocompatibility, fluorescence, electrical and thermal conductivity, magnetism, etc.
Nanomaterials can be classified according to their shape as: “OD” (spherical nanomaterials),
“1D” (e.g. nanotubes, nanowires), “2D” (e.g. graphene or other well-known 2D materials), 3D
(e.g. nanoprisms, nanoflowers etc.)®3. In the following sections POC based on different kinds
of nanomaterials and their advantages and drawbacks during applications in diagnostics will

be reviewed.
1.2.1. Spherical nanomaterials (0D)

The most widely used nanomaterials are spherical ones, owing to their simple
preparation and manipulation. When a spherical nanoparticle is attached to a biomarker, a
molecule that reacts only under specific pathological conditions, the resulting functionalized
nanosphere can serve as a biological label and, for instance, to signal the presence of a given

analyte or pathogen. The detection mechanisms for such nanoparticles can be quite diverse'#:
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measuring the light absorption of the nanoparticles when attached to the analyte (after a
cleaning step), measuring the shift of peak wavelength due to the agglomeration of the
nanoparticles, enhancement by secondary enzymatic reactions onto nanoparticles surface,
by a quenching effect (an intensity decrease of a fluorescent signal), surface plasmon
resonance (optical changes and radiative enhancements on a nanomaterial due to
disturbance of the dielectric constant induced by the adsorption of a molecule), electrical or
electrochemical changes (when the nanomaterial is conductive or can catalyse a reaction that
is electrochemically detectable), electrical impedance spectroscopy (changes on the electrical

resistance of a medium), etc.

Among all the 0D nanomaterials, gold nanoparticles (AuNPs) have been highly
reported and discussed!®. This nanomaterial stands out due to its high bioaffinity, strong
colour (whose wavelength varies with small changes on its diameter or its surface) and even
catalytic properties, thus it is commonly used for both optical and electrochemical PoC

devices.
1.2.1.1. OD optical-based PoC devices

Lateral flow biosensors (LFBs)!® are optical-based PoC devices fabricated on paper
substrates. Among the best-known examples are common the pregnancy tests. LFBs evolved
from thin-layer immunoaffinity chromatography!®, a method based on the formation of a
“sandwich” comprising a primary biomarker (often an antibody) attached onto the paper
substrate (cellulose or, to favor the attachment of the biomarkers, nitrocellulose), an analyte
(proteins, cells, bacteria, molecules or even heavy metals) and a secondary biomarker, which
is conjugated to the tag nanoparticle. The formation of this sandwich triggers the appearance
of colour in the “test zone” (where the first biomarker has been deposited) for the positive
sample and, if the sandwich is not assembled (lack of analyte in the sample), the test zone
remains colourless (a negative sample). Latex beads were commonly used on LFBs and still
are used, for most commercial pregnancy tests. However, the inclusion of AuNPs on LFBs'’,
among other nanomaterials, improved the sensitivity of the method because of the strong
colour of the nanomaterial which is due to the surface plasmon resonance effect, present in
metallic nanoparticles but not on latex beads. Furthermore, the shrinking of the label size
down to the nanoscale eases the flow and boosts the label/analyte ratio. These
improvements enabled semi-quantitative assays, relating the color intensity with the analyte
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Fig. 1.2. PoC colorimetric device in which the signal of a LFBs system is increased by means of a
paper network consisting on paper pads storing colour enhancement reagent. Adapted with
permission from ref. 22, copyright 2012 American Chemical Society.

concentration, similarly as with a pH paper. By using a colorimetric reader or even a mobile

phone? the quantification level can be improved.

Besides AuNPs, other nanomaterials as silver nanoparticles (AgNPs) have been used
in LFBs; the wavelength variations provoked by size and shape modifications are bigger with
AgNPs than with AuNPs, leading to color tonalities quite different between nanoparticles with
less than 10 nm of difference in size. Thus, AgNPs permit the performance of multiplexed
tests!® (i.e. for the simultaneous detection of different analytes on the same device), in which
a different colour is obtained in each test zone. Also fluorescent nanoparticles, like quantum
dots'® (QDs) or up-converting phosphor reporters?%?! (UCPs; although these are expensive,
since they are made using rare elements such as europium or yttrium), are making their way
on LFBs. Fluorescent nanoparticles lead to greater sensitivity and specificity than do non-

fluorescent nanomaterials, since in fluorescence methods only the signal coming from the
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nanomaterial is read. However, the response cannot be observed by the naked eye: they

always require equipment to excite and read the resulting fluorescence signal.

There exist various signal enhancement strategies for nanoparticles on paper
substrate®!!, however they often require the user to apply several additional steps, making
the PoC system less user-friendly increasing the human error factor. A way to simplify these
steps was reported by Fu et al.??. They present a two-dimensional paper network combining
LFBs with other paper pads used for storing enhancement reagents (as shown in Fig. 1.2). In
this PoC system, the user must add the sample to the conjugate pad, on which the analyte is
captured by AuNPs, and water to the other pads and then close the system. At first, it works
like a conventional LFB strip, AuUNPs stop in the detection zone, but once the enhancement
reagents reach the detection zone the colour of the AuNPs changes to dark purple as their
size increases. Against the white background, dark purple grants a higher contrast compared

to the original red. The limit of detection (LOD) achieved with this enhancement strategy was

Fig. 1.3. LFBs system to extract, amplify and detect nucleic acids: (A) sample is added on sample
port, (B) absorbent pad is removed after washing steps, (C) after the addition of amplification
reagents, purified analytes flow across the LFBs. Adapted with permission from ref. 23,
copyright 2016 Royal Society of Chemistry.
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four times lower than with standard LFBs. Rodriguez et al.? also propose an interesting LFBs
able to isolate, amplify and detect nucleic acids, all-in-one, equipment-free and much faster
than conventional methods. Their system comprises a LFs equipped with some additional
removable parts (Fig. 1.3): a pad for washing the sample but retaining the purified DNA (Fig.
1.3A); a tab to prevent evaporation of isothermal amplification reagents (Fig. 1.3B); and some
hydrophobic tape barriers to prevent DNA and other solvents from flowing prematurely to
the LFs (Fig. 1.3C). Besides strips format, other possibilities to store nanomaterials on paper
are reported, but with the same signalling mechanism as on previous mentioned
immunoassays. One example is the prototype proposed by Pauli et al.?%, a lab-on-a-syringe
used to collect urine and pump it to paper pads stored in serially connected cartridges. The
first cartridge contains AuNPs for the capture of the analyte, a cancer biomarker, and the
second one the detection pad. The detection pad consists on nitrocellulose paper with
detection antibodies inside a wax ring to focus the flow to pass through the antibodies. As on
AuNPs-based LFBs, the inner part of the ring will turn more reddish as higher the amount of
analyte is. Contrary to LFBs, the lab-on-a-syringe requires the user to control the flow, being
it less user-friendly than a paper strip, however it permits modifying the incubation times for
AuNPs with analyte, which can lead to improved sensitivities. Also, a filter can be coupled to

the syringe in order to reduce matrix effects.

It is also remarkable the application of nanopaper, also known as bacteria cellulose
paper as it is produced by bacteria. As reported by Morales-Narvaez et al.?>, 0D nanoparticles
can be stored and even produced on this colorless substrate resulting in a plasmonic or
fluorescent paper with great potential as an alternative to enzyme-linked immunosorbent
assay (ELISA) plates. This work demonstrates that PoC devices fabricated with nanopaper can
take other forms besides ELISA plates as they are cuvettes or simple spots on a piece of paper.
Plasmonic resonance, fluorescence and quenching effects are some of the measurements
that can be done these systems by using nanomaterials as AgNPs, AuNPs or QDs. Similarly to
nanopaper, hydrogel can be used to store nanomaterials for their use in PoC applications as
Yetisen et al.?® did with AgNPs and a phenylboronic acid-functionalized hydrogel. Their system
can filter urine samples retaining glucose. Then, a laser can measure within five minutes the
diffraction provoked by the interaction of AgNPs and glucose. Surprisingly the system is

reusable, unlike paper-based systems.
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Fig. 1.4. Multiplexed barcode system including QDs: (A) QDs of different colours encapsulated into
microbeads with specific biomarkers for different targets, (B) microfluidics system and (C) detection
platform. Adapted with permission from ref. 27, copyright 2007 American Chemical Society.

As previously mentioned, QDs are small 0D nanomaterials with fluorescent properties.
Klostranec et al.?’ took advantage of the intense signal of QDs to construct a multiplex system
able to detect different blood infectious diseases related targets by using a “barcode” system
(Fig. 1.4). Different colored QDs were encapsulated into microbeads (Fig. 1.4A), each bead
being conjugated with antibodies specific to a different target, and the particles then were
mixed inside a microfluidic system (Fig. 1.4B) with the sample. The incubation inside the
microfluidics was controlled electrokinetically. Data collection was performed with a software
and a detection platform (Fig. 1.4C) which as claimed by authors could be miniaturized for
PoC diagnosis in the future was developed. Their platform can identify independently the
wavelength of each QDs type, normalize it and, like a barcode reading, estimate the amount

of each target.

Another interesting work involving QDs was reported by Alvarez-Diduk et al.3. As
shown in Fig. 1.5 they took advantage of the fluorescence quenching effect occurred on
graphene QDs in presence of some polyphenolic compounds (Fig. 1.5A). They fabricated a 3D-
printed dark chamber (Fig. 1.5B) including an UV LED (ultraviolet light-emitting diode)
powered by a mobile phone to excite the QDs (Fig. 1.5D). Using wax-printed traced spots onto
a paper strip, QDs were physisorpted inside the spots obtaining an ELISA plate-like system

(Fig. 1.5C). When the polyphenolic compounds are dropped onto the spots, fluorescence is
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Fig. 1.5. Mobile phone integrated PoC system: (A) graphene QDs are quenched in presence of
acceptor compounds, (B) 3D-printed device with UV LED, (C) LED mechanism and paper substrate
containing dried graphene QDs, (D) mobile phone measuring the quenching of QDs. Adapted with

permission from ref. 3, copyright 2017 Nature Publishing Group.

guenched and captured by the mobile phone camera (Fig. 1.5D). The images can be analyzed

directly on the mobile phone, with an app, or later with computer software.
1.2.1.2. 0D electrochemical-based PoC devices

Electrochemical measurements allow to identify electrical phenomena related to a
chemical change. The function of nanomaterials in this kind of measurements is not limited
to analyte labelling only. Nowadays nanoparticles are commonly used in commercial inks for
fabrication of electrodes. OD nanomaterials as AuNPs or AgNPs and 1D nanomaterials as
carbon nanotubes (CNTs) are the most common ones. As an example, in the work of da Silva
et al.?® they used commercial AgNPs to fabricate a miniaturized and portable Ag/AgCl
reference electrode, of known and stable potential. They printed the electrode on two
different flexible substrates, paper and polyethylene terephthalate (PET), using a high
resolution piezoelectric inkjet materials printer (Fig. 1.6A). Once printed, AgNPs ink was cured
at 120°C and treated with bleach (sodium hypochlorite, NaClO) to produce the Ag/AgCl

mixture to serve as pseudo reference electrode.

Silver reduction reaction is catalysed by the presence of AuNPs which in turn given
their high affinity to biological molecules are extensively reported as transducers in

electrochemical assays?®. Another reaction which is often applied in electrochemistry and
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Fig. 1.6. (A) Ag/AgCl reference electrodes fabricated from AgNPs using inkjet technology and bleach
treatment. Adapted with permission from ref. 28, copyright 2014 American Chemical Society.
(B) Combination of AuNPs and MBs for the detection of DNA on a SPCE. Adapted
with permission from ref 30, copyright 2015 John Wiley and Sons.

catalysed by AuNPs is the hydrogen evolution reaction, the formation of H, gas by the
reduction of H* ions. This reaction was measured by de la Escosura-Mufiiz et al.3° who,
combining DNA amplification strategies, magnetic beads (MBs) and AuNPs, developed a
system on screen printed carbon electrodes (SPCE) that discriminates dog DNA from
Leishmania parasite DNA, hosted inside the cells. MBs and AuNPs are linked to the amplified
DNA and, using a magnet, the conjugate is placed onto the working electrode of the SPCE so
the signal can be measured efficiently (Fig. 1.6B). Iridium oxide nanoparticles (IrO2 NPs) are
other OD nanomaterials used due to their catalytic properties towards water oxidation
reaction332, the production of oxygen from water, and their application in impedimetric
sensors333*, Impedance is a technique used to measure frequency changes on the dielectric
medium close to the nanoparticles. So, by binding biomarkers on IrO2NPs it is possible to
detect variations on the conductivity of the medium depending on capturing of a biomarker

to a target analyte.

Regarding AuNPs-based LFBs, in analogy to optical detection, some researchers are
trying to integrate electrochemical sensing strategies into the paper strips to achieve lower
detection limits and higher sensitivity in comparison to colorimetric lecture3>. However, to do
that it is necessary to cut the detection zone of the strips and dissolve it with acid, so the

detection is performed with external electrodes on the dissolved nanoparticles. The addition
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of this extra step enhances the quantification on LFBs but the methodology still needs to be
improved either by including the step into an automated PoC device or by finding an
alternative to dissolve a part of the strip. A more user-friendly paper-based PoC tool was
designed by Wu et al.3® which permits the electrochemical analysis of eight samples
sequentially (Fig. 1.7A). This device comprises eight electrodes pre-treated with antibodies
specific to the target analyte. The samples are added to the electrodes and then, SiO;
nanoparticles are dispensed on the electrodes (note that SiO, nanoparticles are inexpensive
and easy to load with various compounds such as dyes, proteins or enzymes). In this case, the
SiO; nanoparticles are loaded with antibodies specific to the analyte, to perform a sandwich
assay, and with horseradish peroxidase, the enzyme that triggers the electrochemical
reaction. The electrodes are washed and then a reactive solution is added to the core of the
device, from where it then flows to the electrodes, thereby activating the electrochemical
reaction. Another interesting paper PoC device was made by Cunningham et al.3’, an origami-
styled system that, as proof-of-concept, was used for detection of AgNPs by oxidizing them
using a gold-made working electrode. The device consists of four folded paper layers (Fig.
1.7B): first layer containing electrodes, inlet and outlet; second and third layers containing a
paper circuit delimited by wax and a blue dye that works as indicator of the stoppage of the

flow; and the forth layer which contains a “sink” to redirect all the flow there.

2.Chitosan
3.Electro- ™

reduction i
J\l anti-AFP |

Pre-dried blue dye

Fig. 1.7. (A) Paper PoC device for the electrochemical measurement of eight samples. Adapted with
permission from ref. 36, copyright 2013 American Chemical Society. (B) Paper origami PoC for the
electrochemical detection of AgNPs. Unfolded (up) and folded (down). Adapted with permission
from ref. 37, copyright 2016 American Chemical Society.
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Fig. 1.8. NMR-based microfluidic PoC device. Reprinted with permission from ref. 38, copyright 2013
Nature Publishing Group.

1.2.1.3. OD magnetic PoC devices

MBs and magnetic nanoparticles (MNPs) are often used as support in PoC devices,
usually in washing and pre-concentration/amplification steps or in the precipitation of the
analyte and other nanoparticles for example onto an electrode°. Some researchers are also
taking advantage of the magnetic properties of MNPs and use these as transducers3®3° by
means of nuclear magnetic resonance (NMR). This technique is highly sensitive due to the low
back-ground signal since non-magnetic substances should not interfere. In addition, NMR is
able to detect all the tags present in the detection zone, while in optical and electrochemical
sensors it is not always possible (in optical sensors, generally only the tags on the substrate
surface are visible; in electrochemical sensors, it is often required that the tags are in contact
with the electrode to be able to generate a signal). In addition, the detection time is faster
than electrochemical assays. However, NMR systems are still expensive and may not be

affordable to all the possible users.

Liong et al.*® propose a microfluidics PoC device (Fig. 1.8) to detect amplified nucleic
acids from a bacterium related to tuberculosis. The device is able to perform DNA

amplification, MNPs-DNA incubation, washing and NMR detection. The device has three inlets
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for DNA, MNPs and a washing buffer; some mixing channels for the incubation steps and a
NMR coil that counts the amount of MNPs, proportional to the initial value of DNA
concentration. As main drawback in this device, although the NMR detection is fast, the
amplification and the incubation steps can elongate the duration of the assay more than two
hours. Anyhow, it is faster than other tuberculosis detection methods based on cell culture
and microscopy. Chung et al.3® developed another NMR-based microfluidics PoC device
which they use for the detection of a biomarker in urine. Despite the matrix is complex, the
noise signal is low due, as previously mentioned, to non-magnetic that substances do not
interfere on the readout. Their device is compared to a reported colorimetric dipstick method

obtaining a LOD 8 times lower.
1.2.2. One-dimensional nanomaterials (1D)

1D nanomaterials are those materials which growth is oriented in one dimension, on
a linear way. The thickness could be as small as just one nanometer, as single-walled carbon
nanotubes (SWCNTs), but the length could be a million times larger, hundreds of
micrometers. The shape of these nanomaterials has an important effect on their application:
the length and the diameter define the absorption wavelengths. Moreover, length and
thickness also grant mechanical strength, useful in the creation of larger nanostructured
materials. Nonetheless, the growth of 1D nanomaterials is not simple and often requires

meticulous synthetic routes that in turn would determine their homogeneity

Nanowires are the simplest 1D nanomaterial, that can be created from other 0D
nanomaterials or directly, being cooper, nickel, silver, gold, platinum and silicone the most
used elements. In the work of Mostafalu and Sonkusale*, they introduced nanowires (made
from platinum, nickel and cooper) into paper substrate to create electrodes for
electrocardiogram monitoring by means of tissue-electrode impedance which work in dry
conditions. This approach that doesn’t require the addition of electrolytic gel between the
electrodes and the skin is advantageous since gels use to get dry quickly and are degraded
with movement. The high surface area of nanowires provides good quality of response in the
electrodes, from 100 to 1 KQ in impedimetric measurements. Besides medical application,
Mostafalu and Sonkusale demonstrated that the same paper electrodes worked properly as

well as cathode in an acidic battery.
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In the recent years CNTs and SWCNTs have been widely used on electrochemical
applications*3 since these nanomaterials are highly conductive, both electrical and thermal.
CNTs are easy to functionalize as well, not only with biological compounds, but also with other
nanomaterials (especially with metallic oxide nanoparticles) provoking an enhancement of
their electrical properties, among others*'. CNTs are also included in several commercial inks
for the fabrication of screen printed electrodes (as well as AgNPs are commonly used for the
fabrication of reference electrodes, CNTs are used for the fabrication of counter and working
electrodes*?). In comparison to metallic nanowires, CNTs contribute to the fabrication of
larger nanostructured materials with new properties as high flexibility, elasticity and very high
lightness, since they are hollow inside. Also, CNTs are more robust than nanowires against
temperature variations due to the fact that the thermal expansion coefficient of carbon bonds
is much lower than in metals. However, it is important to consider that many reactions which
could be applied on their surface will not be reversible, making the lifetime of CNTs shorter
than other materials applied in sensing. Then, as an example of use of these materials, it

should be mentioned the work of Nemiroski et al.** where they integrated electrodes made
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Figure 1.9. NFC tag circuit modified with SWCNTSs to work as on/off logic gate in the presence of
different analytes. Adapted with permission from ref. 5, copyright 2014 National Academy of
Sciences.
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with CNTs into a mobile phone system by means of the audio jack of the device (the audio

jack has the advantage that can send and receive information at the same time).

In a very smart way and for the first time, Azzarelli et al.> used SWCNT to apply NFC
technology for sensing. NFC technology is able to detect an antenna without requiring it to
have an electrical power supply. This technology nowadays is present in most of the
smartphone models, hotel doors lock systems, metro stations, toys and even in mail stamps,
so NFC tags are becoming every day cheaper and easier to fabricate and modify. So, they
tuned an NFC tag by replacing part of the circuit with SWCNTs which, by means of a
chemiresistive reaction, alter the conductivity in the circuit depending of the presence of
different compounds in the air and, consequently, make it act as an on/off logic gate inside
the NFC tag (Fig. 1.9). This technique was applied for the detection of compounds in the air,
but for future PoC applications it could be used to detect analytes on the breath or probably

even in body fluids as blood or sweat.

One more surprising inclusion of CNTs was done by Darabi et al. into chewing gum**.
They washed a chewing gum with water and ethanol and mixed it with a solution containing
CNTs; the mixture was stretched and folded several times in one direction to favor the
orientation of CNTs. The sensor worked properly for the detection of humidity in the medium

(dryness of the mouth can be caused by certain medications or illnesses, by damage to the

2 Sneeze

Time (S)

Fig. 1.10. (A) Chewing gum containing CNTs adapted for motion monitoring and (B) the response
obtained when sneezing. Reprinted with permission from ref. 44, copyright 2015
American Chemical Society.
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salivary glands or by hormonal changes) by measuring electrical resistance on the gum. Also
as motion sensor as shown in Fig. 1.10A, able to detect not only body (neck in the figure)
movements (Fig. 1.10B), also the breaths of the user. This device could be really interesting
for PoC diagnostics (biting problems, dry mouth, pulsations or even could take advantage of
chemical reactions to detect different targets). However, there are two important drawbacks
that preclude the introduction of the device into the mouth: the response is measured using

electrical circuits and CNTs are currently classified as cytotoxic nanomaterials.
1.2.3. Single-layer nanomaterials (2D)

The compounds which enter in 2D-nanomaterials classification are those who expand
themselves in two directions, composed by a monolayer of atoms or by an ultrathin layer of
a few. Albeit there exist several inorganic 2D nanomaterials, graphene has been by far the
most used 2D material in the last years. Although graphene is considered a material
composed by one single layer of atoms it is quite hard to find it with this nature, being usually
found in groups of graphene layers. Depending on the number of layers the electrical, optical
and mechanical properties of graphene may differ. Other important parameters that affect
to the graphene behavior are its oxidation level, the number of structural defects, the purity

degree, etc.* Values that can be controlled by the synthetic route.

Graphene can be combined with QDs working as quencher (silencing the fluorescent
signal of QDs when both are approached). This property was harnessed for the fabrication of
LFBs by Morales-Narvéez et al.®. On their system they dispensed two lines of QDs on paper
substrate, as test and control, being the first line capable of capturing some bacteria (by
means of antibodies attached on QDs). After adding the sample on the LFBs it is added a
solution of graphene oxide (GO), an oxidized form of graphene containing epoxy bridges,
carboxyl and hydroxyl groups. GO will turn off the fluorescence of QDs in the control line and,
if there are no bacteria in the sample, the test line. However, in presence of bacteria captured
on the test line it will produce a gap between GO and QDs letting the fluorescence to emit. In
comparison to traditional LFBs this method prevents the formation of false positives during
the assay since a negative sample will always turn off both lines (in case that something
external provokes the test line not to be quenched, control line will be also affected, obtaining

an invalid strip but not a false positive). However, the assay time (more than 1 h) is longer
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Ab-QDs
(Quenched)

GO-Coated
Nanopaper

Turned On by a Protein

Fig. 1.11. Nanopaper coated with GO. QDs can be stored inside remaining quenched but when the
analyte (e.g. bacteria or proteins) is additioned then the fluorescence is released. Adapted with
permission from ref 46, copyright 2017 John Wiley and Sons.

than for standard LFBs (usually of 5-10 min) due to the extra step of GO addition and drying,

including the waiting time for the bacteria to flow across the strip.

Cheeveewattanagul et al.*® coated nanopaper with GO and introduced on this
composite a suspension of antibodies attached to QDs. Again, the quenching effect keeps the
fluorescence of QDs silenced. It is when adding an analyte (e.g. bacteria or proteins; for which
the antibodies are selective) that a gap between the QDs and GO is produced, negating the
guenching effect and releasing the fluorescence (Fig. 1.11). This technique is quite
advantageous since does not require washing steps, is portable and fast, a promising

alternative to ELISA tests.

Owing to its electrical properties, graphene can be used for the fabrication of working
electrodes*”*8, Antibodies can be conjugated onto graphene surfaces by coating pure
graphene with polymers or by exploiting the chemistry of carboxylic or hydroxyl groups in GO.

Moreover, since graphene is planar, the antibodies can all be oriented perpendicularly to the

25



CHAPTER 1

graphene layer to increase the probability of capturing the analyte?’. Going further, graphene
electrodes are enough sensitive to allow label-free sensing, small changes (i.e.
electrochemical*”*® or impedimetric*>*° alterations) on the electrode surface are easy to
detect. On the other hand, as drawback, it demands a highly meticulous control on the
reproducibility of graphene synthesis, especially in regard to the number of layers and

structural defects.

Baptista-Pires et al.* designed a new solvent-free method for printing GO on different
substrates using wax-printed patterns, printed on nitrocellulose membranes, and vacuum
filtration. GO remains on the non-wax-printed areas and by pressure is transferred to the
target substrate. To demonstrate the possibilities of this technique a touch sensor based on
the resistance changes provoked by finger contact on the GO printed circuit was printed. This
GO touch sensor is shown in Fig. 1.12, connected to a LED and a power source (Fig. 1.12A):
the sensor works as a simple switch, turning on/off the LED (Fig. 1.12B and 1.12C
respectively). This technology could be used to replace current touchscreens, which use
controversial elements like indium and rare-Earth metals?, and in wearable PoC applications
that require flexible devices (e.g. skin tattoo sensors*°) or those based on contact-sensing (e.g.

pressure or motion sensors**).

Additionally to the mentioned characteristics, graphene also is an electrochromic

material, it can be tuned to change its colour in a reversible way depending on the current

Switch

Fig. 1.12. GO tactile device: (A) GO switch works by skin contact turning a LED from (B) ON to (C) OFF
status. Adapted with permission from ref. 49, copyright 2016 American Chemical Society.
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1cm —

Fig. 1.13. Electrochromic device composed by (A) flexible graphene electrodes whose transmittance is
increased when applying current: (B) 0 V and (C, D) chess pattern visible at higher voltage. Adapted
with permission from ref. 50, copyright 2014 Nature Publishing Group.

supplied. Polat et al.*® developed different electrochromic flexible devices using this property.
In one of their devices they attached two plastic substrates coated by one side with graphene
electrodes and a liquid electrolyte in between. When applying some voltage across the
electrodes, graphene turns translucent due the voltage is enough to penetrate the graphene
layers creating structural defects that fade its characteristic black colour. Their final device is
shown in Fig. 1.13 made by various graphene electrodes. The device is flexible (Fig. 1.13A)
and graphene can resist a curvature of 1 cm radius without being damaged. By applying
different voltage on some of the electrodes they create a chess pattern as transmittance is
increased on the layers in which the current is increased: OV (Fig. 1.13B), 4V (Fig. 1.13C), 5V
(Fig. 1.13D). Thanks to this technology, electrochemical signalling can be converted into

optical responses in situ, thus enabling wearable PoC devices that are more user-friendly.
1.2.4. Other nanomaterials (3D)

There exist an extensive variety of 3D materials both in shape as in size, which leads
to different possibilities in the final sensing application. Non-spherical nanoparticles exhibit
properties quite similar to 0D nanomaterials, however the change of shape often drifts into
absorbance changes (i.e. the colour of a solution of gold nanospheres may be different from
a solution of nanocubes or nanotriangles, even when the chemical composition and size are
the same). Taking advantage of this fact, plasmonic-based PoC sensors can be fabricated as
the one reported by Fu et al.*. Their device is portable and can be coupled into a mobile
phone, using its light sensor, included on most of modern mobile phones to improve

photography quality or control the screen brightness. The device consists on a plate, where
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Fig. 1.14. Multiplex electrochemical origami paper device: (A) front part, silver reference electrode
and carbon counter electrode; (B) back part, carbon working electrode; (C) size comparison of the
device and (D) its application for electrochemical measurements. Adapted with permission from ref.
51, copyright 2014 Elsevier.

sample is added, and a LED that illuminates the sample in the plate and reaches the light
sensor. To demonstrate the capabilities of their device they use it to measure the plasmonic
changes occurred on triangular silver nanoprisms in absence of a cancer biomarker, indirect
detection method, by provoking a shape transformation on the nanoparticles with hydrogen
peroxide. Li et al.>! used another 3D silver nanomaterial too, nanoporous silver which can be
used as signal enhancer, label and metallic ions carrier. Their system consists in a multiplex
electrochemical origami paper device (Fig. 1.14) that uses nanoporous silver loaded with
different metallic ions as label for tumor sensing. Silver electrode is used as reference (Fig.
1.14A) and screen printed carbon electrodes as counter and working electrodes (Fig. 1.14B).
The paper device can be folded (fig. 1.14 C) and integrated into an electrical circuit (fig. 1.14
D).

Some non-spherical nanoparticles exhibit electrochromic properties, as WO3

nanoparticles, used by Marques et al.>?> on paper substrate. The nanoparticles change from
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A B

pre-blast post-blast

pre-blast post-blast

Fig. 1.15. (A) PC-based wearable that changes colour in response to the shock wave of a blast. (B) The
PC before and after the blast (up: light microscopy; middle: top view generated with Image Pro Plus;
down: 3D rotated view). Reprinted with permission from ref. 56, copyright 2011 Elsevier.

yellow to blue colour in presence of electrochemically active bacteria. Thus, this is a simple
sensor able to work as ELISA assays but without requiring long-time steps or the use of
delicate reagents (i.e. biological reagents have short expiration dates, while nanomaterials
can last long periods of time even stored at room temperature). Photonic crystals (PC) are
other example of electrochromic materials often composed by other nanoparticles that are
assembled following a crystalline pattern. These nanomaterials have demonstrated good
adaptability in different types of sensors due to their resistance to being bent>3, being used
in microfluidic systems, both in polymeric channels® or in paper®, permitting label-free
sensing (colour change occurs when the analyte attaches or passes near the PC). Cullen et
al.>® converted PC into simple PoC wearable stickers that can be settled on clothes and warn
its user, in war zones, about possible aftermath related to expansive wave of a blast (Fig.

1.15.). PC are broken when brought under high pressure as consequence of an explosion thus
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Table 1.1. Summary of the nanomaterial types: examples, corresponding PoC detection principles,

advantages and disadvantages. Reprinted with permission from published work ref. 7. Copyright

2018, Royal Society of Chemistry.
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changing the colour, a notification to the user that the blast could have induced non-visible

injuries as internal traumatisms or brain damage.
1.2.5. Nanomaterials for Point-of-Care conspectus

Table 1.1 summarizes the different nanomaterial types, with the most common
examples of each classification, the possible detection methods that the final PoC could
employ and some of the strengths and weaknesses for each case. Depending on the
properties of nanomaterials and the way how these are integrated within PoC devices various

detection technologies are used being optical and electrochemical ones the most reported.
1.3. Lateral flow biosensors

Since the appearance of the first biosensor®’, the technology has evolved, but it is still
not crowned with the expected devices that would work as easily as a glucose biosensor or a
pregnancy test, present in any pharmacy all over the world. Low cost and efficient devices for
the detection of other analytes such as DNA, proteins or even whole cells in real scenarios are
still in the way. As previously mentioned, paper is a simple, cheap, abundant and an easy-to-
manufacture material that fulfils cost/efficient requirements in biosensing technology®. It is
noteworthy that it is in developing countries where this type of biosensors are more
requested due to the lack of resources to use conventional laboratory tools which are more

expensive and require trained operators, huge amount of equipment and installations.

Paper, this mere material made from cellulose (the most abundant polymer on Earth),
offers many others advantages in the development of biosensors. Various biochemical
reactions with interest for biosensing applications can easily be carried out within this matrix.
In addition, simple microfluidics including platform architectures tuning can be applied thanks
to the controlled porosity and capillary forces of the nitrocellulose network in addition to
simple modification or integration processes. Moreover paper-based platforms are

compatible with either naked eye detection or simple optical or electrical readers.

As seen on section 1.2.1.1., LFBs are an important example of how paper can be
applied for the development of PoC devices. LFBs fit all the requirements expected from a
biosensor: low limit of detection, high sensitivity, good selectivity, low quantity of sample

volume required, no washing steps are necessary, robustness, low cost, quick assay
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performance in just one step and a user-friendly format. Nevertheless LFBs also have some
weaknesses, such as the fact that the response obtained on naked-eye is just qualitative, not
guantitative, although with the help of certain reading devices it can be converted into
semiquantitative. Another drawback is that the sample must be always in liquid state, with
enough viscosity to flow across the porous of the nitrocellulose. These pores, in some cases,
could be obstructed by different matrix compounds and provoke unspecific adsorptions in
the membrane; it is in those cases when a sample pre-treatment or pre-dilution will be
required. Because of the limitation of the detection area, the surface where receptors (e.g.
antibodies, enzymes, proteins, etc.) are placed, at higher concentrations of analyte, can be
oversaturated, giving false blank response; it is another factor to consider making the

predilution of the sample before the analysis.

LFBs can be used to detect a large range of biomarkers that may include not only
proteins but also nucleic acids and even whole cells, among other biocompounds.
Furthermore, LFBs are not limited only to biomolecules detection; several publications have
appeared in the last years about the detection of pollutants such as metallic ions, pesticides,
etc. The range of LFBs applications is including detection of hazardous substances’, heavy
metals in drinking waters >°-%3, allergens and pathogens in food®%, pesticides’®"2, drugs

screening’3, etc.

There exist different commercial LFBs’4~7%, being pregnancy and fertility tests the most
known examples beside tests for human immunodeficiency virus (HIV)””~7°, drugs of abuse?°,

9-1183-86 \vith several

Malaria®®2, etc. Behind LFBs there is a well-known technology
publications reporting different modifications of the standard designs/structure, either in
terms of the materials used as transducers for the signal generation, in the methodology
employed to translate the signal or in improving the device with different enhancement

strategies.

With the recent development and explorations of nanomaterials in the field of sensors
and biosensors LFB has been taking advantages for their use as alternative materials to
improve their performance requested in real sample applications. Application of
nanomaterials in DNA, protein, cell and various inorganic/organic compounds in various
biosensing technologies is now being extended to LFB field bringing interesting results to this
technology'#87-89,
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Fig. 1.16. Schematic representation of the different parts of a LFs and movement of analytes and
label particles across by means of (a) standard and (b) competitive designs. Adapted with permission
from published work ref. 10. Copyright 2015, Elsevier.

1.3.1. How do lateral flow strips work?

LFBs are manufactured in strip form, a convenient format for the user, normally with
a width between 4-6 mm and a length no more than 6-7 cm. A standard lateral flow strip (LFs)
consists of four main sections made of different materials, as shown in Fig. 1.16: sample pad,
made of cellulose, where the sample is dropped; conjugate pad, made of glass fiber,
impregnated with the bioconjugates solution (the label particle and a receptor for the
analyte); detection pad, a nitrocellulose sheet3>°0 where test line (TL) and control line (CL) are
printed; and absorption pad, also made of cellulose. Other additional parts can be integrated
on LFS as blood filters, substituting the sample pad, to retain big particles like blood red cells
and avoiding their hemolysis. Another example of material which can be integrated on LFs is

CNTs paper, with high conductive properties to connect LFs to electronic devices® .

The performance of an assay with a LFs is quite simple: the sample is added on the
sample pad and then the liquid will start flowing to the conjugate pad where the analyte, if
present on the sample, will be linked to the transducers (the label particles), previously
conjugated with a bioreceptor specific to the analyte. The conjugate, rehydrated by the liquid,
will flow by capillarity forces across the detection pad to the absorbent pad, passing through
the TL, where it will be captured only if the conjugate has the analyte attached (positive
response), and to the CL, being always captured, evidencing that the assay works. This design

corresponds to a standard model of LFs (Fig. 1.16a), but there exists also the competitive
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Fig. 1.17. LFs with aptamers conjugated AuNPs. Reprinted with permission from ref. 98. Copyright
2009 American Chemical Society.

model (Fig. 1.16b) in which the analyte and the transducers compete for being captured on

TL, obtaining a response inversely proportional to the concentration of analyte.
1.3.2. Optical detection on LFBs

Although a large variety of strategies to read the LFs signal has been reported the
optical methods remain the most explored because of their simplicity (even naked eye
detection) and effectiveness (high sensitivity). As extension of the examples mentioned in
section 1.2.1.1., we will revise the most relevant technological and analytical aspects related
to the application of LFs labels such as AuNPs, QDs, CNTs, carbon nanoparticles (CNPs) and

liposomes, between others.
1.3.2.1. Gold nanoparticles (AuNPs)

One of the first examples of the use of AuNPs as labels on LFs was reported by Shyu
et al.l’ for the detection of ricin. On this LFs, without conjugate pad neither sample pad, anti-
ricin antibody conjugated AuNPs were deposited over nitrocellulose membrane near the

bottom of the strip.

Few years later, the number of reports about LFBs increased and the design evolved
including a pad, made of glass fiber, for the AuNPs suspension®2. Also, besides antibodies,
other biocompounds like aptamers®3°* and DNA probes’®®>7 were conjugated with AuNPs.
Xu et al.®® designed a LFs with AuNP-aptamer conjugate as label (Fig. 1.17) for the detection

of thrombin. The system demonstrates that the use of the thrombin aptamer exhibits a high
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sensitivity, comparable or even superior to the systems which use antibodies. The experiment
shows that the color intensity of AuNPs can be detected up to a concentration of analyte of
0.6 pM in diluted plasma samples being this value lower than in antibody-based assays'”%9°,
without detecting any unspecific adsorption; that evidences the good selectivity of aptamers

combined with AuNPs.

It was also demonstrated that AuNPs can be used not only for biocompounds
detection®®; toxins®¥1%° and metallic cations*®%319! 3lso can be detected using several
strategies. In the case of the work of Fang et al.1%%, Cu?* ions can be detected taking advantage
of the cleavage that cooper causes, in presence of ascorbate, on Cu?*-specific-DNAzymes
(linked to AuNPs) which, if broken, will be captured on TL. This strategy grants a good
selectivity against other metallic ions, but the limit of detection does not reach the levels
achieved in the detection of antigens. An alternative high sensitive strategy to detect metallic
ions consists on the use of antibodies specific to a metal-ligand complex but not to the free
metal. The metal-ligand complex competes for being hooked on the test line with the same
complex but already linked to AuNPs, thereby obtaining a competitive format of LFs. This
strategy is seen on Ldépez-Marzo et al’s work®? to detect Cd** ions using
ethylenediaminetetraacetic acid (EDTA) as ligand. The system, nevertheless, is shown to have
some problems of unspecificity to some metals; however it can be solved reducing the
concentration of the ligand but also adding extra conjugation pad that ensures Cd*
complexation with EDTA and interference masking through ovalbumin (OVA)®® (to be

discussed later in the text).

In some cases, multidetection of analytes could be required, so it would be necessary
to use various nanoparticles easy to be concentrated so as to achieve an intense color.
Hereby, AuNPs are a good choice to develop multidetection LFs'9271%4, These LFs could replace
ELISA assays, which are time-consuming and expensive, as was demonstrated by the work of
Song et al.1%3, developed to detect different mycotoxins at the same time (Fig. 1.18). Their
work, additionally, demonstrates that LFs, besides of the qualitative response, permit the
guantitative interpretation of the signal by means of a colorimetric reader. The quantitative
response can be represented as relative optical density (the ratio in percentage between the
signal of a positive sample and the blank). This data can be used to construct a calibration

curve of the measuring system.
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Figure 1.18. LFs for the multidetection of different mycotoxins. Qualitative (left) and quantitative
(right) response. Reprinted with permission from ref. 103, copyright 2014 American Chemical
Society.

The work of Chen et al.*% and Huang et al.1% reveals another interesting application
of AuNPs on LFs, the development of logic gates systems. AuNPs can afford more than one
biocompound conjugated on their surface, therefore easily a LFs could detect the presence
of various analytes on the same line (“OR” logic gate: the LFs will mark positive signalling in
the presence of any of the analytes). Also the signal can indicate only the presence of both
analytes at the same time!® (“AND” logic gate: the signal on TL will only appear if both
analytes are present). Huang et al.’s system?® can also detect the presence of a single analyte
in a system where the analytes are inhibited by each other (“INH” logic gate: the LFs will mark
positive signalling in the presence of only one of the analytes, but not if both are present in

the sample at the same time).

Although LFBs with AuNPs have demonstrated to have good sensitivity and low limits
of detection, there are cases when it is necessary to achieve better performance. Different
enhancement strategies with potential to significantly improve LFSs devices have been
reported. These strategies can be based on chemical methods, like the modifications of the

label’s surface (the AuNPs) to afford secondary reactions or attachments, or in altering the
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Fig. 1.19. Signal enhancement of LFs signal by means of enzymatic reactions. Adapted with
permission from ref. 107, copyright 2013 Elsevier.
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physical properties of the device (flow movement, speed, etc.) by modifying the

design/architecture.

One of the strategies used to amplify the signal on TL and CL is to surround AuNPs
with other compounds which enhance the color by means of enzymatic reactions (Fig. 1.19)
as the reaction occurring between HRP (horseradish peroxidase) and some chromogenic
substrates®1%’,  such as AEC (3-amino-9-ethylcarbazole) or TMB (3,3’,5,5'-
tetramethylbenzidine). AEC mixed with H>0;, use to provide color enhancement (and
consequently, higher sensitivity) on HRP catalysed reactions. Nevertheless it is when using
TMB that the quantification limit is further decreased due to the fact that this substrate grants
higher contrast between the lines and the background than the AEC. The reported detection

limit of these enhancement strategies can reach the 200 pg/mL%7.

Although enzymatic reactions exhibit low limit of detection and good sensitivity, the
short stability of the reagents and the long conjugate development and testing times are
drawbacks to consider. The amplification method proposed by Rastogi et al.}%by means of
gold deposition over the strip after the assay solves the problem of reagents stability and
seems to increase the signal effectively at low concentrations, but at higher concentrations,
when detection lines are already saturated, the signal enhancement is slight. Fridley et a/.1®®
studied the release of dry reagents stored in porous media (rehydrated afterwards) and
demonstrated that this strategy could be used to enhance up to four times the intensity of
AuNPs (previously deposited on the strip). This strategy, if developed on a real assay (with
AuNPs and analyte flowing) could lessen the testing time in comparison with the methods in

which amplification is performed after the assay. However, it is important to be taken into
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account the properties of the reagents to be stored on the membrane, their stability once

dried and their potential as signal enhancers after rehydration.

Another interesting work was reported by Li et al.}'%. Taking advantage of the
guenching effect of gold ions on QDs, they dissolved the AuNPs captured on TL using HCI-Br;
mixed solution and, in a 96-well microplate, they measured the fluorescence of QDs. The
method provides a good sensitivity, a wide working range and a fairly low limit of detection
(90 pg/mL). Despite these advantages, the procedure is long and difficult to execute on field
since it requires treating of the strips, fluorescence equipment to read the 96-well microplate
and trained personnel. Instead of solving the AuNPs, Shi et al.*'! developed a system which
allowed fluorescence quenching measurements without the need of dissolving the
nanoparticles; they dispensed fluorescent polymer dots of 50 nm on the TL and CL and
observed how the fluorescence decreased with the increase of concentration of AuNPs, which
competed against the analyte. The detection limit of their method reached the 160 pg/mL. As
an alternative to fluorescence detection, silver deposition onto AuNPs could be used to
enhance the colorimetric response, turning into black the color of TL and CL®°. This strategy
not necessary requires the use of colorimetric reader, if only qualitative assay is needed, but

the detection limits achieved are not as low as when using QDs and fluorescence.

Xu et al.}*? developed LFs in which, as labels, AuNPs were loaded over silica nanorods
surface (Fig. 1.20A), raising quite a lot the sensitivity of the method due to the increase of

AuNPs density over detection lines (Fig. 1.20B). The detection limit is also improved, when
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Fig. 1.20. AuNPs carried on silica nanorods: (A) designh and performance of the LFB assay and (B)
results comparison with standard AuNPs labels (left strips) and silica nanorods decorated with AuNPs
(right strips). Adapted with permission from ref. 112. Copyright 2014 American Chemical Society.
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Figure 1.21. Strategies to increase the density of AUNPs on TL and CL: (a) LFs with AuNPs-probes
cocktail on the conjugate pad. Adapted with permission from ref. 114. Copyright 2013 American
Chemical Society. (b) LFs with double conjugate pad. Reprinted with permission from ref. 115.
Copyright 2010 Elsevier.

compared to the previous mentioned strategies, being 10 pg/mL the estimated value.
Another observable improvement of this method is that the amount of antibodies dispensed
on TL and conjugated onto AuNPs could be reduced. Nevertheless, one should keep in mind
that the silica nanorods preparation and their decoration with AuNPs could be a time-
consuming step, besides that the size of the rods (tens of micrometers) slows the flow across
the membrane thus increasing the testing time. The size of the labels also precludes the use
of small pore membranes, which use to exhibit higher sensitivity than the membranes with

bigger pores.

To increase the density of AuNPs on the detection lines, another strategy is to
interconnect AuNPs by means of DNA probes''314 conjugated onto their surface. The binding
between AuNPs can be performed previously to the assay, adding the AuNPs-probes cocktail
to the conjugate pad®3, or during the assay, adding the enhancer nanoparticles mixed with
the sample!? (Fig. 1.21A). As in the case of AuNPs decorated silica rods and the deposition of
dry reagents on the membrane method, these designs are user-friendly, being able to be

performed in one only step, without the need for post-treatments on the strip.

Another strategy to increase the density of AuNPs on the TL is to modify the
architecture of the LFs. An example of this modification can be easily achieved by adding an
extra conjugate pad, as shown in the work of Choi et al. 1*>. On this design, two different sized

AuNPs conjugated with different types of antibodies on two pads are used. The smallest
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AuNPs are conjugated with the antibodies which are selective to the antigen and will flow
faster than the biggest AuNPs, which are conjugated with anti-BSA antibodies and will bind
to the previous AuNPs, covered with BSA as blocking agent, obtaining an enhanced signal due
to this new sandwich format (Fig. 1.21B). The detection limit of this LFs is 1ng/mL, so the
enhancement is not as good as in the previously discussed methods. Nevertheless this
method is advantageous due to the fact that the assay is performed as a real one-step
procedure, without pre-treatments on the sample neither post-treatments on the strip.
Should also be noted that the preparation of both conjugates is simple and the biocompounds

which are used are not very expensive.

In cases where pre-treatment of the sample is required an extra pad can also be used
to pre-treat the sample, simplifying the test procedure. In the work of Lopez-Marzo et al.®3,
an improvement of a previous design® by adding an extra pad with EDTA, which binds the
metallic ions to allow their detection, and OVA, to help masking the interferences has been

carried out (Fig. 1.22). More pads could be added, to enrich the flowing liquids with buffers
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Figure 1.22. LFs with additional conjugate pad for sample pre-treatment. Reprinted with
permission from ref. 63. Copyright 2013 American Chemical Society.
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Nitrocellulose 2.5x 0.3 cm
Absorbing pad 0.7 x 0.3 cm

== Conjugation pad 0.6 cm x 0.3 cm

> Samplc app. Pad 0.7 cm x 0.3 cm
*cach layer overlapped by ~0.2 cm )

Figure 1.23. Multidetection device composed by three LFs specific to different analytes. Scheme of
the design (left) and the final LFB (right). Adapted with permission from ref. 119, copyright 2011
Elsevier.

or to improve the signal with enhancer solutions once the assay is finished, but it could require
several steps, having to wait for the timely moment of each one, hindering the reproducibility
of the device. That problem can be solved using the two-dimensional paper network format
of Fu et al.1'®. Buffer, sample and signal enhancer are added at the beginning of the assay,
then the device is closed and, when the pads contact, the flowing across the paper network
starts. In this manner the reproducibility of the liquid mixing is better controlled. This design

was later simplified in another work of Fu et al.??, already discussed (Fig. 1.2).

Multidetection of analytes is another interesting area in which architecture tuning can
be helpful. Fu et al.*'” and Fenton et al.1'® experimented with the division of the flow on paper
format, proving that multiplex design on lateral flow could work without the need of pumps
or other auxiliary devices. Li et al.}*® adapted LFs to the multiplex format in which three strips

shared one sample pad (Fig.1.23).

17.8x10" m/s
A B
8
) . | —— A I I
x1 x3

Fig. 1.24. Paper architecture modification to enhance the signalling. (A) LFs shape and (B) the flow
speed across the paper. Reprinted with permission from ref. 120. Copyright 2013 Royal Society of
Chemistry.
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Absorbent pad

Wnpmm'

Fig. 1.25. Design with wax pillars printed on LFs membrane to modify the flow across the pores.
Reprinted with permission from ref. 123. Copyright 2014 Royal Society of Chemistry.

Increasing the quantity of gold nanoparticles in the TL can boost the sensitivity of the
system. Parolo et al.'?° reached this purpose by simply modifying the architecture of paper.
The authors tried different designs (Fig. 1.24A) in which the flow was accelerated inside the
detection pad due to a funnel effect, which at the same time was concentrating the amount
of AuNPs and analytes inside. The optimal results were obtained when the width of sample
pad and conjugate pad was 3 times the width of the detection pad, lower assay speed (Fig.
1.24B), enhancing the sensitivity and reducing about eight times the limit of detection in

comparison to a standard LFs.

Another way to modify the flow is to disturb it, instead of provoking its acceleration
the time that the transducers have to conjugate with analytes can be increased, ensuring that
all AuNPs are conjugated and, consequently, captured on TL and CL. In the work of Hong et
al.*?! the antibodies were dispensed as patterns of parallel and zigzag dots on the detection
pad, being the zigzag pattern the one which gave the highest intensities, presumably because
flow slower on this design. It has been demonstrated that wax is a useful tool due its
hydrophobicity to control flow on paper devices and create channels on it'?2. In the work of
Rivas et al.'?3, wax is used to create pillars inside the membrane (Fig. 1.25) slowing the
movement of the fluids and amending their mixing. Furthermore, the pressure exercised
when printing the wax patterns reduces the membrane’s pore size, also contributing to the
brake of the flow. Again, as happened in Hong et al.’s work!?!, the zigzag design exhibits the
highest response. On Rivas et al.’s work'?® the detection limit is improved three times
regarding a non-modified strip, less than on Parolo et al.‘s method*?°; however wax pillars
compose a more inexpensive design, since it does not require higher quantities of AuNPs and

antibodies, in addition that wax is a cheap material.
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1.3.2.2. Fluorescent nanoparticles

It is well known that fluorescence methods use to exhibit higher sensitivity that those
based on absorption colorimetry. The behaviour of fluorescent nanomaterials with interest
to be used in LFs has been extensively explored and some reported examples discussed

below.

In the already discussed work of Li et al.}'® was demonstrated that the use of quantum
dots (QDs) exhibits a good sensitivity and a really low limit of detection; but on their work,
guantum dots were used to indirectly detect the amount of AuNPs on TL by quenching effect.
In other works QDs are used directly as labels on LFs, with both antibodies®®!19124 gnd
aptamers!?>126 The assays are as fast as with AuNPs, regardless the time that fluorimetric

analysis could take, and the limits of detection achieved with QDs as tags are in the order of

60 40 20 18 14 S 0
60 40 20 10 S 2 1 0

Fig. 1.26. Comparison of assay made with AuNPs (up) and silica nanoparticles loaded with
QD (down). Reprinted with permission from ref. 127, copyright 2012 Royal Society of
Chemistry.
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few nanograms per milliliter. The differences between AuNPs and QDs based LFs are heighten
when QDs are carried!?” or encapsulated!?® in other materials. In the work of Bai et al.'?’, QDs
were loaded over silica nanoparticles, which are between 10-20 times larger than QD, and
these nanocomposites were used as labels obtaining a good sensitivity and a detection limit
ten times lower than with AuNPs LFs (Fig. 1.26). These achievements were overwhelmed by
Ren et al.’s work'?®, who managed to encapsulate QDs on polymeric beads improving the limit
of detection to only 0.42 pg/mL and fixing problems of flow and unspecific adsorptions of free
QDs on nitrocellulose. In some cases, the conjugation of QDs with biocompounds can be a
complex work due to their small size; also the number of antibodies per QDs is lower than in
larger particles, so the probability of binding the label to the antigen is also a bit lower;
therefore, these works?”28, besides enhancing the signal, they are noteworthy easing the

development and behaviour of the LFs.

Besides QDs, other fluorescent materials are being used on LFs, as UCPs, which are
considered ceramic materials of large size, few hundreds of nanometers, composed by the
combination of rare earth elements, being europium one of the most used. UCPs transform
low energies (infra-red) into high energies (visible light, depending on their crystalline
structure). Corstjens et al.2%12°7131 worked with this materials to detect nucleic acids and
antigens in complex matrixes with improved results in comparison to the ELISA tests. Paterson
et al.3% also worked with this type of materials on LFs, obtaining similar results as Corstjens
et al.?912%131  yUCPs seem more stable in front of photobleaching effect (decrease of
fluorescence) than QDs, making UCPs more suitable for direct assays and QDs for quenching

related modes.

As seen with QDs, to carry the fluorescent tags on larger particles it helps enhancing
the signal and avoids unspecific adsorptions onto the membrane. Europium, present on most

of UCPs, emits fluorescence when reduced from Eu3* to Eu?*, so several researchers have

133 134-136

exploited that property and combined europium with microparticles'*® and silica beads
to use them as transducers on LFs. Although the results are satisfying, QDs and UPTs exhibit
better limits of detection and working ranges. Huang et al.'3” covered silica microparticles
with Ru(phen)s?* complex, which also exhibits fluorescent properties, obtaining a good limit
of detection, 20 pg/mL. Liposomes can be used to encapsulate fluorescent dyes!3®13?, getting

higher sensitivity when using larger particles, with limits of detection close to 20 pg/mL.
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Fig. 1.27. Comparison of contrast obtained when using carbon nanoparticles (CNPs) and AuNPs.
Reprinted with permission from ref. 143, copyright 2012 Elsevier.

Commercial fluorescent microspheres which can be used on LFs also are available!40-142,
Interestingly, Xie et al.}*® evaluated the optimal quantity of antibodies required to be
conjugated with their microspheres and compared it with AuNPs, resulting that when using
microspheres this quantity can be reduced four times; moreover, even using less quantity of
antibodies in the labels, the sensitivity, the working range and the limit of detection are

improved in comparison to AuNPs assays.
1.3.2.3. Other nanomaterials

Linares et al.**3 applied CNPs on LFs exhibiting a limit of detection ten times lower
than LFs in which AuNPs or LBs (latex beads) are used. CNPs, also known as “carbon black”,
are strongly dark colored nanoparticles that exhibit a higher contrast against the background
than AuNPs (Fig. 1.27), a factor which helps to obtain good parameters of sensitivity, working
range and limit of detection. CNPs, as AuNPs, can be used for the detection of antigens'#4-14,

149-151

DNA chains”:18 and molecules , also in multidetection format!.

Another allotropic form of carbon used on LFs are CNTs'>>1°3, As mentioned, CNTs are
large 2D materials, whereby using these materials on a LFs will turn them in slow tests (around

20 min to see the response). On the other hand, Qiu et al.’s work!>® demonstrated that the

45



CHAPTER 1

limit of detection is improved in comparison to related AuNPs systems. Furthermore, CNTs

are stable in time and against aggregation, which increases the life time of the conjugates.

One of the first nanomaterials used to develop LFBs was colloidal selenium®?*, with
rust color. On this firstling design, the detection of analyte was semiquantitative by means of
various TL on the membrane, instead of comparing the intensity of a single TL. The detection
limit of this LFs was only of few milligrams per milliliter, so rapidly selenium colloids were
substituted by gold colloids which exhibit stronger color. However, several years later, Wang
et al.1> used again selenium nanoparticles, claiming the cost effectiveness of this material in
comparison to AuNPs, to develop modern LFBs. They could not obtain a low limit of detection,
but their system with selenium nanoparticles proved to be quite specific to melamine in

different matrixes.

MNPs can be used as labels as well due to their strong brown color (also because of
their magnetic properties, as will be discussed up ahead). Nevertheless, this strong color
covers practically all the visible spectra obstructing its identification by means of colorimetric

devices. The advantage of MNPs is that their optical properties do not change as much as
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Fig. 1.28. Multiplex LFs developed with silver nanoparticles. Reprinted with permission from
ref. 18, Copyright 2015 Royal Society of Chemistry.
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AuNPs when aggregated. So Liu et al.'>® took advantage of this property and created LFs
where MNPs were aggregated using poly-L-lysine on TL. The aggregated MNPs maintained a
similar sensitivity to the non-aggregated MNPs, but the limit of detection was improved,

reaching 1.7 ng/mL.

Silver can be used to enhance the intensity of AuNPs®°, but silver by itself is also an
interesting nanomaterial. Silver nanoparticles present different colours depending on their
size and shape so, exploiting this property, Yen et al.'® developed multiplexed LFs in which
not only each antigen had their own line, but each of the lines had a different colour, avoiding

confusions to the final user (Fig. 1.28).

In the work done by Park et al.,*>” platinum nanoparticles are used as transducers due
to their properties catalysing luminol oxidation provoking chemiluminiscence. In comparison
with HRP, platinum nanoparticles are more stable-in-time and robust against environmental
conditions. They compared the lighting response of platinum versus the conventional AuNPs

LFs obtaining a higher working range and a limit of detection one thousand times lower.

LBs or polystyrene nanoparticles are homogeneous-size particles which, after being
dyed, can be used to develop LFs. Several companies use LBs on their LFs due to the fact it is
a cheap material and has a similar behavior as AuNPs. Greenwald et al.1>® compared AuNPs
and LBs and observed that LFs prepared with LBs on conjugate pad gave a higher sensitivity
and specificity than the ones prepared with AuNPs. Comparing other studies with LBs!>-161,
the LFs always show a good response in terms of selectivity and sensitivity, however the limits
of detection are not as low as with other materials, which makes the strips suitable for
gualitative assays, for clinic tests where it is only necessary to know if an antigen is over a
determinate threshold. Instead of latex, cellulose!!> can also be used as dyed label on LFs,

which is an even cheaper material.

As discussed above on Edwards et al.13® and Khreich et al.'3° experiments, liposomes
can be used to encapsulate dyes (whether fluorescent or not). There are some reports about
the use of liposomes on LFBs®>67.162-166 \yith good levels of sensitivity due to the high
guantities of dye that can be loaded inside the liposomes. Nevertheless, the synthesis of
liposomes is often a long procedure, with difficult size-control, so the reproducibility of the

test could be affected if the protocol is not well controlled.

47



CHAPTER 1

1.3.3. Electrochemical detection on LFBs

Despite of the fact that LFB response can be quantitative, sometimes it can be hard to
discriminate between the strips, especially by naked eye. The combination of LFBs with
electrochemical detection is expected to provide a more sensitive response, higher
reproducibility, wider working range and lower limits of detection than optical
measurements. Nowadays electrodes can be easily miniaturized by different methods as
screen printing, ink-jet printing or photolithography, allowing their easy incorporation into a
LFs design. In the work of Inoue et al.”3 the authors used photolithography to fabricate three
gold electrodes, working, counter and reference (Fig. 1.29), over a glass slide and then
coupled a small piece of nitrocellulose on a well into the device. They demonstrated that
electrochemical reactions, cyclic voltammograms and amperometric measurements, could be
performed on nitrocellulose substrate so, then, they cut a small piece from a LFs,
corresponding to the TL, and carried out the measurements. The amperometric responses,
based on the reduction of ferrocenemethanol catalysed by HRP (which was previously linked
to a known quantity of testosterone, used also as analyte), decreased when the concentration
of the analyte was increased in the sample (competitive LFB model), obtaining wider working
range than by chemiluminiscence measurements and good values of sensitivity and limit of
detection. The main drawback of Inoue et al.’s method’? is that the electrochemical assay is
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Fig. 1.29. Photograph of a standard electrode chip and the scheme of its well when LFs is coupled
inside. Adapted with permission from ref. 73, copyright 2007 Elsevier.
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Fig. 1.30. (a) Schematic representation of a LFs with electrical chip coupled and (b) its corresponding
photography. Reprinted with permission from ref. 91, Copyright 2014 Royal Society of Chemistry.

Backing with Tape

performed separately. As the reduction is carried out as an additional step, the electrodes are
not truly integrated into the LFs and it has to be cut. Some later designs'®7:168 tried to fuse the
electrode and the strip inside a cassette, including a cutter to section/cut the TL once the

immunoassay was completed.

Liu et al.1®, Lin et al.1’°, Zhu et al.’!; Akanda et al.*’! integrated the electrodes in the
LFs on different ways. On the cases of Liu et al.1®® and Lin et al.1’°, QDs containing cadmium
were used; after the test was performed and QDs were captured on TL, chlorhydric acid was
used to release cadmium ions from QDs, which were detected by the electrodes, located
under the TL, when a detection solution (Hg/Bi) was added on it. The obtained limit of
detection was really low, 30 and 20 pg/mL respectively in each report. Liu et al.'° observed
that when the immunoassay time was extended, the detection limit was decreased to 10
pg/mL. In the work of Zhu et al.%, the colorimetric and electrochemical measurements were
performed at the same time, without the addition of detection solution, thanks to the
integration of commercial CNTs paper in the LFs as working electrode, placed on the CL, and

printed silver/silver chloride ink as reference and counter electrode (Fig. 1.30a), being the
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Fig. 1.31. Electrochemical immunoassay occurring on a LFs with an additional substrate pad.
Reprinted with permission from ref. 171. Copyright 2014 Royal Society of Chemistry.

electrodes laminated to ensure the contact between them and the nitrocellulose membrane
(Fig. 1.30b). Following a competitive LFBs model and using AuNPs as labels, the colorimetric
response was measured comparing the TL on photographs of the LFs and, at the same time,

the chronoamperometric response was measured from the remaining AuNPs on the CL.

It must be highlighted the work of Akanda et al.”!, where they report a really low limit
of detection, of only 0.1 pg/mL. Their LFs includes an extra pad with different substrates to
perform a redox reaction on the electrodes which allows detecting the analyte without being
affected by electroactive interfering species present on the sample (Fig. 1.31). Thanks to this
pad the need for sample pre-treating for both eliminating of interferences and to perform the
electrochemical reaction is taken away, simplifying the test for the end user. On this design

the electrodes, previously printed through photolithography on indium tin oxide substrate
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(ITO), were placed directly over the membrane, onto the detection antibodies. Hence, the

detection on the LFs is only electrochemical and the strip does not provide optical checking.
1.3.4. Other detection methods

MNPs, as previously discussed, can be used as labels on lateral flow!>® due to the fact
they are strongly colored and can be easily conjugated with biomarkers. Usually, MNPs are
used to preconcentrate the analyte in a sample through an washing step'®®72, or are
conjugated with colored particles (e.g. AUNPs) to assemble them, helping in the purification
of the conjugate by means of magnetic separation and to increase the intensity of the color
in TLY"3. Nevertheless, MNPs can be used to a more interesting purpose; the magnetic field
that the nanoparticles generate can be measured through a proper magnetic reader and
transformed into a useful analytical signal. The advantage of this technique is that all the
nanoparticles in the detection line should produce signal, contrary to optical and
electrochemical methods where only nanoparticles on the surface or in contact with the

electrodes, respectively, contribute significantly on the signalling.

There exist several methods to produce and measure a signal using MNPs, being
commercial magnetic assay readers (MARs) the most popular. MARs generate a magnetic
field which excites the MNPs that simultaneously will produce their own magnetic field,
detectable using the sensing coils of the apparatus. This effect can qualitatively measure
groups of MNPs. Many authors’4179 reported the use of MAR on their works, obtaining wide
working ranges, high selectivity, robust assays, good sensitivity and lower limits of detection
than standard AuNPs LFs. However, the intensity of the signal was related to the size of the
MNPs, being the larger ones which produced higher responses being this a drawback
inasmuch as it slows significantly the assay time. Another manner to increase the signal,
producing a higher magnetic field, is to increase the concentration of magnetite inside MNPs.
It must not be forgotten that MNPs are strongly colored, so colorimetric response could also

be measured from these LFs.

Even though nitrocellulose membranes contain pores with widths of some
micrometers, the largest MNPs, combined with big analytes as spores, bacteria or cells, could
clog the pores obstructing the flow of the conjugates across the membrane producing

retention lines (“road closure effect”). Curiously, Wang et al.l”® took advantage of this
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Fig. 1.32. LFs developed with MNPs as labels but without antibodies on the detection pad; “road
closure effect”. Reprinted with permission from ref. 179, Copyright 2015 Elsevier.

inconvenience to develop a novel LFs free of dispensed antibodies on the detection pad.
Merely, in the presence of analyte, the MNPs-analyte conjugate formed the retention line at
the beginning of the nitrocellulose membrane and it was measured with the MAR (Fig. 1.32).
A clear advantage of this design is the cheapness of the LFs, due to the fact that antibodies
printed on it use to represent near the half of its costs; also the assay is faster than in the
other magnetic LFs; nonetheless the absence of CLis a huge drawback because it impedes the

detection of false positives.

In addition to MAR, other technologies like the use of giant magnetoresistive sensors
(GMR) are emerging!8-182. GMR signalling is produced when the electrical resistance of the
sensor is reduced by the effect of an external magnetic field derived from the MNPs. The
technique can show a quite low limit of detection (12 pg/mL, Taton et al.'®°) but seems that

its robustness and sensitivity still have to be improved.
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Fig. 1.33. Thermal contrast sensor applied on LFs. Reprinted with permission from ref. 183, copyright
2012 Wiley-VCH.

Thermal contrast is a technique that measures the radiation that the materials, over
to absolute zero temperature, produce at infrared range. In LFs, thermal contrast can detect
small variations of concentration which are not detectable with visible light, providing lower
limits of detection than in the optical methods, including fluorescence in comparison to
which, furthermore, avoids photobleaching effect; for this reason thermal contrast is
considered a really robust and reproducible technique. Qin et al.'® reported the use of
thermal contrast sensor (Fig. 1.33) on AuNPs LFs and compared the registered data against
visual detection, reaching a 32-fold improvement on the sensitivity. Besides spherical
nanoparticles, other shapes were tested (nanorods and nanoshells), by becoming shell AUNPs

the one which exhibited higher response on thermal contrast.

A technique which can be combined with LFBs to enhance its response is
isotachophoresis, an electrophoretic technique used to displace and preconcentrate several
kinds of compounds, from large biocompounds to small inorganic ions, forcing their
displacement with other ions. Moghadam et al.'818 used this technique on LFs to

concentrate the conjugate and to transport it to the TL (Fig. 1.34). The time of the assay is
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Fig. 1.34. Electrophoretic device for the pre-concentration of biological compounds
applied on fluorescent microparticle-based LFBs. Adapted with permission from ref. 184.
Copyright 2014 American Chemical Society.

reduced and interfering substances are left behind, as well as the limit of detection is
decreased, however must be taken into account that this method requires calibration,
membrane pretreatment and current application (in which is strongly dependent the

sensitivity of the device).

Another detection method which can be applied on LFs is surface-enhanced Raman
scattering (SERS), a technique that enhances the Raman scattering of molecules (Raman
reporters: chromophores or fluorescent dyes with high photostability and that exhibit
resonance at Raman frequencies) previously attached in the label nanoparticles, increasing
significantly the sensitivity of the assay. Li et al.'8¢ reported the use of LFs on SERS, using
AuNPs covered with 4-mercaptobenzoic acid (a Raman reporter). Their experiments
demonstrated the great precision of the technology, the high selectivity against the reporters

and a really low limit of detection, 0.32 pg/mL.
1.3.5. Lateral flow biosensors conspectus

Table 1.2 summarizes different detection methods which can be applied on LFBs and

some of the labels reported on these methods.
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1.3.6. Integration and connection of LFBs to real world applications

The use of LFBs is not restricted only to laboratory or hospital environments. LFBs are
designed to be portable devices which can be used overall at home or in the field. Their use
is expected to be increased in the future so, consequently, it is important to adapt LFBs to the
end user. At that point, it is necessary to focus not only in the LFs design, but also to the reader
that should be user-friendly and low-cost. A mobile phone contains all the components
required for a common analytical reader: the screen, which can act as display and controller;
an input to capture a signal, which could work via the camera®’~19%; ambient light sensors*

and headphone jacks!®2; memory to store the data; and several wired and wireless (Wi-Fi,

Bluetooth, NFC, etc.) connectivity modes. Therefore, considering the billions of mobile-phone

Table 1.2. Comparison of most remarkable methods and materials used in LFBs. Reprinted with
permission from published work ref. 10. Copyright 2015 Elsevier.

Detection method Labels Advantages Disadvantages
Optical (colorimetry) # Maked-eye detection # Mormally, only qualitative or semiquantitative response
» Fast qualitative response
AuNPs » Easy to synthetize and modify = Without the applicton of enhamnement techniques, poor sen-

Optical (Auorescence)

Eledrochemical

Magnetic

Thermal mntrast

SERS

Carbon based materials

MNano-fmicro-partickes loaded/
muodified with dyes

QDs

Other fluorescent materials (ex.

UPTs)

Electroactive nanopartides

Mano-{micro-partickes loaded/
modified with magnetite

AuNPs

Haman reporter materials

» Highly biocompatible and versatle
» Intense colored
» Relatively inexpensive

# Strong contrast against background
» Different shapes and behaviors
# Inexpensive and stable-in-time

e Inexpensive and high variety of
commercial products

» Good sensitivity and limits of
detection

» High sensitivity
# Low limits of detection

» Small-sized: fast assay
® Strong intensity

# Could require less energy o be
exdted than QDs

» Highly sensitive

» Low limits of detection

# Devices easily miniaturized and
cheap

» Relatively inexpensive

» Colorimetric response is also pos-
sible (multi signals)

- ngh UTProV eme nt Llrsl:ll_"illlla'll_l,'
and reproducibilicy
» Any material can emit signal

# High improvement of sensitivity
and detection limits

sitivity and limits of detection in comparison to other methods.

# Unspecific adsorptions
» Some forms have big-size: slow response assay

Difficult to synthesize and modifyRequire to load high quantities of
dye to have a good signaling

» Maked- eye detection normally is not possible

# Requires equipment with both exatation light and fluore scence
measurement

» Materials normally exhibit photobleaching effect, lose intensity
in time

# Difficult to synthetize and conjugate
# Rare elements can be expensive
» Big-sized: slow assay

» Requires equipment to produce and translate the signal
» Reproducibility problems related o eledrodes

# Require magnetic detectors

® Sensitivity related to the size of the particles: slow assays

» EXpensive equipment

& Expensive equipment
» Requires pretreatment of the nanomaterials
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Fig. 1.35. Use of a mobile phone to interpret a paper-based biosensor for the determination of
blood type. Adapted with permission from ref. 195. Copyright 2014 American Chemical Society.
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users in the world, these phones are an invaluable resource for biosensing. This premise leads

us to the emerging “diagnostic and communication” technology (DCT).

Mobile phone cameras can recognize small differences in color tone, as can be
confirmed even in simple home experiments. This capability is based on the Lambert-Beer
law, which relates the concentration of an analyte to the intensity of its color in
solution!87:193194 'A mobile phone app that can assign quantifiable values to these tonality

differences could be used to maximize the potential of mobile phones coupled to optical-

based biosensors as DCTs.
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Fig. 1.36. (a) Schematic representation of LF adapter for mobile phones, (b) LF cassette composition
and (c) and (d) images of the real adapter. Adapted with permission from ref. 198. Copyright 2013
Elsevier.

The simplest apps for performing colorimetric detection are based on the detection
of the primary colors: red, green and blue (RGB). The standard RGB scale assigns a whole-
number value from 0 to 255 for each of these three colors in a given tone, such that [0, O, 0]
corresponds to absolute black and [255, 255, 255], to true white. A good HD camera should
be able to distinguish until 16777216 colors. Yetisen et al.,?® developed a smartphone
application algorithm for commercial colorimetric tests based on RGB detection. However,
accurate use of colorimetric measurements requires careful control over parameters such as

ambient light, temperature, and the distance between the camera and the sample.

Guan et al.*®*> performed pioneering work by developing a paper-based assay for
blood-typing, whereby they printed hydrophobic bar-channels, made of alkyl ketene dimer,
onto Kleenex® paper. In their assay, drops of a blood sample are added to three different

channels: one channel to determine the presence of antigen A; another one, for antigen B;
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and a third channel, to ascertain the Rh factor. Then, buffer is added to help the blood flow
through the channels. Finally, the results are transferred to a mobile phone, which informs

the user of the blood type (Fig. 1.35).

LFBs and similarly-structured paper strips are easy to integrate into mobile phones,
owing to their simple architecture and to the fact that they can usually just be dipped into the
sample and subsequently read by a mobile phone camera. Examples of this approach have
been highly reported?®119%6-200 Fig 1.36 (You et al.1%) illustrates how LFs are introduced onto
an adapter (previously fabricated by stereolithographic 3D-printing) for reading via light-
scattering. Mainly, these adapters exploit the mobile phone flash, as a light source and the
camera, with collimating lenses, as the detector!®®29, Alternatively, in other designs'®®%7 a
LED is used as the light source. Using LEDs facilitates monitoring of the incipient light (e.g.
wavelength, exposure time, light angle and intensity), but requires the use of an external
battery. An example of test-strip reading and signal extraction is provided in Fig. 1.37 (from
Mudanyali et al.*?®). The test-strip image is adapted to gray-scale, and then the signalling

areas are compared against the background, so that the software can decide whether the

RAW RDT IMAGE ACQUISITION Eemmrdl  PIXEL MATRIX GENERATION el CONVERSION TO GRAYSCALE

SEGMENTATION OF
NON-FUNCTIONALIZED BACKGROUND

EXTRACTION OF REGION IMAGE
OF INTEREST (TEST STRIP) ENHANCEMENT

< -

SEGMENTATION OF FUNCTIONALIZED QUANTITATIVE DETERMINATION OF NORMAUZED
= IMMUNOCHROMATOGRAPHIC REGIONS ANTIGEN DENSITY AND RDT EVALUATION

» v Negativ LI

-

Fig. 1.37. Different steps during the image processing of a LF strip with mobile phone software.
Adapted with permission from ref. 196. Copyright 2012 Royal Society of Chemistry
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signal corresponds to a negative or a positive sample. Importantly, the data recorded by their
app can be used to create a spatiotemporal map, based on a Google Maps interface, for

tracking the possible spread of a disease.

There are emerging companies dedicated to developing software for reading and
processing the data from LFs using mobile phones, through personalized software in each
case. For example, Novarum?®! has created mobile phone apps that read a quick response
(QR) code integrated onto LFs cassettes. The system knows how to scan and interpret the
response by simply comparing pixel colors. The phone does not require any adapter.
Continuing with optical sensors, there are also companies that are developing mobile phone
camera lenses that offer enhanced zoom or image quality, or even enable true microscopy.
For example, Blips Lenses??? is a crowd-funded project that offers cheap lenses compatible

with any mobile phone. They work by simply being attaching onto the camera.

Indisputably, mobile phones have become the ideal tools for development of DCT

devices. However, in the near future, will they remain the best option? Other devices could

RDT Line
Cropping

L
Py

—

L &.\

Fig. 1.38. Using Google Glass to translate the response of a LFs. By detecting the QR code the type of
LFs is identified. Adapted with permission from ref. 204, copyright 2014 American Chemical Society.
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appear that supersede mobile phones. A recent example that ultimately did not arrive to
market is Google Glass?®, an eyeglasses-like device that was supposed to integrate
augmented reality (AR) in our life by displaying images (messages, maps, video chats, text,
etc.) directly in front of our eyes. In terms of the potential of Google Glass, Feng et al., 20142%
showed that LFs could be read by simply looking at a QR code stamped on the cassette (Fig.
1.38), and then having Google Glass check the data base to determine the analyte that is being

measured and its concentration relative to the intensity of the lines.
1.4. Conclusions

LFs have demonstrated to be affordable and portable tools to detect a huge variety of
compounds (e.g. proteins, metallic ions, organic molecules, DNA, cells, etc.) in a really short
period of time, usually shorter than 30 min, that may include pre- and post- treatments if
necessary. LFs are compatible with different detection methods and nanomaterials in which
strongly depend the costs, the robustness, the sensitivity and the detection limits of these
devices. The variety of properties of nanoparticles allows secondary reactions to be
performed onto their surface or their assembly and other modifications enhancing the
intensity of the analytical signals. However, the signal of a LFs can also be easily enhanced just

by modifying its architecture allowing tuning of the microfluidics beside other changes.

LFs are expected to deepen more in fast diagnostics and PoC, enabling its use at home
to identify diseases or allergens, or simply to monitor biological parameters that affect our
security and health. Because of this, electronic devices of common use, like smart-phones or
augmented reality apparatus (like Google Glass) or future DCTs, will probably be able to work

as LFs readers, providing comprehensible test instructions and results to the user.

More in detail conclusions from the state-of-the-art study of point of care devices in
general and also particularly to LFs and their application can be read at the published

reviews®”10, attached in the annexes section.
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CHAPTER 2. Thesis objectives

The main objective of this PhD thesis was to study and learn about lateral flow
technology, not only concerning to its development, also its benefits and drawbacks, the
current state-of-the-art and the future possibilities that this technology has. Furthermore,
novel ways to apply nanomaterials on lateral flow as well as the application of the developed

devices were pursued.

During this research work, different projects and milestones emerged, which are

detailed as:

e The development of LFs for the detection of U(VI) ions in groundwater.
e Design and prepare LFs strips able to reach a LOD under 30 ppb, the
minimum amount recommended in consume water by the EPA and the
WHO.
e  Strips evaluation and application in real samples.
e Signal enhancement for LFs.
e Integration of cellulose nanofibers onto nitrocellulose to retain more
AuNPs increasing the color intensity on the TL.
e Application of a mobile phone as colorimetric reader for LFs, being a fast and user-
friendly tool.
e Detection of PBDE (a flame retardant now classified as contaminant).
e Explore the advantages of the electrocatalytic properties of IrO2 NPs in
saline medium to detect PBDEs.
e Integration of IrO; NPs on LFs for the future objective to combine optical

and electrochemical detection of PBDE, among other analytes.
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CHAPTER 3. U(VI) detection using a gold nanoparticle/paper-based lateral flow device

3.1. Introduction

Uranium enters in the environment from mining and ore processing®? and the
extensive use of phosphate fertilizers34. The uranium that exists naturally in granite and other
mineral deposits! can also contribute to groundwater contamination. Uranium contamination
in both ground and surface waters have also significantly increased in the last two decades
due to military use of the depleted metal®®. In groundwater, this heavy metal is most
commonly found in its hexavalent form, U(VI), also referred to as uranyl ion (UO2%*). The
current maximum contamination level for uranium in drinking water, as stipulated by the U.S.
Environmental Protection Agency (EPA)” and the World Health Organization (WHO)? is 30
ug/L (126 nM). The consumption of high amounts of uranium has been associated with renal
problems (accumulation in kidney), genotoxicity and cancer development (e.g. leukaemia due
uranium accumulation on bones)®°, among others. Current detection methods for uranium,
such as ICP-MS (inductively coupled plasma mass spectrometry)'® or radiation detection
systems?!, require several sample extraction and pre-treatment steps, expensive equipment,
and highly trained personnel; such analyses are mainly performed in high-tech laboratory
settings. Although there exist portable radiation detection equipment, the detection is mostly
qualitative and only possible for high amounts of the radioactive isotopes?!. It has been the
long term interest of environmental scientists to seek new methods to rapidly detect and

guantify water contaminants at the site of contamination. Lateral flow strips (LFs) are paper-

Chelator complex 12F6

DCP-UO,*

9.1+0.7x 10"

Fig. 3.1. DCP chelator structure binding UO,%* ion. Equilibrium dissociation constant (K4/M) value of
the complex for the binding with 12F6 antibody. Reprinted with permission from ref. 20, copyright
2004, American Chemical Society
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Figure 3.2. AuNPs characterized by transmission electron microscopy (TEM).

based immunosensors that can be used to detect the presence of specific molecules in a given
sample. These devices are simple, portable, cheap to produce, and do not require highly

skilled labor12-1>,

In this chapter it is reported the development of LFs for quantitative detection of U(VI)
in groundwater samples. The use of LFs has previously been reported for the detection of
other heavy metals such as lead®, cadmium?!”8 and mercury®. In the present study, an
antibody (clone 12F6) that specifically recognizes UO,?* complexed to the chelator, 2,9-
dicarboxyl-1,10-phenanthroline (DCP) was used for the analysis?® (Fig. 3.1). This chelator
binds to UO2?* with an affinity five orders of magnitude greater than that of conventional

metal chelators such as ethylenediaminetetraacetic acid (EDTA)?°.

The integration of nanoparticles!* on LFs leads to higher sensitivity and lower
detection limits in comparison to other materials used as labels, being gold nanoparticles
(AuNPs) chosen as labels in this assay due to their strong red color and biocompatibility with

antibodies?124,
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3.2. Materials and methods
3.2.1. Materials

The 12F6 antibody and the BSA-DCP-U(VI) conjugate were prepared and characterized
as previously described?®2>26, Bovine serum albumin (BSA), goat anti-mouse 1gG polyclonal
antibody, tetrachloroauric acid (HAuCls), trisodium citrate, Tween 20, sucrose and the
reagents used to prepare HEPES-buffered saline (HBS: NaCl 137 mM, KCI 3 mM and HEPES 10
mM; pH 7.4) were purchased from Sigma Aldrich. The U(VI) stock solution was purchased
from Perkin Elmer and the chelator, DCP was purchased from Alpha Aesar. Cellulose
membrane (CFSP001700), glass fibber (GFCPO0080000), nitrocellulose membrane (HF180),

and adhesive laminated card were purchased from Millipore.
3.2.2. Synthesis of gold nanoparticles

AuNPs of approximately 20 nm diameter were synthesized by citrate reduction of
HAuCl, following the Turkevich method?’. A 0.01 % (w/v) solution of HAuCls was prepared by
diluting 0.5 ml of a 1 % HAuCls to a final volume of 50 mL in Milli-Q water. This solution was
heated to boiling point and 1.25 mL of 1 % (w/v) sodium citrate was added under continuous
vigorous stirring. The solution was allowed to boil for an additional 10 minutes then allowed
to cool down to room temperature. The AuNP solution was adjusted to a pH of 9.0 by addition

of 0.01 mM borate buffer. The AuNPs were characterized by TEM (Fig. 3.2).
3.2.3. Preparation of the 12F6-AuNP conjugate

An aliquot (200 pg/mL in HBS, 100uL) of the 12F6 antibody was added to 1.5 mL of
AuNP solution and incubated for 20 minutes at room temperature. BSA solution (5% (w/v),
100 pL) was then added and the mixture was allowed to incubate for another 20 minutes
followed by centrifugation at 4°C (14000 rpm, 20 minutes). The supernatant was discarded

and the pellet was reconstituted in 0.5 mL HBS buffer containing 10 % sucrose.

The ratio antibody:AuNP was calculated to be 7:1, estimated dividing the surface area
of a nanoparticle by the area occupied by an antibody. The surface area (A1) of a spherical
nanoparticle was calculated as 1258 nm? by the formula A1 = 4mtr1?, being the radius (r1) of 10

nm. Then, the area occupied by an IgG molecule was estimated considering that the antibody
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occupies the area of a circle, being the radius of 7.5 nm according to reference 28. The formula

applied was A, = rtr2?, obtaining an area of 176.71 nm?.

The sample pad was prepared by dipping the cellulose membrane in HBS buffer
containing 5 % BSA and 0.05 % Tween 20. The membrane was dried at 60°C for 2 hours and
stored in barrier zip-lock pouches with drying pearls at 4 2C. The conjugate pad was prepared
by dispensing freshly prepared AuNP-antibody conjugate suspension onto the glass fibber.
The fibber was dried by quickly transferring to a vacuum chamber for 2.5 hours, and then
stored in barrier zip-lock pouches with drying pearls at 4 2C. The detection pad consists of a
nitrocellulose membrane assembled onto an adhesive laminated card backing. Using the
Biofluidix Biospot Workstation, approximately 1 uL/mm of the U(VI)-DCP-BSA conjugate (0.25
mg/mL) and goat anti-mouse 1gG polyclonal antibody (1.00 mg/mL) solutions were dispensed
onto the TL and the CL on the detection pad, respectively. The detection pad was dried at

37°C for 2 hours and stored at room temperature under dry conditions.

The conjugate pad was assembled onto the adhesive backing with a 1 mm overlap
over the detection pad. The sample pad was assembled overlapping the conjugate pad at the
end of the strip. On the other end, an absorption pad (untreated cellulose membrane) was
assembled overlapping the detection pad, at 3 mm away from the CL. The strips were cut to

a width of 6 mm using a guillotine and stored at room temperature in dry conditions.
3.2.4. Assay performance

Standard U(VI) solutions (25nM to 800 nM) were prepared by diluting the uranium
stock solution (1000 ppm; 4.2 mM) in HBS. An aliquot (100 uL) of each U(VI) sample was mixed
with 100 uL of 2 uM DCP solution and after incubation for 10 minutes at room temperature,
the samples were applied on the sample pad of the strips. After 5 minutes, TL and CL were
observed. After 20 minutes, images of the strips were taken using a mobile phone camera?®
32 (Moto Z, 13 megapixel). Image J software was used to quantify the color intensities of the
TLs. The images were converted to 8-bit black-and-white format and the intensities of white
pixels were measured on the TL, with an intensity value of 255 considered pure white while
an intensity value of 0.0, pure black. Data was normalized into % color where 0 % and 100 %

equal to 255 and 0 values respectively.
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Fig. 3.3. Site of collection of uranium-contaminated groundwater. The United States Department of
Energy monitors a number of site of former uranium mine/ore processing plants as part of the
Uranium Mill Tailings Remedial Action (UMTRA) project.

3.2.5. Evaluation of strips with contaminated groundwater samples

Uranium-contaminated groundwater samples were obtained from a uranium
contaminated site in Rifle, Colorado (Fig. 3.3)%°. These groundwater samples were filtered
through a 0.45-micron non-uranium binding filter to remove any particulate matter before
they were received at Tulane University. To prevent the precipitation of uranium, the samples
were acidified to a pH of 2.0 by adding 125 pL of 8 M nitric acid per 50 mL of sample. Because
the binding of the 12F6 antibody to the U(VI)-DCP complex is inhibited by mM quantities of
ionic calcium (Fig. 3.4), standard curves for groundwater samples were therefore adjusted to
have the same [Ca?*] as the groundwater sample (Table 3.1). This was achieved by treating a
small guantity of the contaminated water sample with uranium absorbing particles that

completely remove the U(VI) but not the Ca?* from the groundwater33. The Ca?* concentration

1.00 §

0.75

0.50

025 1

0.00 1 1 L 1
0 20 40 60 80

[CaZ*],mM

12F6 binding to immobilized U(VI)-DCP

Fig. 3.4. Effect of [Ca?*] on the binding affinity of 12F6 to immobilized U(VI)-DCP-BSA. The effect of
calcium on 12F6 binding was studied using a KinExA 3000 instrument.
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Table 3.1. Preparation of standards containing pre-treated groundwater samples.

[UO,2*] (nM): 0 12.5 25 35 50 75 100 200
Vol. of stock (2 pM U(VI), 0 3.13 6.25 8.75 12.5 18.75 25 50
in HBS) (pL)

Pre-treated Rifle 50 50 50 50 50 50 50 50
groundwater (L)

HBS (pL) 200 196.87 | 193.75 | 191.25 | 1875 @ 181.25 175 150
2000 nM DCP in HBS (uL) 250 250 250 250 250 250 250 250
Total Vol. (uL) 500 500 500 500 500 500 500 500

Table 3.2. Preparation of environmental samples with U(VI) concentrations.

Sample dilution factor 10fold ~15fold 20fold
Vol. of Rifle groundwater (Acidified) (pL) 50 35 25
Pretreated Rifle groundwater (Neutralized) 0 15 25
HBS 200 200 200
2000 nM DCP in HBS 250 250 250
Total Vol. (ul) 500 500 500

in the standards and the samples could then be normalized by keeping the final proportion of
untreated and treated groundwater at 10 % in all samples and standards (Tables 3.1 and 3.2).

The pH of the samples and the standards were checked before they were applied to the strips.
3.3. Results and discussion
3.3.1. Design of the AuNP-based LFs for the detection of U(VI)

This lateral flow assay relies on the 12F6 monoclonal antibody’s specific recognition
of the U(VI)-DCP complex. Due to the small size of the chelated uranium, it is not possible to

Ill

form the typical “capture antibody-analyte-recognition antibody” immunosandwich on the
test line (TL), as seen with most standard LFs models'4. Therefore, this immunoassay was
designed based on a competitive model'”!2 as illustrated in Fig. 3.5. The 12F6 monoclonal
antibody was conjugated to gold nanoparticles and dispensed onto the conjugate pad. The
operating principle of this assay is based on the competition between the U(VI)-DCP complex
(prepared by mixing the U(VI)-contaminated/spiked sample with DCP) and U(VI)-DCP-BSA
immobilized on the TL for the binding site of the AuNP-conjugated 12F6 antibody (on the
conjugate pad). In the absence of U(VI) in the sample, the 12F6-AuNP conjugate will bind to

the immobilized U(VI)-DCP-BSA on the TL, resulting in an intense red color. However, when
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Fig. 3.5. Schematic (not drawn to scale) of the configuration and operating principle of the lateral
flow strip for the detection of U(VI). The intensity on the strips can be measured by using a mobile
phone camera.

U(VI) is present in the sample, the U(VI)-DCP complex will bind to the AuNP-12F6 conjugate,
thus leaving less of 12F6 antibody available to bind to the U(VI)-DCP-BSA on the TL. This
results in less red coloration on the TL. In both the positive and negative control assays, the
excess AUNP-12F6 complex is captured on the control line (CL) by an immobilized goat anti-
mouse antibody, resulting in an intense red line. Thus, in a negative assay (-), both the TL and
CL should have an intense red coloration. Increasing concentrations of U(VI) in the sample
should result in a decrease in the intensity of the TL. The color intensity of the TL is thus

inversely proportional to the concentration of U(VI) in the sample.
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Fig. 3.6. (A) Evaluation of the conjugation of 12F6 antibody at different concentrations on AuNPs at
pH 7, 8 and 9 by means of the variation of absorbance (AAbs.) caused by the addition of NaCl and
(B) the corresponding coefficient of variation (CV, %) of each point. (C) Evaluation of the linearity of
the color decrease related to U(VI) concentration for LFs at different concentrations of DCP
chelator.
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3.3.2. Optimization of assay conditions

It was necessary to optimize various assay conditions in order to ensure proper
functionality of the LFs. First, a gold nanoparticle aggregation test** was performed to
determine the optimal concentration of the 12F6 antibody that could be conjugated onto
AuNPs. AuNP suspensions at various pH values (7, 8, and 9) were mixed with varying
concentrations (0, 50, 100, 150, 200, and 300 pg/mL) of the 12F6 antibody. The UV-Vis
absorbance of these solutions at 520 nm were measured before and after addition of NaCl,
using a Spectra Max iD3 spectrophotometer. If the amount of antibody was not enough to
cover the surface of the AuNPs, the presence of the NaCl in solution would cause the AuNPs
to aggregate and subsequently precipitate out of solution. Fig. 3.6A shows the absorbance
values recorded at various pH values with different concentrations of antibody and Fig. 3.6B
shows the corresponding % CV values of the absorbance values reported in Fig. 3.6A. Based

on the data obtained, a pH 9.0 and antibody concentration of 200 pug/mL were chosen for the

A [UW)/inM) 0 25 S0 75 100 150 200

CL
TL

47 |

% color = -4,389In[U(V1)] + 59,895
43 } r=0,9952

% color
+

39

20 70 120 170
(U(VI)}/(nM)

Figure 3.7. (A) LFs response at U(VI) concentrations between 0 and 200 nM in HBS buffer and (B)
the corresponding working range equation.
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conjugation.

In this assay, sample pre-treatment with the chelator, DCP was required before
dispensing onto the LFs. Various concentrations (2, 20, 200 and 2000 nM) of DCP were mixed
with different concentrations (0, 200, 400, 500 and 1000 nM) of U(VI), and applied onto the
LFs. The DCP and U(VI) solutions were mixed at a 1:1 ratio and allowed to incubate for 10
minutes at room temperature. 200 pL of each mixture were applied onto the LFs. Images of
the strips were taken and color intensities of the TL were quantified using ImageJ software.
Fig. 3.6C shows the % color observed from these experiments. Based on these data, a DCP
concentration of 2000 nM was chosen for the rest of the assays since higher sensitivity and

linear behaviour were observed.

Samples containing various concentrations of U(VI) standards were prepared as
described in the methods section and evaluated with the LFs to determine the optimal
working range of the assay. All samples and standards were prepared in HBS buffer, pH 7.4.
Fig. 3.7A is an image of the LFs and Fig. 3.7B shows the mathematical fit of the data obtained

from the standards following the equation:
% color = -4,389 In [U(VI)] + 59,895

The r? for this fit was 0.9952 and the theoretical LOD (limit of detection) was calculated
by replacing “% color” in the equation with the average signal of blank, 49%, plus 3 times its

standard deviation, £1 %, resulting in a value of 6 nM.
3.3.3. Detection and quantification of U(VI) in contaminated groundwater samples

Since this LFs assay relies on the 12F6 antibody’s ability to recognize U(VI) in a complex
with DCP, it was important to ensure that all the uranium in the environmental sample be
dissociated from the various natural complexants®® in the groundwater before being
complexed with DCP. To ensure dissociation of U(VI) from these natural complexants, the
filtered groundwater samples were treated with 8 M nitric acid to lower the pH to ~2.0. This
pre-treatment strategy was found to be the most successful in a previous study?®, and the
acidified samples could be stored for several months at 4°C. A portion of the acidified
environmental samples was sent for analysis by ICP-MS. Samples were neutralized before

applying onto the strips by mixing with HBS buffer containing DCP.
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Table 3.3. Concentration of uranium and calcium in untreated groundwater and in groundwater
treated with uranium absorbing particles.

Untreated Treated %
Removed
Uranium | 687.68 nM 8.36 nM 98.78
Calcium 7.00 mM 6.54 mM 6.60

It has been previously observed that the presence of calcium inhibits the binding
activity of the 12F6 antibody (Fig. 3.4). The environmental samples contain ~7 mM calcium.
Thus, presence of calcium in the groundwater samples could cause false positives in the
results if the amount is not normalized in both the standards and the samples. To address this
issue, uranium-contaminated groundwater samples were pre-treated with uranium
absorbing particles33. These particles rapidly (within 5-10 minutes) and selectively remove
uranyl ions in groundwater samples. These particles were used to adsorb the uranium from
an aliquot the groundwater sample. Up to 98.7% of the uranium in the contaminated
groundwater sample was removed (as quantified by ICP-MS, Table 3.3), and this pre-treated,
U(VI)-free groundwater was used to supplement all the new standard solutions (10 % pre-
treated Rifle groundwater in each standard). This ensured that both the standards and the
environmental samples were in the same background matrix. Samples were prepared by
diluting the untreated acidified groundwater into HBS buffer containing DCP. The pre-treated
groundwater was then used to adjust each sample to ensure that each prep contained 10 %

groundwater.

Three dilutions (10-, 15-, and 20-fold) of the groundwater sample were assessed. The
pH of all the standards and samples applied to the lateral flow strips ranged between 7.2 and
7.4. Each standard and sample was assayed in duplicate. A representative image of the LFs
used to generate standard curves with standards containing 10 % pre-treated groundwater is
shown in Fig. 3.8A. Fig. 3.8B shows the standard curve generated from these LFs. The standard

curve fits to the equation:
% color = -3,626 In [U(VI)] + 54,962

The r? value for the equation was 0.9697 and the LOD 36.38 nM (the color intensity of

blank plus 3 times its standard deviation was of 42 %).

97



CHAPER 3

A [UVi)i/inM) 0 25 S50 75 100 200
PR SRR o PR FUS—

CL
SEEREND

<&
% color = -3,626In[U(VI)] + 54,962
a2 < * r=0,9697
S
S
3 T
& Py l
1
20 70 120 170 220
[U(V1))/(nM)

Fig. 3.8. (A) LFs response at various standard U(VI) concentrations in HBS buffer containing 10 % pre-
treated groundwater and (B) the corresponding working range equation.

U(VI) concentrations in the diluted groundwater samples were interpolated from the
standard curve and the results are shown in Table 3.4. At a 10-fold dilution of the
environmental sample, the measured U(VI) concentration was 70.23 nM, similar to the
concentration measured by ICP-MS. However, at higher dilution factors, 15-fold and 20-fold,
bigger errors were observed. The U(VI) concentrations in the in these samples are closer to

the LOD and therefore could not be accurately quantified by this assay.
3.4. Conclusions

A lateral flow assay for the detection and quantification of uranium in groundwater,
using the 12F6 monoclonal antibody labelled with AuNPs as signal producer, has been
developed for the first time. The 12F6 antibody has a primary specificity for uranyl ions
complexed with the chelator, DCP. A competitive immunoassay format was used due to the
small size of the analyte. Pictures of these lateral flow strips could be taken 20 minutes after

adding sample and the color intensities were analysed using ImageJ software.
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Table 3.4. Environmental groundwater sample evaluation. Comparison of LFs and ICP-MS.

Environmental sample % colour [U(VI)], nM, interpolated [U(VI)], nM, by ICP-MS
dilution factor from the standard curve
10 39.55 70.23 68.90
15 40.05 61.08 48.23
20 40.17 59.17 34.45

The strips exhibited a LOD of 6 nM when standards and samples were prepared in HBS
buffer. When samples and standards were prepared in HBS buffer supplemented with pre-
treated environmental samples, a LOD of 36.38 nM was observed. Both limits of detection
are well below 126 nM, the maximum contaminant level for uranium in drinking water

stipulated by the WHO and the United States EPA.

These lateral flow strips provide a potentially simpler and cheaper alternative to the
current uranium detection and quantification methods. The assays can be performed in situ
and provide results in less than 20 minutes. These strips can be used for both qualitative and

guantitative analysis by combining the readout with a mobile phone application system.
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CHAPTER 4. Signal enhancement on lateral flow tests by using cellulose nanofibers

4.1. Introduction

The World Health Organization (WHO) urges the development of affordable, sensitive,
selective, user-friendly, rapid and robust, equipment-free and derivable to the end-user
devices (ASSURED criteria)®. Lateral flow strips (LFs) are paper-based biosensors which can
afford that demand?™. Paper substrate is inexpensive, recyclable, tunable and allows the
storage of bioreceptors (e.g. antibodies®) and nanomaterials® in dry state, properties that
make LFs suitable for point-of-care (PoC) diagnsotics®=®. However, LFs may present in some
cases not enough sensitivity levels, thus not allowing or making it difficult to perform
guantitative analysis. Because of that reason, many studies and signal enhancement
strategies have been proposed during last years, as they are the addition of extra
amplification steps®??, secondary chemical reactions*-1¢, architecture modifications'”* or

even exploring alternative signal translation methods beyond the optical response®22,

The porosity of paper is a key factor regarding the sensitivity of the strips?3. Small
pores will lead to higher sensitivity, as demonstrated by Rivas et al.*?, nevertheless the sample
may have difficulties to flow, increasing the assay time and the probability of having

membrane defects. Herein, we propose to decrease the pore size of the membrane only on

A. A B. nitrocellulose

TL without CNF surface
’ . F cellulose nanofibers
| Y — (cNF)
) [SL%
. inside " (control) . AuNPs
CL
@ ‘
. = TL /B_ ‘ @ ® ’ Human IgG
o g0 0 g F | AR X
Ry ‘ F | . captute ab.
0. ¢ @ ) +)
; . Y recognition ab.
. - / /[ . inside
@) / Y  control ab.

Fig. 4.1. (A) Schematic representation of a positive TL not modified (up) and modified with cellulose
nanofibers dispensed (down). (B) Schematic representation of a LFs with all its components.
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the test area, where the recognition antibodies are dispensed. To accomplish this milestone,
in this work we have used for the first time cellulose nano-fibers (CNF), a nanomaterial often
used as reinforcement additive on papermaker pulps?4-3*. This nanomaterial can be produced
as a gel, thus it can be easily dispensed and dried inside the paper pores. In addition to the
structural modification, CNF are biocompatible with antibodies, thus increasing the areas
where they can be attached, so that more of them are retained near the paper surface, where
it is best appreciated the color of transducer particles (Fig. 4.1A). In regard to the transducer
particles, we have chosen gold nanoparticles (AuNPs) since they are easy to synthetize3?,
bioconjugate333> and have a strong red color readily detectable®®. Our LFs design is

represented in Fig. 4.1B.

On the other hand, mobile phones are important support tools in nowadays
biosensing®”~*’, not only due the capacity to record and store the data, also because of the
portability, cloud storage, accessibility and software capabilities that these devices offer. In
this work we attach microscopic lenses (Blips Micro Lens*®) to the mobile phone camera to
improve the quality of close-up images taken of the test area in LFs, therefore increasing the

number of pixels that can be read.
4.2. Materials and methods
4.2.1. Materials

Tetrachloroauric acid (HAuCls), bovine serum albumin (BSA), goat anti-human IgG
antibody, human IgG, trisodium citrate, sucrose, Tween 20, phosphate buffer saline (PBS)
tablets and the reagents to prepare phosphate buffer non-saline (PB; sodium phosphate basic
and dibasic) and borate buffer (BB; sodium tetraborate and boric acid) were purchased from

Sigma Aldrich. Chicken anti-goat antibody was purchased from Abcam.

Nitrocellulose membrane (HF180), cotton membrane (CFSP001700), glass fiber

(GFCP0O0O080000) and supporting adhesive cards were purchased from Millipore.

CNF (10 mM, 0.92 % C) were provided by LEPAMAP group, fabricated following a
reported protocol?® by using commercial bleached pine tree pulp as raw material, provided

by Ence: Celulosas y Energia S.A.
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Fig. 4.2. TEM images of AuNPs.

Blips Lens Basic Kit, from Smart Micro Optics*®, was purchased in a Kickstarter

campaign.
4.2.2. Synthesis of gold nanoparticles

Following Turkevich method3?, AuNPs of approximately 20 nm diameter were
synthesized by citrate reduction of HAuCls. 50 mL of a 0.01 % (w/v) solution of HAuCls were
prepared in Milli-Q water. This solution was taken to boiling point and 1.25 mL of 1 % (w/v)
sodium citrate solution was added under continuous vigorous stirring. The solution was kept
boiling for 10 more minutes and then allowed to cool down to room temperature. The AuNP
solution was adjusted to a pH of 9.0 by addition of 0.01 mM BB. AuNPs were characterized by

transmission electron micro-scope (TEM, Tecnai F20) as shown in Fig. 4.2.
4.2.3. Gold nanoparticles conjugation

100 pL of goat anti-human IgG antibody (100 pug/mL in PB) were added to 1.5 mL of
AuNP solution and incubated for 20 minutes at room temperature. BSA solution (0.1 % (w/v),
100 pL) was then added to the mixture, which was incubated for another 20 minutes and then
centrifuged at 4°C (14000 rpm, 20 minutes). The supernatant was discarded and the pellet

was reconstituted in 0.5 mL BB (2 mM, pH 7.4) containing 10 % sucrose.
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Fig. 4.3. CNF-LFs after the addition of different concentrations of HIgG in PB.

4.2.4. Lateral flow strips preparation

The conjugate pad was prepared by dipping the glass fiber into the AuNP-antibody
conjugate suspension. The fiber was dried in a vacuum chamber for 3-4 hours, and then
stored in barrier zip-lock pouches with drying pearls at 4 2C. The sample pad was prepared by
dipping the cotton membrane in PBS buffer containing 0.05 % Tween 20 and 5 % BSA. The
pad was dried in the oven at 60°C for 2 hours and stored in barrier zip-lock pouches with
drying pearls at 4 2C. The detection pad was made assembling nitrocellulose membrane onto

a supporting adhesive card.

Fig. 4.4. Blips micro lens attached to the mobile phone camera.
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Fig. 4.5. (A) Simple 3D-printed tool to keep the distance between strip and (B) mobile phone
always constant (6 mm).

CNF gel (10 mM) was diluted by half with Milli Q water to make it less viscous and was
dispensed using a Biofluidix Biospot Workstation over nitrocellulose membrane forming a
line. The line was dispensed repeatedly on the same position to increase the concentration
of CNF within nitrocellulose pores (from one to six times; i.e. 5 to 30 mM). After drying the
membrane overnight at room temperature, goat anti-human 1gG antibody (1.0 mg/mL in PB)
was dispensed over the previous line. Chicken anti-goat antibody (1.0 mg/mL in PB) was
dispensed at 5.5 mm distance from TL as control line (CL). The detection pad was dried at

37°C for 2 hours and stored at room temperature under dry conditions.

The conjugate pad was assembled onto the adhesive card with a 1 mm overlap over
the detection pad, on the farthest side from the detection lines. The sample pad was
assembled overlapping the conjugate pad at the end of the card. An absorption pad
(untreated cellulose membrane) was assembled on the other end of the card, overlapping the
detection pad, at 4 mm away from the CL. The strips were cut to a width of 6 mm using a

guillotine and stored at room temperature with drying pearls.
4.2.5. Assay performance

Human 1gG solutions, from 0.01 to 1.00 pug/mL, were prepared in PB (which was also
used as blank sample). 200 uL of each concentration were dropped on the sample pad of the
strips (Fig. 4.3). After 5 minutes, TL and CL were observed. Images of the strips were taken at
6 mm of distance using a Moto Z mobile phone camera (13 megapixel) in which Micro Lens,

from Blips Lens Basic Kit, were sticked on the objective (Fig. 4.4). A 3D-printed tool (Fig. 4.5A)
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was made using BCN-3D Sigma printer (melting polylactic acid filament) in order to keep the

distance between the strips and the camera constant (Fig. 4.5B).

Image J software®**> was used to quantify the TL intensity of color in the images. The
intensity of white pixels (maximum value 255, being 0 the blackest color) was measured in 8-
bit black-and-white format reconverted images. Data was normalized into % color where 0 %

and 100 % equal to 255 and 0 values respectively.
4.2.6. Characterization of CNF on nitrocellulose

After the assay, two positive LFs were selected and the areas corresponding to the TL
were cut for its study. The sample concentration added in both strips was the same, being
one strip made with CNF gel and the other without. Both samples were observed on SEM (FEI

Magellan 400L XHR).

The same samples were observed by atomic force microscopy (AFM) technique. AFM
imaging was performed with a MFP-3D Asylum AFM (Oxford Instruments, Scotts Valley, CA).
In all the experiments, PPP-EFM tips (Nanosensors; Schaffhausen, Switzerland) with a
stiffness constant k=2 N/m and coated with “PtIr5” were used. Multi-Frequency AFM is based
in the use of multiple excitation modes with different characteristic frequencies. In this case,

the fundamental excitation mode was used together with the second Eigen mode.

CNF}/(mM)

% color
A
—
—
—
-
——

[HIgG]/(pg/mL)

Figure 4.6. Comparison, at different concentrations of H IgG, of the effect of adding different
concentrations of CNF in the TL of LFS.
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Figure 4.7. Data obtained from LFs assay performed with both standard and CNF-LFs and the images
of the strips taken with Blips Micro Lens (inset).

In simple bimodal AFM operation mode, the tip is excited at both frequencies, with
amplitudes A2 < Al. A remarkable benefit of MF bimodal imaging is the fact that the forces
between the tip and the sample are very small while still allowing a clear non-destructive
differentiation of composition, which makes it a very convenient way to investigate samples
composed of different materials. The excitation at the fundamental mode was used to
measure the topography in amplitude-modulation AFM, while changes in amplitude and
phase for the second Eigen mode, not affected by the feedback loop restrictions, are

monitored.
4.3. Results and discussion

AuNPs-based LFs were prepared for the detection of human IgG (as described in
methods section), a protein often used as model on the optimization of lateral flow
assays'41718 To demonstrate that CNF gel can increase the density of antibodies near the
paper surface, thus enhancing the signal (i.e. quantity of AuNPs retained on positive samples),
four concentrations of this nanomaterial were dispensed on nitrocellulose. Different

concentrations of human IgG were dropped on the distinct LFs, without CNF and with the
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Figure 4.8. SEM images of nitrocellulose corresponding to the TL of two LFs. The amount of AuNPs
being retained is lower on a standard LFs (left) that on the one treated with NFC (right).

different four CNF concentrations, and the intensities were recorded by a mobile phone

camera with magnification lens attached on the objective.

Results obtained are shown on Fig. 4.6. It can be observed how, as higher the
concentration of CNF within nitrocellulose, higher is the color enhancement of test line (TL)
until a CNF concentration of 20 mM. At higher concentrations of the gel the intensity stops
being enhanced. Seemingly an excess of CNF impedes AuNPs to attach on nitrocellulose
pores. Thus, 20 mM concentration of CNF was chosen as optimal for the signal enhancement

of LFs and applied on the further experiments.

Standard LFs versus CNF-LFs (containing 20 mM CNF in the test line) were compared.
Different concentrations of Human IgG were added on the strips and the intensities were
measured as explained at methods section. As shown in Fig. 4.7, over a concentration of 0.05
ug/mL human IgG the signal of the CNF-LFs is increased by an average of 36.6 % in comparison

to those strips without CNF gel.
The calibration curve obtained for standard LFs follows the equation:
% color = 3.217 In [HIgG (ng/mL)] + 41.437
On the other hand, the calibration curve obtained for CNF-LFs follows the equation:

% color = 5.6881 In [HIgG (png/mL)] + 57.768
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Figure 4.9. AFM imaging of sample without and with NFC. (a) to (c) refers to the sample without NFC
and (d) to (f) refers to the sample with NFC. (a) and (d) AFM 3D topography imaging. (b) and (e)
second amplitude (A;) images of bimodal AFM, corresponding to the dynamics of the first excited
Eigenmode and (c) and (f) correspond to the second frequency (f) accordingly. The dimension of all
images is 1 um. From phase and amplitude image is obvious the existence of an extra material
(CNF).

The limit of detection (LOD) was of 0.01 pg/mL in both cases, being calculated by using
as % color in the equation the corresponding value of blank sample plus 3 times its standard
deviation. The method shows a reproducibility (RSD) of 2 % (n=6) for a HIgG concentration of

0.05 pg/mL.

As observed on scanning electron microscope images (SEM), for two strips in which
the same amount of H IgG was added, the population of AuNPs on the TL is greater on the
CNF-LFs (Fig. 4.8). It demonstrates that more AuNPs are being retained, at least on the surface

of the strip, although CNF are not visible in the images due their low density.

The same samples were also observed by AFM. Initially, AFM was used to prove the
existence of CNF on nitrocellulose samples, by testing two different samples of nitrocellulose,
with and without CNF, as shown in Fig. 4.9. Subsequently, it was demonstrated that for the
strip sample with CNF-LFs the amount of AuNPs is significantly bigger than the case of the

strip sample without CNF (Fig 4.10).
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Figure 4.10. AFM 3D topography imaging. (a) corresponds to the strip without CNF and (b) to the
stripe with CNF. From topography imaging we were able to detect a significantly higher
concentration of AuNPs in the stripe sample with CNF.

4.4. Conclusions

We have devised a new signal enhancement strategy for LFs consisting in the addition
of CNF on paper nitrocellulose to decrease the pore size in a determined area, the TL, thus
increasing the amount of bioreceptors (capture antibodies) near the surface. Due this
modification, on positive samples we observed an increase of 36.6 % of the colorimetric
signal, which means that effectively we succeed increasing the amount of AuNPs retained.

SEM and AFM images also demonstrate this phenomenon.

Due the blank values and the LOD are similar, this modification does not suppose any
unspecific absorption of AuNPs, no false positives detected. Thus, the method facilitates the

differentiation between concentrations, supporting a better quantification.

The characterization of the nitrocellulose performed in SEM and AFM demonstrates

the presence of the CNF and how it affects to the interaction with AuNPs.
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CHAPTER 5. Iridium oxide (IV) nanoparticle-based lateral flow immunoassay

Iridium oxide (IV) nanoparticles (IrO; NPs) were chosen as new labels for LFBs due
their electrocatalytic properties (as will be explained later in the text). This chapter is
composed by two different works in which these nanoparticles are applied, the
electrochemical detection of a marine contaminant and a lateral flow assay for a model
protein. The future perspectives are to combine both works to create LFs able to give both

optical and electrochemical responses.
5.1. Iridium oxide (IV) nanoparticles synthesis

IrO; NPs were synthesized following the procedure reported by Harriman and
Thomas?! and also previously applied in our group?®. A solution containing 1.24 mM KalrCle
and 3.80 mM sodium citrate sesquihydrate, in MilliQ water was taken to pH 7.5 by using 0.25
M NaOH. It was lead to ebullition in a reflux system for 30 min and the pH was checked after
the solution was cooled down. If necessary, pH was readjusted to 7.5 and the 30 min ebullition
step was repeated until pH was constant. Then, the solution was boiled during 2 h in presence
of bubbling oxygen. The obtained final solution was dark blue. Color changes during the

synthesis can be observed on Fig. 5.1.

Figure 5.1. Color changes observed during IrO, NPs synthesis (from left to right: brown, orange,
green, light blue, dark blue).
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5.2. Capabilities of iridium oxide (IV) nanoparticles as electrocatalytical tags
5.2.1. Introduction

Polybrominated diphenyl ethers (PBDEs) have been used since 1970s as flame
retardants in different products such as furniture, building materials or electronics’2.
However, it has been demonstrated that the exposure to these compounds causes severe
health problems like neurodevelopmental deficits, thyroid homeostasis disruption,
behavioural alteration, reproductive dysfunction and even cancer, reason why the use of
PBDEs has been banned since 2004 in EU and USA%12, Nevertheless, PBDE molecules are hard
to degrade and can persist long time bioaccumulated in mammalian organisms (in fat tissues)
and in the environment, especially in marine water'®*. Among the different PBDEs
structures, 3,3',4,4'-tetrabromodiphenyl ether (BDE-47) is one of the most abundant and

resistant to degradation®1°,

Although commercial kits for the detection of BDE-47 are available (e.g. Abraxis PBDE
ELISA Kit2), there is still a need of lower-cost, more portable, faster and more stable-in-time
detection systems. The use of nanomaterials on sensing and biosensing is on the rise during
last years?:2® due to the sensitivity improvement and robustness, among other properties,
that nanoparticles can offer. In this work we have chosen iridium oxide (IV) nanoparticles (IrO>
NPs) owing to their electrocatalytical properties towards water oxidation reaction (WOR)?,
without requiring any other reagent. Screen printed carbon electrodes (SPCEs)?’-33 are a
suitable platform to carry on the reaction since they are easy to be fabricated and modified
(both the design and the composition) also avoiding the fouling effect that occurs on classical

electrodes since they are single-use ones34.

Herein we present a competitive electrochemical assay in which the measured current
values (related to WOR, being catalysed by the presence of IrO, NPs) are inversely
proportional to the concentration of BDE-47 in liquid sample. We take advantage of magnetic
beads (MBs) coated with anti-PBDE antibodies to capture BDE-47 and horseradish peroxidase
(HRP)-PBDE conjugate to link IrO2 NPs to PBDE (HRP can be conjugated on IrO; NPs surface,
as on other nanomaterials3>3. Then, in absence of BDE-47, the conjugate MBs/PBDE-IrO,NPs

will be formed, leading to a high electrocatalytic signal. In presence of free BDE-47 in the
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Fig. 5.2. Schematic representation of the competitive electrocatalytic assay. In absence of PBDE,
PBDE-IrO; NPs conjugate is captured by MBs producing a current increase due the catalysis of WOR
(up). In presence of PBDE, IrO, NPs are not captured and signal is inhibited (down).

sample, the conjugate PBDE-IrO, NPs will be displaced, thus giving a decrease in the signal

that is related with the amount of analyte as illustrated at Fig. 5.2.
5.2.2. Materials and methods
5.2.2.1. Materials

BDE-47, bovine serum albumin (BSA), K2IrCls, sodium citrate sesquihydrate, NaOH and
phosphate buffer saline (PBS) tablets were purchased from Sigma-Aldrich. MBs coated with
anti-PBDE antibody and PBDE-HRP conjugate were obtained from Abraxis PBDE ELISA Kit. The
inks to fabricate the SPCEs (Electrodag 423SS carbon ink, Electrodag 6037SS Ag/AgCl ink,
Minico 7000 blue insulating ink) were purchased from Acheson Industries and the substrate

(Autostat HT5 polyester sheet) was purchased from McDermid Autotype.
5.2.2.2. Iridium oxide (IV) nanoparticles synthesis

IrO2 NPs were synthetized as explained on point 5.1 and then suspension was cleansed
and concentrated 9 times by centrifuging it at 35000 rcf and 42C during 2.5 h, reconstituting
the solution in a third part of its original volume with MilliQ water. To achieve a 9-fold

concentration, the process was repeated twice.
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Fig. 5.3. TEM images of IrO, NPS and the corresponding histogram.

5.2.2.3. Iridium oxide (IV) nanoparticles-PBDE conjugation

100 pL of PBDE-HRP conjugate from Abraxis Kit (enzyme conjugate solution) were
mixed with 1.75 mL of IrO, NPs during 2 h at 650 rpm and room temperature. The mixture
was left in repose overnight at room temperature and then centrifuged at 35000 rcf and 42C
during 2.5 h. The precipitate was reconstituted in 1.85 mL of MilliQ water which pH was

previously adjusted to 7.0.
5.2.2.4. Iridium oxide (IV) nanoparticles characterization

IrO2 NPs were characterized using transmission electron microscope (TEM) to evaluate
their shape and homogeneity (Fig. 5.3). Z potential measurements at three different pH were
carried out in order to verify the conjugation of IrO, NPs and PBDE-HRP conjugate (Table 5.1
and Fig. 5.4). The concentration of IrO, NPs, just synthetized and after centrifugation, was

measured by inductively coupled plasma mass spectrometry (ICP-MS).

Table 5.1. Z Potential measurements of IrO; NPs and the IrO, NPs-PBDE conjugate
at three different pH.

pH IrO, NPs-PBDE IrOQ, NPs
il -42+2 -54+2
8 -45+3 -55+1
9 49+ 1 -55+2
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Fig. 5.4. Z Potential average measurements at pH 7 of IrO, NPs (green) and
PBDE-IrO, NPs conjugate (red).

5.2.2.5. Screen printed carbon electrodes fabrication

Alayer of carbon ink was printed onto a polyester sheet using a screen printer, forming
the working and counter electrodes, later cured at 959C for 15 min. Then, a second layer
composed by Ag/AgCl ink was printed for the reference electrode and was cured under the
same conditions. Finally an insulating ink was printed and cured for 20 min at 959C. Fig. 5.5

shows the design of the SPCE.

To evaluate the correct performance of the SPCE four different solutions were
measured (by chronoamperometry, as explained on section 5.2.2.7.): MBs, MBs incubated

with PBDE-IrO; NPs conjugate, MBs with IrO; nanoparticles and MBs with PBDE.

Figure 5.5. SPCEs sheet (left) and individual SPCE (right). The three electrodes integrated in a SPCE
are reference (R), working (W) and counter (C).

-.83000'---..‘-..‘..
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5.2.2.6. Assay preparation
5.2.2.6.1. Magnetic beads blocking

500 pL of MBs with anti-PBDE antibody were incubated with 150 uL 5% BSA at 650
rpm and room temperature during 2h. The mixture was left in repose overnight at 42C and
then washed twice with MilliQ water and twice with 0.1 M PBS solution at pH 7.4 using a

magnetic rack. The solution was reconstituted in 500 pL of the PBS solution.
5.2.2.6.2. Samples preparation

500 pL of blocked MBs were mixed with 250 pL of sample solution (different
concentrations of BDE-47 were evaluated, being MilliQ water used as blank) and incubated
20 min at room temperature and 650 rpm. Then, 250 pL of the PBDE-IrO; NPs conjugate were
added and the incubation was repeated. The solution was washed in a magnetic rack and

reconstituted in 250 pL of PBS 0.1 M.
5.2.2.7. Assay performance: PBDE detection

50 uL of the sample (incubated with MBs, PBDE-IrO; NPs conjugate and washed) were
placed on the SPCE. The SPCE was placed over a magnet to ensure that the MBs are all

deposited onto to the SPCE surface.

Following a previously reported procedure?, a fixed oxidative potential of +1.3 V for
200 s was applied to achieve steady state current values. Hence, the current value at 200 s

was considered as the analytical signal.

50 uL of concentrated IrO; NPs were measured on the SPCE under the same
conditions. This value was used to normalize the analytical signal by dividing the values

obtained by this one.
5.2.3. Results and discussion
5.2.3.1. Iridium oxide (IV) nanoparticles characterization
As seen on TEM image (Fig. 5.3), IrO2 NPs have an average size of 20 £ 2 nm.
IrO2 NPs and IrO2 NPs-PBDE conjugate were stored 48h at three different pH (7, 8 and

9). Then, aliquots before and after forming the conjugate were measured on Z potential
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Figure 5.6. Relative current measurements on SPCE for MBs, MBs and PBDE-IrO, NPs conjugate, MBs
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Sample

obtaining the values shown on Table 5.1. Due the absorption of PBDE on IrO2 NPs surface a
variation in the charge is expected?’ thus, since the highest variation was observed at pH 7 it

was chosen as optimal pH for the conjugate formation.

The concentration of Ir on IrO2 NPs should be around 1.24 mM regarding the
concentration of the precursor, KalrCls. According to the results obtained from ICP-MS
(measuring *3Ir isotope) the concentration was 1.26 + 0.08 mM in an aliquot of just
synthetized nanoparticles and 0.60 + 0.01 mM after centrifugation. It indicates that during
centrifugation nearly half of Ir is lost (does not precipitate), thus further concentration of the

IrO2 NPs is necessary.
5.2.3.2. Sensing principle: specificity of the competitive assay

MBs, MBs incubated with PBDE-IrO, NPs conjugate, MBs with IrO; nanoparticles and
MBs with PBDE solutions were washed on magnetic rack and measured on SPCE. At a
potential of +1.3 V it is expected that neither MBs nor PBDE produce high current signals,
while IrO; NPs should. On Fig. 5.6 it is observed how MBs and MBs with PBDE effectively
barely produce analytical signal. In the case of MBs with IrO, NPs, since there is no presence
of PBDE both particles cannot be linked and, after the washing step on magnetic rack, IrO;

NPs are removed also not generating signal. Only in the case of MBs incubated with PBDE-
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Figure 5.7. (a) Chronoamperograms recorded in PBS 0.1 M pH 7.4 at a fixed potential of +1.3 V, for a
blank sample and for samples containing 5, 25, 50 and 100 ppb of PBDE (inset graph details the
currents recorded at 200 seconds, which represent the analytical signal). (b) Corresponding relative
current measurements PBDE concentrations. Samples correspond to the competitive assay detailed at
the experimental section.

IrO2 NPs conjugate, a signal increase is observed (IrO2 NPs reach the electrode) demonstrating

the good performance of the sensing system.
5.2.3.3. PBDE detection

Concentrations of 0 (blank; MilliQ water), 5, 25, 50 and 100 ppb of PBDE (BDE-47) were
measured as explained at section 5.2.2.7. (and prepared as on section 5.2.2.6.2.). The results
obtained are illustrated on Fig. 5.7, showing a good response of the current values related to
the PBDE concentration in the sample since the current is decreased as higher is the
concentration of PBDE, as expected from a competitive assay. The current response in a

working range between 5 and 100 ppb of PBDE follows the equation:
relative current = -0.0351 [PBDE(ppb)] + 9.1413

With an r value of 0.989. The method shows a reproducibility (RSD) of 3 % (n=3) for a
PBDE concentration of 5 ppb. A limit of detection (LOD) (calculated by dividing the average
standard error of the measurements by the slope of the equation and then multiplying that

value by 3.3)3® of 21.5 ppb is estimated.
5.2.4. Conclusions

In this work we have demonstrated that IrO; NPs can work as electrocatalytic tags for

the detection of PBDEs in a competitive assay. Chronoamperometric measurements were
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performed obtaining higher current signal (related to water oxidation reaction) as higher was
the amount of IrO, NPs, opposed to the concentration of BDE-47, an abundant and not

degradable type of PBDE. The LOD obtained was of 21.5 ppb.

Our system is a promising tool for fast and cheap measurement of PBDEs, avoiding the
use of enzymes and of additional reagents, since the catalytic reaction occurs in agqueous
buffer. Furthermore, IrO; NPs are robust against temperature and stable in time. We believe
that in the future it could easily become a miniaturized device, even coupled to a mobile

phone3?,
5.3. Application of iridium oxide (IV) nanoparticles on lateral flow biosensors
5.3.1. Introduction

In this work we seek to improve the classical LFimmunoassay with a new nanomaterial
never applied before on this platform: iridium oxide (IV) nanoparticles (IrO2 NPs). This
nanomaterial exhibits a dark and intense blue color!, demonstrated biocompatibility with

antibodies? and a wide specific surface to conjugate those®.

The assay herein we present is based on the detection of human immunoglobulin (H
IgG) as model protein*42 using IrO, NPs as tags, as shown on Fig. 5.8A. The operation principle
of this LF assay follows the “direct method” or “standard design”?*, obtaining one colored line

for negative samples (Fig. 5.8B) and two lines for positives (Fig. 5.8C).
5.3.2. Materials and methods
5.3.2.1. Materials

Cellulose membrane (CFSP001700), nitrocellulose membrane (HF180), glass fibber
(GFCP0O0O080000) and adhesive laminated cards (HFOOOMC100) were purchased from
Millipore. Bovine serum albumin (BSA), sucrose, polyclonal goat anti-human IgG (11886),
Human 1IgG (12511), phosphate buffer saline (PBS) tablets, sodium dodecyl sulfate (SDS),
sodium tetraborate, orthoboric acid, drying pearls “orange” and Tween 20 were purchased

from Sigma-Aldrich. Chicken anti-goat IgG (ab86245) was purchased from Abcam.
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Figure 5.8. A) Schematic representation of a LF strip and its components a-h. B) Negative and C)
positive performances.

5.3.2.2. Iridium oxide (IV) nanoparticles synthesis and characterization

IrO2 NPs were synthetized and characterized as previously explained. Differently to
the IrO2 NPs used on electrochemical assays, these ones were not concentrated, during the

conjugation step they were used directly as obtained from the synthesis.
5.3.2.3. Iridium oxide (IV) nanoparticles conjugation

100 pL of anti-human IgG antibody produced in chicken (250 pug/mL) were mixed with
1.5 mL of IrO2 NPs solution during 2h at 650 rpm and room temperature. The solution was
then centrifuged at 35000 rcf and 42C during 2.5h. The solid was reconstituted immediately
in 0.5 mL of borate buffer (2 mM, pH 7.4; made by mixing 2 mM sodium tetraborate with 2

mM orthoboric acid until the desired pH was achieved) containing 10% sucrose and 25% BSA.
5.3.2.4. Lateral flow strips preparation

LFs are formed by 4 different pads assembled on a laminated card: sample, conjugate,

detection and sample pads.

Both sample and absorbent pads consist of cellulose membrane. Sample pad was
made by dipping the membrane on 10 mM PBS solution at pH 7.4 containing 5% BSA and
0.05% Tween 20, then leaving it to dry during 2h at 372C. In the case of the absorbent pad
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treatments were not necessary. Sample and absorbent pad are placed on the bottom and the

upper parts of the LFs respectively, as illustrated on Fig. 5.8A(a,d).

Conjugate pad consists of glass fiber storing IrO2 NPs conjugated with antibody. The
reconstituted solution of IrO2 and antibody (section 5.3.2.3) was carefully dispensed by drop-
casting over the glass fiber and it was vacuum dried during 3 h. After this time it was stored
overnight at room temperature in a hermetic box containing dry pearls. Conjugate pad is

placed between detection and sample pads (Fig. 5.8A(b)).

Detection pad consists of nitrocellulose membrane and contains test (TL) and control
(CL) lines, anti-human IgG and anti-goat IgG antibodies respectively. Both antibodies were
dispensed using a Biospot Workstation with a dispensing rate of 0.05 uL/mm. After drying the
membrane during 2h at 372C it was blocked by dispersing on it, using a spray, a 10 mM PBS
solution at pH 7.4 containing 5% BSA. After 5 min the membrane was introduced into washing
solution (PBS 2 mM at pH 7.4 with 0.05 % SDS) and shaken vigorously twice during 15 min.
Membrane was finally dried during 2h at 372C. Detection pad is placed between absorbent

and detection pads (Fig. 5.8A(c)).
Once the strips were assembled, LFs were cut with a width of 6 mm.
5.3.2.5. Lateral flow immunoassay

Serial dilutions of H IgG were made in PBS (0.01 M, pH 7.4). The same buffer was used
as blank. 200 pL of each solution, by triplicate, were dispensed on the sample pad of the LF
strips and after 10 min the detection pads were photographed with a Moto Z mobile phone
camera3?*3, The images were later measured with ImageJ software**4, TL were measured in
grayscale obtaining a value from 0 to 255 (pure black and pure white, respectively); that value

was normalized by applying the formula:
Vn = (1/\/0— 1/VIow) / (1/Vhigh)

Where V,, is the normalized value (from 0 to 1; being 0 the signal corresponding to the

less colored LFs and 1 the most colored one), V, is the measured value from the LFs (from O
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Fig. 5.9. Optical response of LFs to the concentration of HIgG. Inset of LFs detection pads.

to 255), View the whitest value (closest number to 255 among all the LF strips) and Vhigh the

blackest (closest number to 0 among all LFs).
5.3.3. Results and discussion

H 1gG was diluted to different concentrations: 0.25, 0.50, 0.75 and 1.00 pug/mL. The
solutions and blank sample were applied on LFs. On Fig. 5.9 it is illustrated the measured
intensities for each concentration and the images taken from different detection pads. At a
concentration of H IgG over 0.75 pg/mL it is observed how the intensity is saturated; this
effect is due an excess of analyte that is captured by all the antibodies linked to IrO; NPs and
nitrocellulose TL, impeding the stopping of more IrO; NPs on that area. Thus, the working

range was defined between 0 and 0.75 pug/mL and represented by the equation:
color intensity = 0.95 [H IgG](png/mL) + 0.24

The equation has an r value of 0.999. The method shows a reproducibility (RSD) of 3
% (n=3) for a H IgG concentration of 0.25 pug/mL. A limit of detection (LOD) (calculated from
the calibration equation by substituting the “color intensity” value by the average signal of
blank, 0.25 pg/mL, plus three times its standard deviation, 0.02 pg/mL) of 0.07 pg/mL is

estimated.
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Fig. 5.10. Comparison of two LF tests, one using IrO, NPs as tags and the other Au NPs.

Gold nanoparticles (Au NPs) are commonly used on LF assays**’4°. Comparing the
results obtained from IrO, NPs LF test with a Au NPs LF test repeated under the same
conditions and with the same reagents and antibodies (Fig. 5.10), IrO2 NPs exhibit a higher
intensity (2-fold at 1.00 ug/mL) when signal is captured by a smartphone. The dark blue color
of IrO2 NPs against the red color of AUNPs has a greater contrast in comparison with the white
background of LF strips, which is an advantage for the adaptation to smartphone
measurements, leaving aside tailor-made colorimetric readers (e.g. for AUNPs a colorimetric

reader focused on 520 nm wavelength should be required).
5.3.4. Conclusions

We have demonstrated for the first time that IrO2 NPs can be used on LF tests for the
detection of a model protein, HIgG. Our test has exhibited good LOD (0.07 pg/mL) and
sensitivity (twice the sensitivity of the classical Au NPs LF test) with a smartphone as recording

tool, which makes our system an interesting tool in PoC diagnostics.

In future work, IrO2 NPs could lead to the integration of other detection techniques
on LF strips?* as they are electrochemical measurements. It would be possible since IrO; NPs
have demonstrated interesting electrocatalytical properties against water oxidation reaction

even in buffer medium?®; it would be an advantage in comparison to the currently reported
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electrochemical LFBs in which the strips need to be treated with acid solutions in order to

perform the measurements®%°1, thus adding extra steps to the system and damaging the strip.
5.4. Future perspectives

The objective of the two works reported in this section was to combine them obtaining
LFs able to detect PBDE by both optical (semiquantitatively, with naked-eye) and
electrochemical (fully quantitative) methods. However, it was an ambitious milestone not
reached during this thesis due to the lack of time and probably tools and knowledge. The non-
uniform surface of nitrocellulose hinders the integration of electrode inks on it (probably, this
is one of the reasons why, as explained in chapter 1, many authors who reported the
development of electrochemical LFs have to use acidic solutions dissolving the TL to make all
the label particles or electrocatalytic reporters “drop” on the electrode).

We strongly believe that the integration of electrodes on nitrocellulose is possible and
will continue this work in future projects. IrO2 NPs do not need acidic solutions to catalyse the
WOR, thus these nanoparticles may be used on a system in which the nitrocellulose does not
need to be damaged (so, the strip can be read at the moment of the assay or later).
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GENERAL CONCLUSIONS

Considering the exposed objectives in Chapter 2 and the specific conclusions given at

the end of each chapter, the following conclusion remarks are given:

e LFsfor the detection of U(VI) ions in groundwater were developed.

LFs exhibited a LOD of 6 nM in buffer medium and 36 nM in pre-treated
environmental samples, both lower than 126 nM, the maximum
concentration of U(VI) recommended for consume water in the US.

LFs were fabricated and tested in Spain and then sent to USA where, after
one month, strips were tested again in buffer by a different user, obtaining
a similar calibration plot as when the strips were just-made. It
demonstrates the robustness and the reproducibility of the device.

The behaviour of LFs against real samples was acceptable. We strongly
believe that the proposed system may be used as substitute of current
methods after a larger statistical evaluation.

As future perspectives, it would be worth it the evaluation of the addition
of an extra pad including the necessary reagents for real sample pre-

treatment (e.g. Ca®* ions capture, which can interfere in LFs response).

e The integration of cellulose nanofibers successfully allowed a signal increase on

LFs of around 36.6%.

Although cellulose nanofibers are not clearly visible on SEM and AFM
images, the AuNPs population increase demonstrates the presence and
effect of them.

Combination of microscopic Blips Lenses on mobile phones eases and
increases the reproducibility of TL imaging.

As future perspectives, we consider that this enhancement strategy is
simple and facile to apply, so it could be integrated in future works and

collaborations in which the sensitivity needs a boost.

e  PBDE can be indirectly quantified by the electrocatalytic detection of IrO; NPs on

SPCEs.
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e ALOD of 21.5 ppb in buffer medium was achieved.

e  Furthermore, IrO2 NPs work on LFs with a similar performance to AuNP-
based LFs. If the reader doesn’t have a fixed wavelength detector, the
contrast between the TL and the background is stronger with IrO; NPs
(twice in comparison to AuNPs).

e Asfuture work, strategies to integrate electrodes into LFs will be evaluated
and the use of IrO; NPs will be further considered given their
electrocatalytic properties able to be revealed even in saline medium.

LFs have demonstrated to be a versatile type of biosensor. Currently mostly
applied in development countries where resources are scarce, these tools may be
of worldwide interest, to diagnose many types of disorders, check the potability
of water, allergens detection, monitor chronic diseases, etc. Either in the hospital,
in the field or at home.
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1. Introduction

Nowadays biosensors are very helpful tools in our everyday life,
being used for the detection of allergens in food, toxicants in
water, in chronic diseases control, pregnancy tests and other di-
agnostic applications. Certainly, it can be ensured that biosensors
are going to enter even deeper in our life in the future, so it is a
research field looking for new and improved easy-to-be-used de-
vice technologies.

Since the appearance of the first biosensor (Clark et al., 1953),
the technology has evolved, but it is still not crowned with the
expected devices that would work as easily as a glucose biosensor
or a pregnancy test, present in any pharmacy all over the world.
Low cost and efficient devices for the detection of other analytes
such as DNA, proteins or even whole cells in real scenarios are still
in the way.

One of the possible paths that the researchers could take to
reach to this future is the development of paper-based biosensors,
following the same principle as the immunochromatographic as-
says (IAs) (Lou et al., 1993; Cho and Paek, 2001; Lonnberg and
Carlsson, 2001; Ho and Wauchope, 2002; Shyu et al., 2002): the
separation of analytes which flow across a porous medium taking
into account the specific interactions that occur between antigen
and antibody, enzyme and substrate, or receptor and ligand. Paper
is a simple, cheap, abundant and an easy-to-manufacture material
that fulfils cost/efficient requirements in biosensing technology
(Costa et al, 2014). It is noteworthy that it is in developing
countries where this type of biosensors are more requested due to
the lack of resources to use conventional laboratory tools which
are more expensive and require trained operators, huge amount of
equipment and installations, so the development of paper-based
devices could be of vital importance in these regions.

Paper, this mere material made from cellulose (the most
abundant polymer on Earth) or nitrocellulose, offers many others
advantages in the development of biosensors. Various biochemical
reactions with interest for biosensing applications can easily be
carried out within this matrix. In addition, simple microfluidics
including platform architectures tuning can be applied thanks to
the controlled porosity and capillary forces of the nitrocellulose
network in addition to simple modification or integration pro-
cesses. Moreover paper-based platforms are compatible with ei-
ther naked eye detection or simple optical or electrical readers.

1.1. Lateral flow biosensors (LFBs)

The aim of this review is to discuss and analyze the current
advances concerning the class of paper-based biosensors, called
lateral flow biosensors (LFBs), which are the modern version of
paper IAs (Parolo and Merkogci, 2013). These devices may fit all the
requirements expected from a biosensor: low limit of detection,
high sensitivity, good selectivity, low quantity of sample volume
required, no washing steps are necessary, robustness, low cost,
quick assay performance in just one step and a user-friendly for-
mat. Nevertheless LFBs also have some weaknesses, such as the
fact that the response obtained with naked-eye is just qualitative,
not quantitative, although with the help of certain reading devices
it can be converted into semiquantitative. Another drawback is
that the sample must be always in liquid state, with enough

viscosity to flow across the porous of the nitrocellulose. These
pores, in some cases, could be obstructed by different matrix
compounds and provoke unspecific adsorptions in the membrane;
it is in those cases when a sample pretreatment or predilution will
be required. Because of the limitation of the detection area, the
surface where receptors (e.g. antibodies, enzymes, proteins, etc.)
are placed, at higher concentrations of analyte, can be over-
saturated, giving false blank response; it is another factor to con-
sider making the predilution of the sample before the analysis.

LFBs can be used to detect a large range of biomarkers that may
include not only proteins but also nucleic acids and even whole
cells, among other biocompounds. Furthermore, LFBs are not
limited only to biomolecules detection; several publications have
appeared in the last years about the detection of pollutants such as
metallic ions, pesticides, etc. The range of LFBs applications is in-
cluding detection of hazardous substances (Shyu et al.,, 2002),
heavy metals in drinking waters (Mazumdar et al., 2010; Torabi
and Ly, 2011; Kuang et al., 2013; Lopez-Marzo et al., 2013a, 2013b),
allergens and pathogens in food (Wang et al., 2007; Shukla et al.,
2011; Preechakasedkit et al., 2012; Leem et al., 2014; Berlina et al.,
2013; Anfossi et al., 2012, 2013), pesticides (Zhou et al., 2004; Kim
et al, 2011; Wang et al, 2014a), drugs screening (Inoue et al.,
2007), etc.

There exist different commercial LFBs (Cazacu et al., 2004; Held
et al., 2013), being pregnancy and fertility tests the most known
examples beside tests for HIV (Pesce et al., 2006), drugs of abuse,
Malaria (Cordray and Richards-Kortum, 2012; He et al., 2014;
Kersting et al., 2014), etc. Behind LFBs there is a well-known
technology (Qian and Bau, 2003, 2004; Assadollahi et al., 2009;
Lee et al., 2012; Linares et al., 2012) with several publications re-
porting different modifications of the standard designs/structure,
either in terms of the materials used as transducers for the signal
generation (Linares et al., 2012), in the methodology employed to
translate the signal or in improving the device with different en-
hancement strategies.

With the recent development and explorations of nanomater-
ials in the field of sensors and biosensors LFBs have been taking
advantages for their use as alternative materials to improve their
performance requested in real sample applications. Application of
nanomaterials in DNA, protein, cell and various inorganic/organic
compounds in various biosensing technologies is now being ex-
tended to LFB field bringing interesting results to this technology
(Walcarius et al., 2013; Merkogi, 2010; De la Escosura-Muiiiz et al.,
2010, Parolo et al., 2013a; Perfezou et al., 2012; Aragay et al., 2011,
2012).

1.2. How lateral flow strips (LFS) work?

LFBs are manufactured in strip form, a convenient format for
the user, normally with a width between 4 and 6 mm and a length
no more than 6-7 cm. A standard lateral flow strip (LFS) consists of
four main sections made of different materials, as shown in Fig. 1:
sample pad, made of cellulose, where the sample is dropped;
conjugate pad, made of glass fiber, impregnated with the bio-
conjugates solution (the label particle and a receptor for the
analyte); detection pad, a nitrocellulose sheet (Lee et al., 2012;
Ahmad et al., 2009) where test line (TL) and control line (CL) are
printed; and absorption pad, also made of cellulose. Other
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Fig.1. Schematic representation of the different parts of a LFS (lateral flow strip) and movement of analytes and label particles across it with (a) standard and (b) competitive

designs.

additional parts can be integrated on LFS as blood filters, sub-
stituting the sample pad, to retain big particles like red blood cells
and avoiding their hemolysis. Another example of material which
can be integrated on LFS is carbon nanotubes paper, with high
conductive properties to connect LFS to electronic devices (Zhu
et al,, 2014).

The performance of an assay with a LFS is quite simple: the
sample is added on the sample pad and then the liquid will start
flowing to the conjugate pad where the analyte, if present on the
sample, will be linked to the transducers (the label particles),
previously conjugated with a bioreceptor specific to the analyte.
The conjugate, rehydrated by the liquid, will flow by capillarity
forces across the detection pad to the absorbent pad, passing
through the TL, where it will be captured only if the conjugate has
the analyte attached (positive response), and to the CL, being al-
ways captured, evidencing that the assay works. This design
corresponds to a standard model of LFS (Fig. 1a), but there exists
also the competitive model (Fig. 1b) in which the analyte and the
transducers compete for being captured on TL, obtaining a re-
sponse inversely proportional to the concentration of analyte.

2. Optical detection

Although a large variety of strategies to read the LFSs signal
have been reported the optical methods remain the most explored
because of their simplicity (even naked eye detection) and effec-
tiveness (high sensitivity). Several types of nanomaterials can be

used as colorimetric labels on LFBs conjugated with different kinds
of bioreceptors (antibodies, aptamers, DNA, etc.). In the following
sections we will revise the most relevant technological and ana-
lytical aspects related to the application of LFS labels such as gold
nanoparticles (AuNPs), quantum dots (QDs), carbon nanotubes
(CNTs), carbon nanoparticles (CNTs), liposomes, between others.

2.1. Gold nanoparticles (AuNPs)

AuNPs are easy to synthesize and manipulate, stable in time,
size-tunable, biocompatible and have an intense red color easy to
be detected even by naked eye or usually using color readers to
achieve better detection limits. Because of these properties, AuNPs
are the most reported nanomaterial used as optical label in LFSs.

2.1.1. Design and applications of LFSs with AuNPs

One of the first examples of the use of AuNPs as labels on LFSs
was reported by Shyu et al. (2002) for the detection of ricin. On
this LFS, without conjugate pad neither sample pad, anti-ricin
antibody conjugated AuNPs were deposited over nitrocellulose
membrane near the bottom of the strip.

A few years later, the number of reports about LFBs increased
and the design evolved including a pad, made of glass fiber, for the
AuNPs suspension (Oh et al., 2006). Also, besides antibodies, other
biocompounds like aptamers (Liu et al., 2006; C. Liu et al., 2009; G.
Liu et al., 2009; Xu et al., 2009) and DNA probes (Mao et al., 2009;
He et al., 2012; Rohrman et al., 2012; Lie et al., 2012; Kolm et al,,
2015) were conjugated with AuNPs. Xu et al. (2009) designed a LFS
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Fig. 2. LFS with aptamers conjugated AuNPs. Reprinted with permission from Xu et al. (2009), Copyright 2009 American Chemical Society.
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with AuNP-aptamer conjugate as label (Fig. 2) for the detection of
thrombin. The system demonstrates that the use of the thrombin
aptamer exhibits a high sensitivity, comparable or even superior to
the systems which use antibodies. The experiment shows that the
color intensity of AuNPs can be detected up to a concentration of
analyte of 0.6 pM in diluted plasma samples being this value lower
than in antibody-based assays (Shyu et al., 2002; Oh et al., 2006;
Karakus, 2015), without detecting any unspecific adsorption, that
evidences the good selectivity of aptamers combined with AuNPs.

It was also demonstrated that AuNPs can be used not only for
biocompounds detection (Karakus, 2015); toxins (Anfossi et al.,
2012, 2013; B.H. Liu et al., 2014; C. Liu et al., 2014) and metallic
cations (Mazumdar et al., 2010; Torabi and Lu, 2011; Kuang et al.,
2013; Lopez-Marzo et al., 2013a, 2013b; Fang et al., 2010) also can
be detected using several strategies. In the case of the work of Fang
et al. (2010), Cu?* jons can be detected taking advantage of the
cleavage that cooper causes, in presence of ascorbate, on Cu?™-
specific-DNAzymes (linked to AuNPs) which, if broken, will be
captured on TL. This strategy grants a good selectivity against
other metallic ions, but the limit of detection does not reach the
levels achieved in the detection of antigens. An alternative high
sensitive strategy to detect metallic ions consists on the use of
antibodies specific to a metal-ligand complex but not to the free
metal. The metal-ligand complex competes for being hooked on
the test line with the same complex but already linked to AuNPs,
thereby obtaining a competitive format of LFSs. This strategy is
based on Lépez-Marzo et al.'s (2013a) work to detect Cd>* ions
using EDTA as ligand. The system, nevertheless, is shown to have
some problems of unspecificity to some metals; however it can be
solved reducing the concentration of the ligand but also adding
extra conjugation pad that ensures Cd?* complexation with EDTA
and interference masking through ovalbumin (OVA) (L6pez-Marzo
et al,, 2013b; to be discussed in Section 2.1.2.2).

In some cases, multidetection of analytes could be required, so

1 23 45 6 7 8

it would be necessary to use various nanoparticles easy to be
concentrated so as to achieve an intense color. Hereby, AuNPs are a
good choice to develop multidetection LFSs (Elenis et al., 2011; Y.K.
Wang et al., 2013; Song et al., 2014; Kim et al., 2014). These LFSs
could replace ELISA assays, which are time-consuming and ex-
pensive, as was demonstrated by the work of Song et al. (2014),
developed to detect different mycotoxins at the same time (Fig. 3).
Their work, additionally, demonstrates that LFSs, besides the
qualitative response, permit the quantitative interpretation of the
signal by means of a colorimetric reader. The quantitative response
can be represented as relative optical density (the ratio in per-
centage between the signal of a positive sample and the blank).
This data can be used to construct a calibration curve of the
measuring system.

The work of Chen et al. (2012) and Huang et al. (2014) reveals
another interesting application of AuNPs on LFSs, the development
of logic gates systems. AuNPs can afford more than one bio-
compound conjugated on their surface, therefore a LFS could easily
detect the presence of various analytes on the same line (“OR”
logic gate: the LFS will mark positive signaling in the presence of
any of the analytes). Also the signal can indicate only the presence
of both analytes at the same time (Chen et al., 2012) (“AND” logic
gate: the signal on TL will only appear if both analytes are present).
Huang et al.'s (2014) system can also detect the presence of a
single analyte in a system where the analytes are inhibited by each
other (“INH” logic gate: the LFS will mark positive signaling in the
presence of only one of the analytes, but not if both are present in
the sample at the same time).

2.1.2. Enhancement strategies

Although LFBs with AuNPs have demonstrated to have good
sensitivity and low limits of detection, there are cases when it is
necessary to achieve better performance. Different enhancement
strategies with potential to significantly improve LFSs devices have
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Fig. 3. LFS for the multidetection of different mycotoxins. Qualitative (left) and quantitative (right) response. Reprinted with permission from Song et al. (2014), Copyright

2014 American Chemical Society.
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Fig. 4. (a) Signal enhancement strategy on LFS by means of enzymatic reactions. Adapted with permission from Parolo et al. (2013b), Copyright 2013 Elsevier. (b) AuNPs
carried on silica nanorods: design and performance of the LFBs assay and (c) comparison of results with standard AuNPs labels (left strips) and silica nanorods decorated
with AuNPs (right strips). Adapted with permission from Xu et al. (2014), Copyright 2014 American Chemical Society.

been reported. These strategies can be based on chemical meth-
ods, like the modifications of the label's surface (the AuNPs) to
afford secondary reactions or attachments, or in altering the
physical properties of the device (flow movement, speed, etc.) by
modifying the design/architecture.

2.1.2.1. Modification of the labels. One of the strategies used to
amplify the signal on TL and CL is to surround AuNPs with other
compounds which enhance the color by means of enzymatic re-
actions (Fig. 4a), as the reaction occurring between HRP (horse-
radish peroxidase) and some chromogenic substrates (Mao et al.,
2009; He et al., 2011; Parolo et al., 2013b), such as AEC (3-amino-
9-ethylcarbazole) or TMB (3,3,5,5'-tetramethylbenzidine). AEC
mixed with Hy0, is used to provide color enhancement (and
consequently, higher sensitivity) on HRP catalyzed reactions.
Nevertheless it is when using TMB that the quantification limit is
further decreased due to the fact that this substrate grants higher
contrast between the lines and the background than the AEC. The
reported detection limit of these enhancement strategies can
reach up to 200 pg/mL (Parolo et al., 2013b).

Although enzymatic reactions exhibit low limit of detection
and good sensitivity, the short stability of the reagents and the
long conjugate development and testing times are drawbacks to
consider. The amplification method proposed by Rastogi et al.
(2012) by means of gold deposition over the strip after the assay
solves the problem of reagents stability and seems to increase the
signal effectively at low concentrations, but at higher concentra-
tions, when detection lines are already saturated, the signal en-
hancement is slight. Fridley et al. (2012) studied the release of dry
reagents stored in porous media (rehydrated afterwards) and de-
monstrated that this strategy could be used to enhance up to four
times the intensity of AuNPs (previously deposited on the strip).
This strategy, if developed on a real assay (with AuNPs and analyte
flowing) could lessen the testing time in comparison with the
methods in which amplification is performed after the assay.
However, it is important to be taken into account the properties of

the reagents to be stored on the membrane, their stability once
dried and their potential as signal enhancers after rehydration.

Another interesting work was reported by Li et al. (2012).
Taking advantage of the quenching effect of gold ions on QDs, they
dissolved the AuNPs captured on TL using HCI-Br, mixed solution
and, in a 96-well microplate, they measured the fluorescence of
QDs. The method provides a good sensitivity, a wide working
range and a fairly low limit of detection (90 pg/mL). Despite these
advantages, the procedure is long and difficult to execute on field
since it requires treating of the strips, fluorescence equipment to
read the 96-well microplate and trained personnel. Instead of
solving the AuNPs, Shi et al. (2015a) developed a system which
allowed fluorescence quenching measurements without the need
of dissolving the nanoparticles; they dispensed fluorescent poly-
mer dots of 50nm on the TL and CL and observed how the
fluorescence decreased with the increase of concentration of
AuNPs, which competed against the analyte. The detection limit of
their method reached the 160 pg/mL. As an alternative to fluor-
escence detection, silver deposition onto AuNPs could be used to
enhance the colorimetric response, turning into black the color of
TL and CL (Anfossi et al., 2013). This strategy not necessary re-
quires the use of colorimetric reader, if only qualitative assay is
needed, but the detection limits achieved are not as low as when
using QDs and fluorescence.

Recently, Xu et al. (2014) developed LFS in which, as labels,
AuNPs were loaded over silica nanorods surface (Fig. 4b), raising
quite a lot the sensitivity of the method due to the increase of
AuNPs density over detection lines (Fig. 4c). The detection limit is
also improved, in comparison to the previous mentioned strate-
gies, being 10 pg/mL the estimated value. Another observable
improvement of this method is that the amount of antibodies
dispensed on TL and conjugated onto AuNPs could be reduced.
Nevertheless, one should keep in mind that the silica nanorods
preparation and their decoration with AuNPs could be a time-
consuming step, besides that the size of the rods (tens of micro-
meters) slows the flow across the membrane thus increasing the
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Fig. 5. Strategies to increase the density of AuNPs on TL and CL: (a) LFS with AuNPs-probes cocktail on the conjugate pad. Adapted with permission from Ge et al. (2013),
Copyright 2013 American Chemical Society. (b) LFS with double conjugate pad. Reprinted with permission from Choi et al. (2010), Copyright 2010 Elsevier.

testing time. The size of the labels also precludes the use of small
pore membranes, which are used to exhibit higher sensitivity than
the membranes with bigger pores.

To increase the density of AuNPs on the detection lines, another
strategy is to interconnect AuNPs by means of DNA probes (Hu
et al, 2013; Ge et al, 2013) conjugated onto their surface. The
binding between AuNPs can be performed previously to the assay,
adding the AuNPs-probes cocktail to the conjugate pad (Hu et al.,
2013), or during the assay, adding the enhancer nanoparticles
mixed with the sample (Ge et al., 2013; Fig. 5a). As in the case of
AuNPs decorated silica rods and the deposition of dry reagents on
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the membrane method, these designs are user-friendly, being able
to be performed in one only step, without the need for post-
treatments on the strip.

2.1.2.2. Architecture tuning. As mentioned, increasing the density
of AuNPs on TL and CL is a good strategy to enhance the LFS signal.
The LFS design modification can be easily achieved, for example,
by adding an extra conjugate pad, as shown in the work of Choi
et al. (2010). On this design, two different sized AuNPs conjugated
with different types of antibodies on two pads are used. The
smallest AuNPs are conjugated with the antibodies which are
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Fig. 6. LFS with additional conjugate pad for sample pre-treatment. Reprinted with permission from Lépez-Marzo et al. (2013b), Copyright 2013 American Chemical Society.
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selective to the antigen and will flow faster than the biggest
AuNPs, which are conjugated with anti-BSA antibodies and will
bind to the previous AuNPs, covered with BSA as blocking agent,
obtaining an enhanced signal due to this new sandwich format
(Fig. 5b). The detection limit of this LFS is 1 ng/mL, so the en-
hancement is not as good as in the previously discussed methods.
Nevertheless this method is advantageous due to the fact that the
assay is performed as a real one-step procedure, without pre-
treatments on the sample neither post-treatments on the strip. It
should also be noted that the preparation of both conjugates is
simple and the biocompounds which are used are not very ex-
pensive. This technique was used again by Mei et al. (2013), de-
monstrating that it works as well for the detection of small
molecules.

In cases where pre-treatment of the sample is required an extra
pad can also be used to pre-treat the sample, simplifying the test
procedure. In the work of Lépez-Marzo et al. (2013b), an im-
provement of a previous design (Lopez-Marzo et al., 2013a) by
adding an extra pad with EDTA, which binds the metallic ions to
allow their detection, and OVA, to help masking the interferences
has been carried out (Fig. 6). More pads could be added, to enrich
the flowing liquids with buffers or to improve the signal with
enhancer solutions once the assay is finished, but it could require
several steps, having to wait for the timely moment of each one,
hindering the reproducibility of the device. That problem can be
solved using the two-dimensional paper network format of Fu
et al. (2011a). Buffer, sample and signal enhancer are added at the
beginning of the assay, then the device is closed and, when the
pads contact, the flowing across the paper network starts. In this
manner the reproducibility of the liquid mixing is better con-
trolled. In another work of Fu et al. (2012) they applied their
knowledge about the behavior of the flow on paper-based mate-
rials (Fu et al., 2010, 2011b) to simplify their previous design. The
possibilities are huge and of course this strategy can be adapted to
many other designs (Kim et al., 2012) and transducers, not only to
AuNPs (Cho et al., 2006; C. Liu et al., 2009; G. Liu et al., 2009;
Jahanshahi-Anbuhi et al., 2012).

Multidetection of analytes is another interesting area in which
architecture tuning can be helpful. Fu et al. (2010) and Fenton et al.
(2009) experimented with the division of the flow on paper for-
mat, proving that multiplex design on lateral flow could work
without the need of pumps or other auxiliary devices. Li et al.
(2011) adapted LFS to the multiplex format in which three strips
shared one sample pad (Fig. 7a).

At the beginning of this section it was discussed how increasing
the quantity of gold nanoparticles in TL and CL boosts the sensi-
tivity of the device. In the work of Parolo et al. (2013c) this purpose
was reached modifying the architecture of paper. The authors tried
different designs in which the flow was accelerated inside the
detection pad due to a funnel effect, which at the same time was
concentrating the amount of AuNPs and analytes inside (Fig.7b).
The optimal results were obtained when the width of sample pad
and conjugate pad was 3 times the width of the detection pad,
enhancing the sensitivity and reducing about eight times the limit
of detection in comparison to a standard LFS.

Another way to modify the flow is to disturb it, instead of
provoking its acceleration the time that the transducers have to
conjugate with analytes can be increased, ensuring that all AuNPs
are conjugated and, consequently, captured on TL and CL. In the
work of Hong et al. (2012) the antibodies were dispensed as pat-
terns of parallel and zigzag dots on the detection pad, being the
zigzag pattern the one which gave the highest intensities, pre-
sumably being flow slower on this design. Recently, it has been
demonstrated that wax is a useful tool due its hydrophobicity to
control flow on paper devices and create channels on it (Renault
et al., 2014). In the work of Rivas et al. (2014), wax is used to create

Fig. 7. Alternative LFS designs: (a) multidetection device composed by three LFS
specific to different analytes. Reprinted with permission from Li et al. (2011),
Copyright 2011 Elsevier. (b) Paper architecture modification to enhance the sig-
naling. Reprinted with permission from Parolo et al. (2013c), Copyright 2013 Royal
Society of Chemistry. (c) Design with wax pillars printed on LFS membrane, to
modify the flow across the pores. Reprinted with permission from Rivas et al.
(2014), Copyright 2014 Royal Society of Chemistry.

pillars inside the membrane (Fig.7c) slowing the movement of the
fluids and amending their mixing. Furthermore, the pressure ex-
ercised when printing the wax patterns reduces the membrane's
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Fig. 8. Syringe design LFBs: (a) Working principle and (b) detection pads. Adapted
with permission from Nunes Pauli et al. (2015), Copyright 2015 Royal Society of
Chemistry.

pore size, also contributing to the break of the flow. Again, as
happened in Hong et al.'s (2012) work, the zigzag design exhibits
the highest response. On Rivas et al.'s (2014) work the detection
limit is improved three times regarding a non-modified strip, less
than on Parolo et al.'s (2013c) method; however wax pillars
compose a more inexpensive design, since it does not require
higher quantities of AuNPs and antibodies, in addition that wax is
a cheap material.

Probably, it is the recent design of Nunes Pauli et al. (2015) the
most newfangled one. Instead the use of a LFS, the assay is carried
out in a vertical flow mode inside a syringe (Fig. 8a); first, the
sample is pumped to the conjugate pad and it interacts with it
during a few minutes, allowing the conjugation of the analyte with
AuNPs; then, it is aspirated to the upper part (detection pad that
consists in a small cartridge with circular pieces of nitrocellulose
with the detection antibodies retained inside a wax ring) where
the signaling takes place (Fig. 8b). This technique requires high
quantities of liquid in comparison to standard LFS to perform the
assay; nevertheless, since the sample is being pre-concentrated in
the syringe, the limit of detection is highly improved.

2.2. Fluorescent nanoparticles

It is well known that fluorescence methods use to exhibit
higher sensitivity that those based on absorption colorimetry. The
behavior of fluorescent nanomaterials with interest to be used in
LESs has been extensively explored and some reported examples
discussed below.

2.2.1. Quantum dots (QDs)

In the already discussed work of Li et al. (2012) it was de-
monstrated that the use of quantum dots (QDs) exhibits a good
sensitivity and a really low limit of detection; but on their work,
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Fig. 9. Comparison of assay made with AuNPs (up) and silica nanoparticles loaded
with QD (down). Reprinted with permission from Bai et al. (2012), Copyright 2012
Royal Society of Chemistry.

quantum dots were used to indirectly detect the amount of AuNPs
on TL by quenching effect. In other works QDs are used directly as
labels on LFS, with both antibodies (Yang et al. 2010; Li et al., 2010;
Berlina et al. 2013) and aptamers (Wang et al., 2011a; Bruno, 2014).
The assays are as fast as with AuNPs, regardless the time that
fluorimetric analysis could take, and the limits of detection
achieved with QDs as tags are in the order of a few nanograms per
milliliter. The differences between an AuNPs and a QDs LFS are
heighten when QDs are carried (Bai et al., 2012) or encapsulated
(Ren et al.,, 2014) in other materials. In the work of Bai et al. (2012),
QDs were loaded over silica nanoparticles, which are between 10
and 20 times larger than QD, and these nanocomposites were used
as labels obtaining a good sensitivity and a detection limit ten
times lower than with AuNPs LFS (Fig. 9). These achievements
were overwhelmed by Ren et al.'s (2014) work, who managed to
encapsulate QDs on polymeric beads improving the limit of de-
tection to only 0.42 pg/mL and fixing problems of flow and un-
specific adsorptions of free QDs on nitrocellulose. In some cases,
the conjugation of QDs with biocompounds can be a complex
work due to their small size; also the number of antibodies per
QDs is lower than in larger particles, so the probability of binding
the label to the antigen is also a bit lower; therefore, the works of
Bai et al. (2012) and Ren et al. (2014), besides enhancing the signal,
are noteworthy easing the development and behavior of the LFS.

2.2.2. Other fluorescent materials

Besides QDs, other fluorescent materials, like the called up-
converting phosphor technologies (UPTs) reporter particles. These
type of nanoparticles are considered ceramic materials of large
size, a few hundreds of nanometers, composed by the combination
of rare earth elements, being europium one of the most used. UPT
reporter particles transform low energies (infrared) into high en-
ergies (visible light, depending on their crystalline structure).
Corstjens et al. (2001, 2003, 2008a, 2008b) worked with this
materials to detect nucleic acids and antigens in complex matrixes
with improved results in comparison to the ELISA tests. Paterson
et al. (2014), B.H. Liu et al. (2014) and C. Liu et al. (2014) also
worked with this type of materials on LFSs, obtaining similar re-
sults as Corstjens et al. (2001, 2003, 2008a, 2008b). UPTs seem
more stable in front of photobleaching effect (decrease of
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fluorescence) than QDs, making UPTs more suitable for direct as-
says and QDs for quenching related modes.

As seen with QDs, to carry the fluorescent tags on larger par-
ticles it helps enhancing the signal and avoids unspecific adsorp-
tions onto the membrane. Europium, present on most of UPTSs,
emits fluorescence when reduced from Eu®>* to Eu?*, so several
researchers have exploited that property and combined europium
with microparticles (Rundstrom et al., 2007) and silica beads (Xia
et al., 2009; Tang et al., 2015; Zhang et al., 2014) to use them as
transducers of LFS. Although the results are satisfying, QDs and
UPTs exhibit better limits of detection and working ranges. Huang
et al. (2013) covered silica microparticles with Ru(phen)3* com-
plex, which also exhibits fluorescent properties, obtaining a good
limit of detection, 20 pg/mL. Edwards and Baeumner (2006) and
Khreich et al. (2008) used liposomes to encapsulate fluorescent
dyes, getting higher sensitivity when using larger particles, with
limits of detection close to 20 pg/mL. Commercial fluorescent
microspheres which can be used on LFSs also are available (Xie
et al,, 2014; Wang et al., 2014b; Zhou et al., 2014). Interestingly, Xie
et al. (2014) evaluated the optimal quantity of antibodies required
to be conjugated with their microspheres and compared it with
AuNPs, resulting that when using microspheres this quantity can
be reduced four times; moreover, even using less quantity of an-
tibodies in the labels, the sensitivity, the working range and the
limit of detection are improved in comparison to AuNPs assays.

2.3. Other nanoparticles

2.3.1. Carbon based materials

AuNPs are the most known labels for LFSs; however other
materials, without requiring enhancement strategies or designs,
have been reported to improve limits of detection. This is for ex-
ample the case of carbon nanoparticles (CNPs) which in the study
of Linares et al. (2012) exhibit a limit of detection ten times lower
than LFS in which AuNPs or LBs (latex beads) are used. CNPs, also
known as carbon black, are strongly dark colored nanoparticles
that exhibit a higher contrast against the background than AuNPs
(Fig. 10), a factor which helps to obtain good parameters of sen-
sitivity, working range and limit of detection. CNPs, as AuNPs, can
be used for the detection of antigens (Lonnberg and Carlsson,
2001; Van Dam et al., 2004; Rayev and Shmagel, 2008), DNA
chains (Kalogianni et al., 2011; Noguera et al., 2011) and molecules
(Koets et al., 2006; Blazkova et al., 2009, 2010), allowing also the
development of multidetection LFS (Noguera et al., 2011).

Another allotropic form of carbon used on LFSs are carbon
nanotubes (CNTs) (Abera and Choi, 2010; Qiu et al., 2015). CNTs are
large materials, whereby using these materials on a LFSs will turn
them in slow tests (around 20 min to see the response), on the
other hand, Qiu et al.'s (2015) work demonstrated that the limit of
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Fig. 10. Comparison of contrast obtained when using carbon nanoparticles (CNPs)
and AuNPs. Reprinted with from Linares et al. (2012), Copyright 2012 Elsevier.

detection is improved in comparison to related AuNPs systems.
Furthermore, CNTs are stable in time and against aggregation,
which increases the life time of the conjugates.

2.3.2. Colored nanoparticles

One of the first nanomaterials used to develop LFBs was colloidal
selenium (Lou et al., 1993), with rust color. On this firstling design, the
detection of analyte was semiquantitative by means of various TL on
the membrane, instead of comparing the intensity of a single TL. The
detection limit of this LFS was only of a few milligrams per milliliter, so
rapidly selenium colloids were substituted by gold colloids which
exhibit stronger color. However, several years later, Wang et al. (2014c)
used again selenium nanoparticles, claiming the cost effectiveness of
this material in comparison to AuNPs, to develop modern LFS. Wang
et al. (2014c) could not obtain a low limit of detection, but their system
with selenium nanoparticles proved to be quite specific to melamine
in different matrixes.

Magnetite nanoparticles (MNPs) can be used as labels due to their
strong brown color (also because of their magnetic properties, as will
be discussed up ahead). Nevertheless, this strong color covers practi-
cally all the visible spectra obstructing its identification by means of
colorimetric devices. The advantage of MNPs is that their optical
properties do not change as much as AuNPs when aggregated. So Liu
et al. (2011) took advantage of this property and created LFSs where
MNPs were aggregated using poly-i-lysine on TL. The aggregated
MNPs maintained a similar sensitivity to the non-aggregated MNPs,
but the limit of detection was improved, reaching 1.7 ng/mL.

Silver can be used to enhance the intensity of AuNPs (Anfossi
et al., 2013), but silver by himself is also an interesting nanoma-
terial. Silver nanoparticles present different colors depending on
their size and shape, so Yen et al. (2015), exploiting this property,
developed multiplexed LFS in which not only each antigen had
their own line, but each of the lines had a different color, avoiding
confusions to the final user (Fig. 11).

In the work done by Park et al. (2015) platinum nanoparticles are
used as transducers due to their properties catalysing luminol oxida-
tion provoking chemiluminiscence. In comparison with HRP, platinum
nanoparticles are more stable-in-time and robust against environ-
mental conditions. Park et al. (2015) compared the lighting response of
platinum versus the conventional AuNPs LFS obtaining a higher
working range and a limit of detection one thousand times lower.

2.3.3. Dyed beads and liposomes

Latex beads (LBs) or polystyrene nanoparticles are homo-
geneous-size particles which, after being dyed, can be used to
develop LFSs. Several companies use LBs on their LFSs due to the
fact it is a cheap material and has a similar behavior as AuNPs.
Greenwald et al. (2003) compared AuNPs and LBs and observed
that LFSs prepared with LBs on conjugate pad gave a higher
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Fig. 11. Multiplex LFS developed with silver nanoparticles. Reprinted with per-
mission from Yen et al. (2015), Copyright 2015 Royal Society of Chemistry.
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sensitivity and specificity than the ones prepared with AuNPs.
Comparing other studies with LBs (Waters et al., 2006; Campbell
et al., 2007; Lyashchenko et al., 2007), the LFSs always show a
good response in terms of selectivity and sensitivity; however the
limits of detection are not as low as with other materials, which
makes the strips suitable for qualitative assays, for clinic tests
where it is only necessary to know if an antigen is over a de-
terminate threshold. Instead of latex, cellulose can also be used
(Choi et al., 2014) as dyed label on LFSs, which is an even cheaper
material.

As discussed above in Edwards and Baeumner (2006) and
Khreich et al. (2008) experiments, liposomes can be used to en-
capsulate dyes (whether fluorescent or not). There are some re-
ports about the use of liposomes on LFBs (Ho and Wauchope,
2002; Baeumner et al., 2004a, 2004b; Wen et al., 2005; Edwards
and Baeumner, 2006; Ho et al., 2008; Khreich et al., 2008; Shukla
et al., 2011; Leem et al., 2014) with good levels of sensitivity due to
the high quantities of dye that can be loaded inside the liposomes.
Nevertheless, the synthesis of liposomes is often a long procedure,
with difficult size-control, so the reproducibility of the test could
be affected if the protocol is not well controlled.

3. Electrochemical detection

Despite the fact that LFB response can be quantitative, some-
times it can be hard to discriminate between the strips, especially
by naked eye. The combination of LFBs with electrochemical de-
tection is expected to provide a more sensitive response, higher
reproducibility, wider working range and lower limits of detection
than optical measurements. Nowadays electrodes can be easily
miniaturized by different methods as screen printing, ink-jet
printing or photolithography, allowing their easy incorporation
into a LFS design. In the work of Inoue et al. (2007) the authors
used photolithography to fabricate three gold electrodes, working,
counter and reference (Fig. 12), over a glass slide and then coupled
a small piece of nitrocellulose on a well into the device. They de-
monstrated that electrochemical reactions, cyclic voltammograms
and amperometric measurements could be performed on ni-
trocellulose substrate so, then, they cut a small piece from a LFS,
corresponding to the TL, and carried out the measurements. The

Reference electrode -
Working electrode

Counter electrode

Connectors

amperometric responses, based on the reduction of ferrocene-
methanol catalysed by HRP (which was previously linked to a
known quantity of testosterone, used also as analyte), decreased
when the concentration of the analyte was increased in the sample
(competitive LFBs model), obtaining wider working range than by
chemiluminiscence measurements and good values of sensitivity
and limit of detection. The main drawback of Inoue et al.'s (2007)
method is that the electrochemical assay is performed separately.
As the reduction is carried out as an additional step, the electrodes
are not truly integrated into the LFS and it has to be cut. Some later
designs (Wang et al., 2011b; Du et al., 2011) tried to fuse the
electrode and the strip inside a cassette, including a cutter to
section/cut the TL once the immunoassay was completed.

Liu et al. (2007), Lin et al. (2008), Zhu et al. (2014) and Akanda
et al. (2014) integrated the electrodes in the LFS on different ways.
In the cases of Liu et al. (2007) and Lin et al. (2008), QDs con-
taining cadmium were used; after the test was performed and QDs
were captured on TL, chlorhydric acid was used to release cad-
mium ions from QDs, which were detected by the electrodes, lo-
cated under the TL, when a detection solution (Hg/Bi) was added
on it. The obtained limit of detection was really low, 30 and
20 pg/mL respectively in each report. Interestingly, Liu et al. (2007)
observed that when the immunoassay time was extended, the
detection limit was decreased to 10 pg/mL. In the work of Zhu
et al. (2014) the colorimetric and electrochemical measurements
were performed at the same time, without the addition of detec-
tion solution, thanks to the integration of commercial CNTs paper
in the LFS as working electrode, placed on the CL, and printed
silver/silver chloride ink as reference and counter electrode
(Fig. 13a), being the electrodes laminated to ensure the contact
between them and the nitrocellulose membrane (Fig. 13b). Fol-
lowing a competitive LFBs model and using AuNPs as labels, the
colorimetric response was measured comparing the TL on photo-
graphs of the LFS and, at the same time, the chronoamperometric
response was measured from the remaining AuNPs on the CL.

It must be highlighted the work of Akanda et al. (2014), where
they report a really low limit of detection, of only 0.1 pg/mL. Their
LES includes an extra pad with different substrates to perform a
redox reaction on the electrodes which allows detecting the ana-
lyte without being affected by electroactive interfering species
present on the sample (Fig. 14). Thanks to this pad the need for
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Fig. 12. Photograph of a standard electrode chip and the scheme of its well when LFS is coupled inside. Adapted with permission from Inoue et al. (2007), Copyright 2007

Elsevier.
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Conjugation Pad

Sample Pad Control Line

Working
Electrode

Fig. 13. (a) Schematic representation of a LFS with electrical chip coupled and
(b) its corresponding photography. Reprinted with permission from Zhu et al.
(2014), Copyright 2014 Royal Society of Chemistry.

Backing with Tape

sample pre-treating for both eliminating of interferences and to
perform the electrochemical reaction is taken away, simplifying
the test for the end user. On this design the electrodes, previously
printed through photolithography on indium tin oxide substrate
(ITO), were placed directly over the membrane, onto the detection
antibodies. Hence, the detection on the LFS is only electrochemical
and the strip does not provide optical checking.

4. Other detections

4.1. Magnetic methods

MNPs, as previously discussed, can be used as labels on lateral
flow (Liu et al. 2011) due to the fact they are strongly colored and

(i)
(AN-GP) ¥: TCEP=0 TCEP

"

2Ru(lil)  2Ru(l)

can be easily conjugated with biomarkers. Usually, MNPs are used
to preconcentrate the analyte in a sample through an washing step
(Fisher et al., 2009; Liu et al., 2015), or are conjugated with colored
particles (e.g. AuNPs) to assemble them, to help in the purification
of the conjugate by means of magnetic separation and to increase
the intensity of the color in TL (Tang et al., 2009). Nevertheless,
MNPs can be used to a more interesting purpose; the magnetic
field that the nanoparticles generate can be measured through a
proper magnetic reader and transformed into a useful analytical
signal. The advantage of this technique is that all the nanoparticles
in the detection line should produce signal, contrary to optical and
electrochemical methods where only nanoparticles on the surface
or in contact with the electrodes, respectively, contribute sig-
nificantly on the signaling.

There exist several methods to produce and measure a signal
using MNPs, being commercial magnetic assay readers (MARs) the
most popular. MARs generate a magnetic field which excites the
MNPs that simultaneously will produce their own magnetic field,
detectable using the sensing coils of the apparatus. This effect can
qualitatively measure groups of MNPs. Wang et al. (2009), Zheng
et al. (2012), D.B. Wang et al. (2013), Shi et al. (2015b), Barnett et al.
(2014) and Wang et al. (2015) reported the use of MAR on their
works, obtaining wide working ranges, high selectivity, robust
assays, good sensitivity and lower limits of detection than stan-
dard AuNPs LFs. However, the intensity of the signal was related to
the size of the MNPs, being the larger ones which produced higher
responses being this a drawback inasmuch as it slows significantly
the assay time. Another manner to increase the signal, producing a
higher magnetic field, is to increase the concentration of magne-
tite inside MNPs. It must not be forgotten that MNPs are strongly
colored, so colorimetric response could also be measured from
these LFs.

Even though nitrocellulose membranes contain pores with
widths of some micrometers, the largest MNPs, combined with big
analytes as spores, bacteria or cells, could clog the pores
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Fig. 14. Electrochemical immunoassay occurring on a LFS with an additional substrate pad. Reprinted with permission from Akanda et al. (2014), Copyright 2014 Royal

Society of Chemistry.
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obstructing the flow of the conjugates across the membrane pro-
ducing retention lines (“road closure effect”). Curiously, Wang
et al. (2015) took advantage of this inconvenience to develop a
novel LFs free of dispensed antibodies on the detection pad.
Merely, in the presence of analyte, the MNPs-analyte conjugate
formed the retention line at the beginning of the nitrocellulose
membrane and it was measured with the MAR (Fig. 15). A clear
advantage of this design is the cheapness of the LFSs, due to the
fact that antibodies printed on it use to represent near the half of
its costs; also the assay is faster than in the other magnetic LFs;
nonetheless the absence of CL is a huge drawback because it im-
pedes the detection of false positives.

In addition to MAR, other technologies like the use of giant

Retention line

Retention line detected
by naked eyes

Fig. 15. LFS developed with MNPs as labels but without antibodies on the detection pad;

Graphic output generated by
the magnetic assay reader

“road closure effect”. Reprinted with permission from Wang et al. (2015), Copyright

magnetoresistive sensors (GMR) are emerging (Taton et al., 2009;
Ryu et al., 2011; Marquina et al., 2012), GMR signaling is produced
when the electrical resistance of the sensor is reduced by the ef-
fect of an external magnetic field derived from the MNPs. The
technique can show a quite low limit of detection (12 pg/mL; Taton
et al., 2009) but seems that its robustness and sensitivity still have
to be improved.

4.2. Other methods
Thermal contrast is a technique that measures the radiation

that the materials, over to absolute zero temperature, produce at
infrared range. In LFS, thermal contrast can detect small variations

Contrast intensity

Visual Thermal

X
(=]
=

= Gold concentration

'LLo
(1) Sample pad
(2) Conjugate pad
(3) Membrane
(3) Absorbent pad
¥ Monoclonal antibody
+ Anligen
@ Gold nanoparticle
y Control antibody

7t/

Fig. 16. (a) Thermal Contrast Sensor applied on LFS. Reprinted with permission from Qin et al. (2012), Copyright 2012 Wiley-VCH.
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of concentration which are not detectable with visible light, pro-
viding lower limits of detection than in the optical methods, in-
cluding fluorescence in comparison to which, furthermore, avoids
photobleaching effect; for this reason thermal contrast is con-
sidered a really robust and reproducible technique. Qin et al.
(2012) reported the use of thermal contrast sensor (Fig. 16) on
AuNPs LFS and compared the registered data against visual de-
tection, reaching a 32-fold improvement on the sensitivity. Besides
spherical nanoparticles, other shapes were tested (nanorods and
nanoshells), by becoming shell AuNPs the one which exhibited
higher response on thermal contrast.

A technique which can be combined with LFBs to enhance its
response is isotachophoresis, an electrophoretic technique used to
displace and preconcentrate several kinds of compounds, from
large biocompounds to small inorganic ions, forcing their

Open contents. Place cassette on
flat surface.

After automatic 90 sec timer from
cassette insertion, add 4 drops of diluent

Reader will automatically detect when

displacement with other ions. Moghadam et al. (2014, 2015) used
this technique on LFSs to concentrate the conjugate and to trans-
port it to the TL. The time of the assay is reduced, as well as the
limit of detection, however must be taken into account that this
method requires calibration, membrane pretreatment and current
application (in which is strongly dependent the sensitivity of the
device).

Another detection method which can be applied on LFS is
surface-enhanced Raman scattering (SERS), a technique that en-
hances the Raman scattering of molecules (Raman reporters:
chromophores or fluorescent dyes with high photostability and
that exhibit resonance at Raman frequencies) previously attached
in the label nanoparticles, increasing significantly the sensitivity of
the assay. Li et al. (2014) reported the use of LFSs on SERS, using
AuNPs covered with 4-mercaptobenzoic acid (a Raman reporter).
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Fig. 17. (a) Performance of a lateral flow assay assisted with a smartphone. Smartphone is used as a LFS reader. Adapted with permission from You et al. (2013), Copyright
2013 Elsevier. (b) Google Glasses, used to read LFS (c), identified with QR codes (d) and the response obtained (e). Adapted with permission from Feng et al. (2014), Copyright

2014 American Chemical Society.
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Their experiments demonstrated the great precision of the tech-
nology, the high selectivity against the reporters and a really low
limit of detection, 0.32 pg/mL.

5. Integration and connection with real world applications

The use of LFBs is not restricted only to laboratory or hospital
environments. LFBs are designed to be portable devices which can

be used overall at home or in the field. Their use is expected to be
increased in the future so, consequently, it is important to adapt
LFBs to the end user. At that point, it is necessary to focus not only
in the LFS design, but also to the reader that should be user-
friendly and low-cost. For example, Gui et al. (2014) demonstrated
that with a charge-coupled device-based reader, which works on a
similar way as a bar-code reader (in addition to some algorithms) a
LFS developed with QDs (fluorescent measurements) could be
easily read with low noise and low detection limits (20 pg/mL).

Table 1

Comparison of most remarkable methods and materials used in lateral flow biosensors.

Detection method Labels Advantages Disadvantages
Optical (colorimetry) e Naked-eye detection e Normally, only qualitative or semiquantitative response
e Fast qualitative response
AuNPs Easy to synthetize and modify e Without the application of enhancement techniques, poor sen-

Optical (fluorescence)

Electrochemical

Magnetic

Thermal contrast

SERS

Carbon based materials

Nano-/micro-particles loaded/
modified with dyes

QDs

Other fluorescent materials (ex.

UPTs)

Electroactive nanoparticles

Nano-/micro-particles loaded/
modified with magnetite

AuNPs

Raman reporter materials

Highly biocompatible and versatile
Intense colored
Relatively inexpensive

Strong contrast against background
Different shapes and behaviors
Inexpensive and stable-in-time

Inexpensive and high variety of
commercial products

Good sensitivity and limits of
detection

High sensitivity
Low limits of detection

Small-sized: fast assay
Strong intensity

Could require less energy to be
excited than QDs

Highly sensitive

Low limits of detection

Devices easily miniaturized and
cheap

Relatively inexpensive

Colorimetric response is also pos-
sible (multi signals)

High improvement of sensitivity
and reproducibility
Any material can emit signal

High improvement of sensitivity
and detection limits

sitivity and limits of detection in comparison to other methods.

Unspecific adsorptions
Some forms have big-size: slow response assay

Difficult to synthesize and modifyRequire to load high quantities of
dye to have a good signaling

Naked- eye detection normally is not possible

Requires equipment with both excitation light and fluorescence
measurement

Materials normally exhibit photobleaching effect, lose intensity
in time

Difficult to synthetize and conjugate

Rare elements can be expensive
Big-sized: slow assay

Requires equipment to produce and translate the signal
Reproducibility problems related to electrodes

Require magnetic detectors

Sensitivity related to the size of the particles: slow assays

Expensive equipment

Expensive equipment
Requires pretreatment of the nanomaterials
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Nowadays, smartphones have become an almost indispensable
tool for day to day life, with a countless number of applications
and utilities; therefore, its connection with biosensing seems to be
expectable. Mudanyali et al. (2012), You et al. (2013) and Zangheri
et al. (2015) developed different user-friendly apps for smart-
phones which, with their respective adapter (containing LED-
source of light, filtering lens and a space to introduce LFS), can be
used to detect the TL and CL of LFSs and translate the signal
meanwhile all the steps that the user should perform during the
assay are explained on the smartphone's screen (Fig. 17a).

With the arrival of the new Google Glasses (Fig. 17b) and si-
milar products in the market the integration of augmented reality
apps in real life will start. Feng et al. (2014) developed a voice-
controlled app for Google Glasses that allows, by looking with your
own eyes a QR code (quick response code) (Fig. 17c and d) printed
in the LFS, get a quantitative interpretation of what your naked-
eyes are watching (Fig. 17e). When looking to the QR, the Google
Glasses get access into a server where a LFS picture will be saved
in a database, analyzed and translated, receiving a posteriori the
data on Google Glasses display or checking them in internet
browser.

6. Conclusions and future perspectives

LFSs have demonstrated to be affordable and portable tools to
detect a huge variety of compounds (e.g. proteins, metallic ions,
organic molecules, DNA, cells, etc.) in a really short period of time
usually shorter than 30 min that may include pre- and post-
treatments if necessary. As shown in Table 1, LFSs are compatible
with different detection methods and nanomaterials in which
strongly depend the costs, the robustness, the sensitivity and the
detection limits of these devices. The variety of properties of na-
noparticles allows the secondary reactions to be performed onto
their surface or their assembly and other modifications enhancing
the intensity of the analytical signals. However, the signal of a LFS
can also be easily enhanced just by modifying its architecture al-
lowing tuning of the microfluidics beside other changes.

The progress in the LFB field is strongly related with the de-
velopment of new nanomaterials, strategies and methods to in-
crease the sensitivity and decrease the limit of detection. To reach
that goal various strategies may be followed: a) use of nanoparticle
labels which are simple to detect, stable and ensure intense sig-
nals; b) development of strategies that increase the quantity of
signaling labels per unit of analyte; c¢) application of detection
methods that inherently provide strong signaling and a high level
of quantification in the detection zone; d) combination of different
detection techniques and enhancement strategies already re-
ported could help to offset the drawbacks of each system. The
increase recently of the research in the field of graphene may offer
new opportunities also for LFB technology. The special properties
of graphene oxide in various optical biosensing technologies
(Morales-Narvaez and Merkoci, 2012) including its quenching
properties on QDs (Morales-Narvaez et al., 2012), if applied on
LESs, may bring interesting results in terms of sensitivity and limit
of detection.

LFSs are expected to deepen more in fast diagnostics, enabling
its use at home to identify diseases or allergens, or simply to watch
over on biological parameters that affect our security and health;
because of this, electronic devices of common use, like smart-
phones or augmented reality apparatus (like the new Google
Glasses) or future technologies, may probably be able to work as
readers of LFSs, providing comprehensible test instructions and
results to the user.
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In this review we discuss recent developments on the use of mobile phones and similar devices for biosensing
applications in which diagnostics and communications are coupled. Owing to the capabilities of mobile phones
(their cameras, connectivity, portability, etc.) and to advances in biosensing, the coupling of these two
technologies is enabling portable and user-friendly analytical devices. Any user can now perform quick, robust
and easy (bio)assays anywhere and at any time. Among the most widely reported of such devices are paper-
based platforms. Herein we provide an overview of a broad range of biosensing possibilities, from optical to

electrochemical measurements; explore the various reported designs for adapters; and consider future
opportunities for this technology in fields such as health diagnostics, safety & security, and environment

monitoring.

1. Introduction
1.1. Capabilities of mobile phones

On April 3rd, 1973, Martin Cooper, who is considered the father of
mobile phone technology, made the first public call using a cordless
phone, which weighed nearly 1 kg (Kennedy, 2013). Since then, mobile
phones have evolved continuously, becoming ever smaller and more
powerful. The first mobile phone did not have internal memory, and its
functionality was limited to making calls. In contrast, modern mobile
phones boast up to several Gb of memory and their range of
applications is quite wide, spanning high definition (HD) photography
and video; internet browsing; sending and receiving emails and multi-
media messages; electronic payment; videogames; music; health
monitoring; etc. Moreover, these phones can regularly be upgraded
by simply installing new applications.

In fact, the power of current mobile phones, also called smart-
phones, is far beyond that of the computer that controlled Apollo 11,
first rocket landing on the Moon (NASA). That computer had a
processing unit of 1 MHz and an internal memory of roughly 4 kB.
In comparison, the processing speed of an iPhone 6s is roughly 2 GHz
and its storage capacity is 128 Gb. This means that today, anyone can

carry in their pockets 32 million times more information, and access it
2000 times faster, than could the Apollo 11 crew.

Intriguingly, modern mobile phones may contain up to 70 different
elements (Rohrig, 2015), including indium and rare-Earth metals.
Indium, which, in its oxide form, is necessary for the fabrication of
touch screens, is in fact a controversial element, due its abundance on
Earth is not clear. Some scientists affirm that there is still more indium
in the Earth’s crust, whereas others believe that the indium mines will
soon be fully depleted. A possible candidate to substitute indium on
tactile screens is graphene, as it derives from carbon, which is cheap
and abundant; its amenability to touch-sensitive devices has already
been demonstrated (Baptista-Pires et al., 2016); and its physical
properties enable flexible and more robust screens. Regarding mobile
phone touch screens, there exist two main types: resistive and
capacitive screens. Resistive screens are based on pressure: when the
screen is pressed, the resistive layers enter into contact. In contrast,
capacitive screens are based on electrical charge, which is modified
when the screen is touched. Under the screen is located the display,
also made of rare elements such as yttrium, lanthanum, europium or
gadolinium. These elements are responsible for the color and bright-
ness of the display. Other elements, such as tin, copper, silicon and
iron, are also present in mobile phones: specifically, in the circuitry.

Abbreviations: AR, augmentedreality; AuNPs, gold nanoparticles; CV, cyclic voltammetry; DCT, “diagnostic and communicate” technology; ELISA, enzyme-linked immuno-sorbent
assay; GPS, global positioning system; HD, high definition; LED, light-emitting diode; LF, lateral flow; LOD, limit of detection; NFC, near-field communication; RGB, red-green-blue;
SERS, surface-enhanced Raman spectroscopy; PCR, polymerase chain reaction; POC, Point-of-care; QD, quantum dots; QR, code, quick response code; SPCE, screen printed carbon
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Noble metals such as gold and silver can also be found in the circuitry,
albeit in smaller amounts.

A crucial feature of mobile phones is their cameras. Modern mobile
phones have at least two cameras: one on the front and one on the
back, the latter normally of higher resolution. Some phones have two
cameras on the back, to enable 3D imaging. However, a camera is much
more than its lens: it includes ambient light sensors, stabilizers, optical
zoom machinery, night-vision filters, and many other electronics for
image enhancement. The quality of mobile phone camera images is on
the order of megapixels, which means that each image is divided into
millions of monochromatic portions. However, the number of mega-
pixels are not the only parameter that defines the quality of a camera: a
camera with fewer megapixels can obtain better quality photos and
videos than a camera with a higher value, provided that the lens and
sensors of the former are superior in terms of controlling ambient light,
contrast, exposure time, etc.

As a last highlight, the several communication possibilities inte-
grated into mobile phones, such as Bluetooth, WiWi-Fi, 3G/4G, near-
field communication (NFC) and global positioning system (GPS), will
help facilitate the future construction of Smart Cities. In the Smart City
concept, sensors are located everywhere to report on urban parameters
(e.g. traffic, weather and pollution) and are connected to mobile phones
to form an expansive network. Thus, the combination of GPS and
internet connections can yield accurate, real-time information on
public transportation, parking spaces, air or water quality, etc. Lastly,
but equally important, is NFC, a relatively young connection technol-
ogy in which radio tags are used to label objects for close-range
tracking and control. Such technology can be used in conjunction with
mobile phones in a Smart House environment: for instance, as soon as
someone enters their house, a central controller could detect their
phone and automatically turn on the lights, turn off the alarm, adjust
the heating/cooling, etc.

1.2. Mobile phone-based biosensing

Among the major concerns of mobile phone users is health, an area
that can greatly benefit from biosensors (Nanhore and Bartere, 2013;
Nasi et al., 2015). A mobile phone contains all the components
required for a common analytical reader: the screen, which can act
as display and controller; an input to capture a signal, which could
work via the camera (Otten et al., 2013; Chen et al., 2014; Coskun
et al., 2013a; Wei et al., 2014a; Oncescu et al., 2014); ambient light
sensors (Fu et al., 2016) and headphone jacks (Wang et al., 2015);
memory to store the data; and several wired and wireless (Wi-Fi,
Bluetooth, NFC, etc.) connectivity modes. Therefore, considering the
billions of mobile-phone users in the world, these phones are an
invaluable resource for biosensing. This premise leads us to the
emerging “diagnostic and communication” technology (DCT).

The data transmission capabilities of mobile phones are important
for health applications: for example, through an internet connection,
users can access data libraries (e.g. their medical records) or send
biometric measurements to health specialists in real time. In addition,
connectivity through GPS could enable studies on global health (e.g.
tracking of pandemics) or even environmental monitoring. Along these
lines, Wei et al. (2014a) used a Google Maps-based interface on a
mobile phone to perform spatiotemporal mapping of mercury con-
tamination in water.

Regarding the possibilities for signal measurement, most of the
mobile phones currently on the market feature an HD camera that can
detect visual stimuli at high resolution and sensitivity, either in
solution (Otten et al., 2013; Chen et al., 2014; Coskun et al., 2013a;
Wei et al., 2014a) or on a substrate such as paper (Shafiee et al., 2015;
Guan et al., 2014; You et al., 2013). Paper is a cheap and abundant
material on which several types of point-of-care biosensors, such as
lateral flow (LF) strips, have been developed (Parolo and Merkoci,
2013; Quesada-Gonzalez and Merkoci, 2015). Coupling of different
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gadgets has enabled optical measurement for colorimetric or fluores-
cent (Wei et al., 2013; Coskun et al., 2013b; Roda et al., 2014a),
microscopic (Tseng et al., 2010; Navruz et al,, 2013) or surface
plasmon resonance (SPR) (Roche et al., 2011; Fu et al., 2016;
Preechaburana et al, 2012) applications. Further possibilities to
translate the signal include electrochemical measurements (Wang
et al., 2015; Nemiroski et al., 2014; Sun et al., 2014), and even
magnetoresistive (Choi et al., 2016) or NFC-based measurements
(Azzarelli et al., 2014).

Sometimes adapters or other devices need to be connected to the
mobile phone, in order to maintain the distance between the camera
and the sample constant; to make a dark chamber for fluorescence; or
simply to integrate the biosensing process without compromising the
phone’s portability. However, creating a universal design is challen-
ging, as each mobile phone has a different design and size. One possible
solution for this problem is 3D-printing at home. Three-dimensional
printers and related materials are becoming more affordable and
offering increasingly higher resolution and material strength, thereby
enabling ready fabrication—at home or in the laboratory—of persona-
lized adapters for any mobile phone.

An interesting tool to connect mobile phones to biosensors or other
devices, within the reach of any user, is the open-source platform
Arduino. This combination of user-friendly software and tunable
hardware can be configured to execute several tasks, including remote
switching; facial recognition; motion detection; weather sensing;
artificial intelligence; and even control of microfluidic systems (Chen
et al,, 2014). Furthermore, Arduino is remarkably affordable (the
cheapest version costs roughly $50) and easy to use (it can be
assembled by hand), embodies an open-source philosophy (the hard-
ware and the software are both expandable), and offers wide compat-
ibility with different operating systems (Windows, Linux or
Macintosh).

In the future, other DC-based devices could coexist with mobile
phones. A past example of such a device was Google Glass, a pair of
spectacles designed to integrate augmented reality (AR) into daily life.
This device had an integrated camera, such that it theoretically could
have been linked directly to a biosensor (Feng et al., 2014).
Unfortunately, the project to bring Google Glass to market has
tentatively been stopped. Currently, Google is working on Google
Lens (Google Official Blog), a smart contact lens that can perform
biometric measurements (e.g. measuring glucose levels in the user’s
tears) and then communicate the results directly to a mobile phone.
Other notable devices that could be connected to mobile phones
include electronic bandages (Kassal et al., 2015), drones (Priye et al.,
2016) and videogame systems (Lee et al., 2011; Karim et al., 2012).
Furthermore, new materials such as nanopaper (Morales-Narvaez
et al., 2015a) and graphene (Baptista-Pires et al., 2016) will soon be
exploited for mobile phone-based biosensing.

Over the past few years, various reviews on wearable sensors (Patel
et al., 2012) and on the use of mobile phones in biosensing (Vashist
et al., 2014; Preechaburana et al., 2014; Xu et al., 2015; Zhang and Liu,
2016; Roda et al., 2016; Comina et al., 2016; Sun et al., 2016a) have
been published. These focus mostly on different measurement meth-
ods. In contrast, in the present review, we provide a detailed discussion
of the capabilities of mobile phones, the different adapters that can be
designed for biosensing and how such measurements can be taken.
Moreover, we discuss many of the companies currently working with
this technology and consider how the marriage of biosensing to such
smart devices will influence medicine in the future.

2. Optical-based biosensors

Optical-based biosensors are advantageous for their simplicity and
low cost. Using these devices, a qualitative response (e.g. Yes/No) can
often be gauged by the naked eye, although quantitative measurement
requires an optical detector. In fact, the area of quantification is one in
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which mobile phones are poised to play a decisive role.
2.1. Colorimetric detection

Mobile phone cameras can recognize small differences in color tone,
as can be confirmed even in simple home experiments. This capability
is based on the Beer-Lambert law, which relates the concentration of an
analyte to the intensity of its color in solution (Kehoe and Penn, 2013;
Otten et al., 2013; Knuston et al., 2015; Montangero, 2015; Koesdjojo
et al., 2015; Kuntzleman and Jacobson, 2016). A mobile phone app
that can assign quantifiable values to these tonality differences could be
used to maximize the potential of mobile phones coupled to optical-
based biosensors as DCTs.

The simplest apps for performing colorimetric detection are based
on the detection of the primary colors: red, green and blue (RGB). The
standard RGB scale assigns a whole-number value from 0 to 255 for
each of these three colors in a given tone, such that [0, 0, O]
corresponds to absolute black and [255, 255, 255], to true white. A
good HD camera should be able to distinguish until 16777216 colors.
Yetisen et al. (2014) developed a smartphone application algorithm for
commercial colorimetric tests based on RGB detection. However,
accurate use of colorimetric measurements requires careful control
over parameters such as ambient light, temperature, and the distance
between the camera and the sample.

Otten et al. (2013) used a digital camera to capture images from an
enzyme-linked immuno-sorbent assay (ELISA) in which they used gold
nanoparticles (AuNPs) used as resolving agents, such that the intensity
of the red in each cell corresponded to the quantity of protein
immobilized onto it. The authors were able to count the number of
pixels. They reported coupling of a mobile phone to this system to
obtain a low-cost method for detection of different proteins. However,
their system was neither portable nor user-friendly. An attempt to
make ELISA tests more portable was made by Chen et al. (2014). They
miniaturized the assay into a lab-on-a-chip microfluidic system con-
trolled by an Arduino device that was able to automate the pumps and
thus, drive the sample across the channels. The Arduino controller was
connected to a mobile phone that served two purposes: it was an energy
supply, and captured images from the incubation chamber for sub-
sequent RGB analysis.

Berg et al. (2015) reported another interesting portable ELISA
system, in which they 3D-printed a housing for the ELISA plates
(Fig. 1). As shown in Fig. 1a, the device comprises a group of light-
emitting diodes (LEDs) of blue wavelength that illuminate the 96 wells
of an ELISA plate. The transmitted light is redirected via optical fibers
to the camera of the mobile phone, for signal reading. Fig. 1b-d
illustrates the device from different perspectives. Fig. 1le shows the
camera reading the signal from the optical fibers, whereby each point
corresponds to a single well on the ELISA plate (Fig. 1f). The device
appears to be relatively portable and permits both qualitative and
quantitative measurements with an acceptable error range and user-
friendly interface. However, it has a few drawbacks: for example, it
requires external batteries for the LEDs and it lacks an automation
process, as the sampling and loading steps are not integrated into the
device.

Coskun et al. (2013a) and Wei et al. (2014a) each reported
obtaining a user-friendlier DCT device by integrating housings onto
mobile phones (Fig. 2). The former group created a food-allergen
detection platform with a very easy-to-use interface. The software gives
step-by-step instructions to the user on the mobile phone screen: first
the allergen is chosen on the app; then, the app explains to the user
how to treat the sample (including which reagents they must add) and
prepare the control solution; finally, the camera performs the analysis
and displays the results. The system has two components: an LED,
which serves as a light source that permeates both the sample and the
control solutions; and the mobile phone camera, which works as a
relative absorbance reader (Fig. 2a). Wei et al. (2014a) developed a
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similar device except that it had two separate light sources: green and
red. These two sources simultaneously provided four data points: red-
control, red-sample, green-control and green-sample (Fig. 2b).
Combining these four values, the authors obtained a normalized
response to quantify the amount of mercury in water. They achieved
a limit of detection (LOD) of 3.5 ppb, a value close to the maximum
mercury concentration allowed in consumer water in the USA. As we
mentioned in the introduction, integration of GPS into mobile phones
has also enabled spatial mapping of mercury-contaminated water areas
through a Google Maps-based interface for environmental monitoring
(Fig. 2¢).

Comina et al. (2015) developed an adapter for glucose detection
that was even smaller than the adapters mentioned above. Specifically,
they miniaturized a microfluidic circuit that contained unidirectional
valves and manual pumps, and then placed the circuit over the phone
camera. By 3D-printing the lens, they were able to obtain enhanced
images.

Performing a field test can be tedious, even with a portable device,
because the user must still bring along numerous reagents, sampling
materials, etc. Moreover, field assays often require pre-treatment of the
sample and careful control of the incubation times. However, many of
these problems can be circumvented by developing an assay that runs
on a substrate, rather than in solution, as the former type occupies less
space and normally does not require sample pre-treatment: the sample
is simply added and allowed to flow through the substrate.

The most commonly used substrate is paper, which has been used
in several types of biosensors (Parolo and Merkoci, 2013) due to its
simplicity, natural abundance (cellulose is the most abundant polymer
on Earth), low-cost production and recyclability. Moreover, in paper-
based biosensors microfluidics can be easily generated by simply
printing out the desired features using a standard printer or ink-jet
printer and hydrophobic materials such as wax (Wang et al., 2014;
Chun et al., 2014), polystyrene (Zhang et al., 2015; Shafiee et al., 2015)
or ink (Lopez-Ruiz et al., 2014). This approach can be used to fabricate
channels, cells, wells and other types of chambers, which can subse-
quently be photographed using a mobile phone camera.

Guan et al., 2014 performed pioneering work by developing a
paper-based assay for blood-typing, whereby they printed hydrophobic
bar-channels, made of alkyl ketene dimer, onto Kleenex® paper. In
their assay, drops of a blood sample are added to three different
channels: one channel to determine the presence of antigen A; another
one, for antigen B; and a third channel, to ascertain the Rh factor.
Then, buffer is added to help the blood flow through the channels.
Finally, the results are transferred to a mobile phone, which informs
the user of the blood type (Fig. 3).

Lateral flow (LF) biosensors (Quesada-Gonzalez and Merkoci,
2015) and similarly-structured paper strips are easy to integrate into
mobile phones, owing to their simple architecture and to the fact that
they can usually just be dipped into the sample and subsequently read
by a mobile phone camera. Examples of this approach have been
reported by Mudanyali et al., 2012, Lee et al., 2013a, You et al., 2013,
Oncescu et al., 2013, 2014 and Lee et al., 2014. Fig. 4 (taken from You
et al., 2013) illustrates how LF strips are introduced onto an adapter
(previously fabricated by stereolithographic 3D-printing) for reading
via light-scattering. Mainly, these adapters exploit the mobile phone
flash, as a light source and the camera, with collimating lenses, as the
detector (You et al., 2013; Oncescu et al., 2013, 2014). Alternatively, in
other designs (Mudanyali et al., 2012; Lee et al., 2013a, 2014) an LED
is used as the light source. Using LEDs facilitates monitoring of the
incipient light (e.g. wavelength, exposure time, light angle and in-
tensity), but requires the use of an external battery. An example of test-
strip reading and signal extraction is provided in Fig. 5 (from
Mudanyali et al., 2012). The test-strip image is adapted to gray-scale,
and then the signaling areas are compared against the background, so
that the software can decide whether the signal corresponds to a
negative or a positive sample. Importantly, the data recorded by their
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Fig. 1. Mobile phone adapter to perform ELISA tests. (a) Scheme of the device, (b) (c) (d) overview of the device and (e) image obtained from (f) ELISA plate. Adapted with permission

from Berg et al. (2015). Copyright 2015 American Chemical Society.

app can be used to create a spatiotemporal map for tracking the
possible spread of a disease. As in the previously mentioned work of
Wei et al. (2014a), this was based on a Google Maps interface.

In addition to analysis of contaminants and pathogens, colorimetric
detection on mobile phones can also be used to measure pH. For
example, Lopez-Ruiz et al. (2014) developed a microfluidics-on-paper
platform to simultaneously measure pH and nitrite levels in different
cells (Fig. 6a). Their assay is based on colorimetric reactions and the
results are read by the phone camera. In this case, the ambient light is
controlled with the flash, such that no adapter is needed. Alternatively,
Oncescu et al. (2013), used an adapter to read pH strips (Fig. 6b) as an
indirect measurement of sodium ion levels in sweat or saliva samples.
Sodium concentration is correlated with the probability of suffering
muscle cramps while playing sports; with the risk of enamel decalci-
fication in saliva; and with the risk of calcium removal from teeth, due
to low pH. The strips can be stored in a compartment included in the
adapter (Fig. 6b 1), thus making the system highly portable. The user
can check the pH of their sweat by simply rubbing the strip onto their
skin, or the pH of their saliva by spitting on the strip (Fig. 6b 2). Once
the sample is added, the strip is placed onto the adapter (Fig. 6b 3), and
then flash of the mobile phone is used as light source and the camera,
as reader, as in the previously mentioned examples. Finally, the mobile
phone screen displays the results (Fig. 6b 4), comprising the pH value
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(measured directly) and the sodium-ion concentration (as calculated
based on the former, using special software).

Surprisingly, a mobile phone camera alone can be sufficient to
detect harmful elements in a sample, without the need for paper,
antibodies, colorimetric reagents or labeling particles. For instance,
Liang et al. (2014) used a phone to detect the bacterium Escherichia
coli on spoiled meat. Due to the refractive index of bacteria, which is
generally quite high, their presence can be detected with the help of a
light source, which could be a lamp or an LED. Liang et al. (2014) were
able to detect E. coli on beef samples without any pre-treatment, by
measuring the scattered light from a LED with the mobile phone
camera. However, detection of bacteria by this method is only possible
at high concentrations. They tested several angles between the colliding
light and the detector, obtaining their best LOD, 10 colony-forming
units per mL, at an angle of 45°.

Another application that can be performed with a mobile phone
camera alone is measurement of heart rate (Jonathan and Leahy, 2010;
Pal et al., 2014; Huang and Dung, 2016). In this case, the user simply
places their finger on the camera and, with the help of a flash or LED
light, the camera subsequently records small variations in the pixels. It
then uses the values to calculate the user’s heart rate.
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Fig. 2. Integration of different housings on mobile phones to perform colorimetric assays. (a) Colorimetric mobile phone reader for food allergens. Adapted with permission from
Coskun et al. (2013a). Copyright 2013 Royal Society of Chemistry. (b) Colorimetric mobile phone reader for mercury detection and (c) spatial mapping of the contaminated areas
registered with this device. Adapted with permission from Wei et al. (2014). Copyright 2014 American Chemical Society.

2.2. Luminescence and fluorescence detection

An advantage of luminescent DCT-based biosensors is that they
typically exhibit higher sensitivity than devices based exclusively on
colorimetric reading. Moreover, they do not require a source of light,
excluding those devices based on fluorescent methods. This means that
luminescent DCT—-based biosensors can be created using only a mobile
phone camera and an adapter, the latter of which often serves as a dark
chamber.

Regarding fluorescence detectors, common choices for the source of
the excitation light include lasers (Wei et al., 2013; Coskun et al.,
2013b; Yu et al., 2014) and LEDs (Zhu et al., 2011, 2013; Awqatty
et al., 2014). Lasers have the advantage that their light is monodirec-
tional and powerful, and can penetrate the sample without losing too
much signal on the way. However, the laser must remain motionless
during the assay and the beam has to be placed perpendicular to the
detector (the camera) to avoid reading errors or damaging the sensor.
This in turn requires a wider and more complex adapter, one which is
often equipped with mirrors to redirect the beam. A representative
example of the resolution that lasers can provide for fluorescent
techniques can be found in the work of Wei et al. (2013), who used a
mobile phone camera to take images of isolated fluorescent nanopar-
ticles 100 nm in diameter. Alternatively, LEDs, which are less powerful
than lasers, can be used without the risk of damaging the camera or the
user’s eyes. Moreover, LED adapters are simpler, amenable to minia-
turization and portable. This is another case in which the Arduino
controller can be integrated into the system, as exemplified by Awqatty
et al. (2014). They controlled the LED light emission using the mobile
phone itself as energy source; as such, no external batteries were
required.

Concerning adapters, they must completely isolate the system from
ambient light to provide a dark chamber in which light emission can be
measured without any background noise. Development of such cham-
bers, which are important for both fluorescence (Coskun et al., 2013b;
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Lee et al., 2013b) and chemiluminescence (Roda et al., 2014a) work,
should be easy through 3D-printing. Chemiluminescent assays exploit
the fact that the sample can be excited without any light source:
instead, it is excited using enzyme-coupled reactions, whereby the time
elapsed between the addition of reagents and the integration of the
samples in the device is not negligible. Roda et al. (2014a) 3D-printed a
mobile phone dark chamber for a chemiluminescence assay to detect
lactate in sweat or saliva. They achieved an LOD lower than that of
commercially available colorimetric assays. Thus luminescence-based
assays, which give a relatively strong response, should enable sample
dilution to reduce matrix noise during analysis of complex samples.

Barbosa et al. (2015) integrated a magnifying lens into a mobile
phone (Fig. 7a) to register the intensity of the fluorescence occurring on
a microfluidic system (Fig. 7b) with good sensitivity and low error. The
critical factor in the assay was the choice of the circuit material:
fluorinated ethylene propylene co-polymer (FEP-Teflon), which pro-
vides a high index of transparency to avoid signal loss. Interestingly,
the microfluidics portion is flexible, making the device relatively
portable; however, the method is slower than other methods, such as
test strips.

Over the past few years, quantum dots (QD) have risen to great
importance for fluorescence biosensing (Noor and Krull, 2014;
Morales-Narvaez et al., 2015b) as well as for DCTs. For example,
Petryayeva and Algar (2014) performed RGB measurements on images
taken with a phone camera in a multiplex assay in which they used QD
bioconjugates as labels. The QD emission is reduced by quencher
molecules in the presence of an enzyme that can be linked to the QD
and to the respective quencher. Using this method, the authors were
able to measure the activity of the enzyme in a range of picomolar to
nanomolar concentrations.

Regarding the materials mentioned in point 3.1 to fabricate
microfluidic channels on paper substrates (Wang et al., 2014; Chun
et al., 2014; Zhang et al., 2015; Shafiee et al., 2015; Lopez-Ruiz et al.,
2014), another option is the use of photoresists. For instance, Park
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Fig. 3. Use of a mobile phone to interpret a paper-based biosensor for the determination
of blood type. Adapted with permission from Guan et al. (2014). Copyright 2014
American Chemical Society.

et al. (2013) developed a paper-based system for the detection of
Salmonella based on light scattering. This required a light source and
calibration of the angle between the source of light, the paper and the
detector. However, the authors were ultimately able to reduce the
device down to three components: the paper component, a fluorescent
lamp and a mobile phone (which automatically performed all the
calibration in less than a minute, using special software).

Paper-based biosensors can perform luminescence assays and, as
mentioned above, can be coupled to mobile phones. For example, Roda
et al. (2014b), 3D-printed an adapter for mobile phones (Fig. 8a, b, ¢)
and reported proof-of-principle luminescence assays done on paper
membranes coupled to the device. The membranes were introduced
onto a cassette with an interesting design (Fig. 8d). The reagents for the
chemiluminescent reaction are pre-stored in the cassette, inside a
reservoir that prevents them from mixing untimely; thus, field experi-
ments can be performed using only the mobile phone and the cassettes.
The sample is added onto the membrane, the cassette is introduced
into the mobile phone (Fig. 8e) and, with a soft coup, the reagents
should be liberated to react, and the measurement subsequently taken
(Fig. 8f). There are also reports about the coupling of fluorescent (Lee
et al., 2013b; Rajendran et al., 2014) or chemiluminescent (Zangheri
et al., 2015) LF biosensors to mobile phones. Adapters for the former
are wider and less portable than those for the latter, as they require
insertion of LEDs, batteries and mirrors.
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2.3. Surface Plasmon Resonance (SPR)

Surface Plasmon Resonance (SPR) is a physical phenomenon that
occurs when the electrons of a conductive material oscillate due to the
excitation provoked by a source of energy, which could be incident
light, reemitting part of this energy. SPR has important implications for
biosensing, as small changes on the surface of the material (e.g. a
crystal or a nanoparticle with antibodies conjugated on its surface) will
provoke detectable changes in the reemitted energy. In optics, this
phenomenon is often identified by a shift in the maximum absorbance
peak of the reflected light. SPR is advantageous in that it is a label-free
technique that has high sensitivity yet requires only small volumes of
analyte.

Nanoparticle surfaces are surrounded by strong electromagnetic
fields that make the SPR effect stronger, especially for noble metals
such as gold (Roche et al., 2011) or silver (Fu et al., 2016). This in turn
facilitates measurement by mobile phone. Fu et al. (2016) developed a
very small adapter for SPR measurements using AgNPs and AuNPs.
The most interesting point of their device is that, instead of using the
mobile phone camera as detector, they use the ambient light sensor
(Fig. 9), a component that is integrated in most current mobile phones,
where it regulates the intensity of the display according to the ambient
light. They claim that using this sensor for their adapter obviates the
need for a large dark room and for a lens to refocus the emitted light,
thus providing a cheap sensor (less than $1). Gallegos et al. (2013)
fabricated a mobile phone adapter with a photonic crystal fabricated on
a plastic substrate attached to a lens system. To demonstrate the
feasibility of SPR detection on mobile phones using crystals, they
incubated a monolayer of proteins on the crystal and recorded the
spectra variations.

Liu et al. (2015) created a quite interesting device that they
fabricated with optical fibers to redirect light from a mobile phone
flash (an LED light source) to its camera (Fig. 10a, b, ¢, d). The device
has a flow cell (Fig. 10a) into which samples and reagents are placed.
The image obtained from glass fibers on the mobile phone can be
observed on Fig. 10d (measurement, control and reference channels)
and its respective data processing. Another interesting device was
reported by Preechaburana et al. (2012), who used the mobile phone
screen itself as the light source (Fig. 10e, f, g). An advantage of this
method is that the emission wavelength can be easily controlled by
simply changing the color on the display (in this case, between green
and red).

When plasmons are excited by a stronger source of energy (e.g. a
laser), the electric fields surrounding the metallic material are in-
creased, resulting in Raman scattering, a spectroscopic technique
named after the physicist Sir Chandrasekhara Venkata Raman. Ayas
et al. (2014) applied Surface-enhanced Raman spectroscopy (SERS) to
a mobile phone to count molecules in a sample. Although the
experiment was performed with a non-portable Raman microscope,
they proved that a phone camera could detect single sparkles related to
individual molecule vibrations.

2.4. Microscopy

Optical mobile phone-based biosensing has yet another major
application: microscopy. Even before the arrival of smart phones, there
had already been a few reports of microscopes coupled to mobile
phones (Breslauer et al., 2009; Tseng et al., 2010). Breslauer et al.,
2009 designed a prototype of a portable fluorescence microscope
(Fig. 11a) with the images obtained from 6-pum fluorescent beads. An
LED was used as light source, and the condensing lens from a real
microscope provided the imaging amplification. Tseng et al. (2010)
developed a lens-free microscopy technique based on hologram
production and interpretation. In this method, the light emitted by
an LED is scattered by the sample, thus providing a hologram that is
captured and translated by the mobile phone. Fig. 11b illustrates the



D. Quesada-Gonzalez, A. Merkogi

Muy Cover

I.-lleul Flow Assay

Biosensors and Bioelectronics 92 (2017) 549-562

Lateral Flow Immunochromatographic Device

Cassette Enclosure

Fig. 4. (a) Schematic representation of LF adapter for mobile phones, (b) LF cassette composition and (c) and (d) images of the real adapter. Adapted with permission from You et al.

(2013). Copyright 2013 ElSevier.

design of the microscope as well as the comparison between a 10-um
bead observed on a real microscope and the corresponding hologram
from the new technique (alongside its reconstruction, which closely
resembles the original bead).

More reports about these optical devices have recently appeared,
with several interesting applications in biosensing such as microbial
detection (Kadlec et al., 2014), DNA imaging (Khatua and Orrit, 2013;
Wei et al., 2014b), blood-cell characterization (Navruz et al., 2013), etc.
Regarding the latter, Navruz et al. (2013) designed a device in which
the sample was placed into contact with a glass tape that crossed two
collimating lenses up to a mobile phone camera. If the glass tape
manually rotated, but the sample is held fixed, the device can obtain

images from different angles, which, when combined with a customized
app, give high-resolution images such as that shown in Fig. 12a.
Digital diffraction is an interesting tool for performing microscopy
measurements with a mobile phone (Im et al., 2015, 2016). This
technique compares two light beams (one of which passes through the
sample), and then constructs a diffraction scheme (Fig. 12b). The
diffraction is normally applied on beads or nanoparticles, where the
analyte is captured by bioreceptors. Comparison of the results to those
from blank samples enables biosensing. Another interesting strategy
for microscopy was implemented by Lee and Yang (2014), who
described a device that can work with only ambient solar light. In this
device, the sample is placed just over the phone camera lens, which
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Fig. 5. Different steps during the image processing of a LF strip with mobile phone software. Adapted with permission from Mudanyali et al. (2012). Copyright 2012 Royal Society of

Chemistry.
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Adapted with permission from Barbosa et al. (2015). Copyright 2015 ElSevier.

detects the shadows under the object from the sunlight. The user has to
move the mobile phone in order to obtain several pictures that are then
combined (in specially designed software) to produce the imaging,
similarly to in the previously described holographic technique of Tseng
et al. (2010). Recently, Zhang et al. (2016) published a study on
holographic microscopy, in which they measured tissue samples with a
free-lens microscope and combined the images then with colored
images taken with a mobile phone microscope. The combination
provided high-resolution images with high color fidelity.

3. Electrochemical biosensors

Electrical measurements often permit sample quantification with
higher sensitivity and reproducibility than do optical methods.
Nevertheless, it is impossible to interpret electrical response without
a device, and the assemblage of electrodes is complicated and is
sensitive to environmental conditions. Fortunately, electrodes can
now easily be miniaturized and produced at much lower cost than
before, thus eliminating the assembly procedure and making them
adaptable to mobile phones and other common portable devices (e.g.
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glucose detectors, wearable hear-rate monitors, etc.) In fact, electrodes
can perform many functions. For example, Chen et al. (2014), in their
previously mentioned ELISA assay using the Arduino controller,
employed copper electrodes to control the flow rate in the microflui-
dics. The electrodes were powered by the mobile phone through the
Arduino connection.

Among the different electrochemical detection techniques, cyclic
voltammetry (CV) and chronoamperograms stand out for the simplicity
of interpreting the results. Nemiroski et al. (2014) applied both
techniques via a portable device compatible with several types of
electrodes such as glucose tests (Fig. 13a) or SPCE (screen printed
carbon electrodes). Their device takes advantage of mobile-phone
connectivity to send the analytical data to a global network and
subsequently relay a message with the results back to the user. Wang
et al. (2015) developed a CV-based device for nitrate sensing in water
that, curiously, is connected to the mobile phone via the audio jack
(Fig. 13Db). There are two main advantages of using the audio jack
connection (Wang et al., 2015; Sun et al., 2014, 2016b): it can
simultaneously send and receive information, and nearly all mobile
phones have one (however, it has been omitted from some of the latest
smartphone models, such as the iPhone 8 and Moto Z). Another
connection option is the USB port. However, not all USB ports can
simultaneously send and receive information (only the newest ones),
and their design often differs with each mobile phone, meaning that a
universal device would be difficult to create. Devices can also be
powered by a USB connection. Lillehoj et al. (2013) reported a
microfluidic system with integrated electrodes (Fig. 13¢) connected to
a mobile phone (Fig. 13d). Their system was able to perform the assay,
run the fluidics and acquire the amperometric measurements in
15 min. The flow is moved by capillarity, so no pumps are required.

Impedance is an electrical technique that permits the detection of
miniscule changes in a system, even if it is not conductive. However,
this type of measurement is usually slower than other electrical
measurements, as it requires a wide scan of different frequencies,
whereby the system must be stabilized for each one. Jiang et al. (2014)
reported a device for bacteria pre-concentration and detection using
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prototype, and it must be subjected to further studies on toxicity and
Switch biocompatibility.
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. | P 4. Other biosensing methods and DCT-based devices

Resistance
4.1. Other mobile phone-based biosensing strategies

Optical and electrochemical methods are well-known and highly
applied biosensing techniques, but mobile phones offer new sensing
possibilities such as sound-recording. A phone’s microphone can be
used to perform spirometry (i.e. measurement of lung capacity) by
Microplate measuring the sound of a patient blowing into it (Larson et al., 2012;
Goel et al., 2016). To optimize performance of this assay, Goel et al.,
(2016) 3D-printed a spirometry whistle that enabled enhanced record-
ing.

AgNPRs

Smaﬂ phone Mobile phones can be coupled to several biosensing techniques,
Light sensor. mainly as reader devices; however, they can execute even simpler tasks,
Fig. 9. Tiny SPR adapter using the ambient light sensor present in the mobile phone as serving, for example, as a simple display or network connector.
reader. Adapted with permission from Fu et al. (2016). Copyright 2016 Royal Society of Stedtfeld et al. (2012) fabricated a device for genetic testing based on
Chemistry. fluorescence, using photodiodes for collecting the signal. They coupled
their device to a mobile phone, which serves as a wireless interface to

microfluidics and impedance measurements, respectively. Their device collect and send the data. Similarly, Choi et al. (2016) developed a
incorporates a Bluetooth generator for wireless connection with the giant-magnetoresistance biosensing platform in which a mobile phone
mobile phone, enabling transmission of the results in real time. serves both as display (to control the machine) and for sending data to

Kim et al. (2015) have created a wireless oral device for detection of the network.

uric acid in saliva (Fig. 14), which is placed directly inside the mouth. It As we previously mentioned, mobile phones, besides working as
uses amperometric measurements to perform real-time monitoring of detectors, displays or network connectors, can also serve as signal
the uric acid concentration, and can send the data via Bluetooth to a producers. This occurs either via the current generated by the phone’s
mobile phone or other device. Nevertheless, their device is only a battery, or via the light emitted from the phone’s flash or screen.
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Surprisingly, mobile phones offer yet another integrated tool that can
both produce and read signals: NFC. This technology is based on a
device that can send energy to a nearby NFC tag (which does not
require batteries) and read the signal that is bounced back. Azzarelli
et al. (2014) reported the first NFC-based detector for chemical gas
sensing. They modified an NFC tag by replacing part of the circuit with
carbon nanotubes, whose interaction with ammonia and hydrogen
peroxide is well known. In this case, this interaction gives a chemo-
resistive response that works similarly to an on/off logic gate in the
NFC tag circuit (Fig. 15a). Therefore, in relation to the presence of
analyte, the energy transfer from the NFC to the mobile phone is
decreased. Another interesting application of NFC technology has been
reported by Kassal et al. (2015), who fabricated a smart bandage for
monitoring skin wounds (Fig. 15b) and reporting, by wireless connec-
tion, on their status. As in their previous work (oral salivary device,
Kim et al., 2015) they detected uric acid via electrochemical methods
but in this case, instead of Bluetooth, they opted for NFC technology.

4.2. Other DCT-based devices

Indisputably, mobile phones have become the ideal tools for
development of DCT devices. However, in the near future, will they
remain the best option? Other devices could appear that supersede

mobile phones. A recent example that ultimately did not arrive to
market is Google Glass, an eyeglasses-like device that was supposed to
integrate AR in our life by displaying images (messages, maps, video
chats, text, etc.) directly in front of our eyes. In terms of the potential of
Google Glass, Feng et al. (2014) showed that LF strips could be read by
simply looking at a quick response (QR) code stamped on the cassette
(Fig. 16a), and then having Google Glass check the data base to
determine the analyte that is being measured and its concentration
relative to the intensity of the lines. Currently, Google is working on
another wearable device, Google Lens (Google Official Blog), which can
continuously monitor glucose levels in the user’s tears via integrated
electrodes (Fig. 16b).

Drones, which have become a trending topic over the past few
years, offer great potential as remote biosensing platforms: specifically,
for transporting sensors to places that humans cannot easily reach.
Priye et al. (2016) fabricated a lab-on-a-drone system able to perform
several lab functions, including centrifugation (using the drone motors
and 3D-printed structures), a polymerase chain reaction (PCR) in a
portable heater, and sample-sensing (using a mobile phone). Thus
drones, which offer impressively low weight (less than half a kilogram),
could be used as portable labs.

Oxford Nanopore Technologies has reported a portable device for
nanopore-based DNA sequencing that is small enough to be carried
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Fig. 11. (a) Fluorescent microscope adapted for its use on mobile phones. Brightfield (on the left) and fluorescent (on the right) captures of fluorescent beads are shown. Adapted with
permission from Breslauer et al. (2009). Copyright 2009 Public Library of Science. (b) Free-lens microscope based on hologram imaging. Adapted with permission from Tseng et al.
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Fig. 12. (a) Image of blood cells obtained with a mobile phone microscope. Adapted with permission from Navruz et al. (2013). Copyright 2013 Royal Society of Chemistry (b) Digital
diffraction scheme obtained from a sample of beads. Adapted with permission from Im et al. (2016). Copyright 2016 National Academy of Sciences. (c¢) Microscopic imaging with just

ambient light. Adapted with permission from Lee and Yang (2014). Copyright 2014, Royal Society of Chemistry.
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Fig. 13. (a) Portable device to read different types of electrodes with a mobile phone. Adapted with permission from Nemiroski et al. (2014). Copyright 2014 National Academy of
Sciences. (b) Device for CV measurement coupled on the headphone jack of a mobile phone. Adapted with permission from Wang et al. (2015). Copyright 2015 ElSevier. (¢) Microfluidic
system with electrodes that can be connected to (d) a mobile phone. Adapted with permission from Lillehoj et al. (2013). Copyright 2013 Royal Society of Chemistry.
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Fig. 14. Wearable salivary device for uric acid control. (a) The device. (b) Electrodes reaction. (¢c) Wireless amperometric chip. Adapted with permission from Kim et al. (2015).
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Fig. 15. (a) NFC-based sensor for gases. Adapted with permission from Azzarelli et al. (2014). Copyright 2014 National Academy of Sciences. (b) Sensor on a bandage. Adapted with

permission from Kassal et al. (2015). Copyright 2015 ElSevier.

and used everywhere. Sample DNA sequences are passed through the
nanopore, which has its own current that varies according to the DNA
base passing through, which enables characterization of the DNA
chain. In the future, these types of devices will surely be within reach
of the common consumer, enabling anyone to readily detect the
presence of bacteria in the environment—for example, to establish
the freshness of food or in other areas concerning the user’s health.
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5. Commercially available mobile phone-based biosensing
systems

Although mobile-phone biosensing is still under development,
several companies are already offering software and hardware to adapt
phones for biosensing applications. One such company is Mobili, a
company that develops sensors and software related to health, sports,
safety, transport, education and research. They develop sensors for
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Fig. 16. (a) Using Google Glass to translate the response of LF strip. Adapted with permission from Feng et al. (2014). Copyright 2014 American Chemical Society. (b) Google Lens, for

glucose sensing. Adapted with permission from Google Official Blog. Copyright 2014 Google.

Table 1
Comparison of different detection methods applicable on mobile phones.

Detection method Signal Transducers Comments
generation
Optical Assay performed
on:
® Colorimetric ® Ambient ® Camera ® Paper
® Luminescent light ® Additional ® Cuvettes
® Fluorescent ® LEDs lens ® ELISA
® SPR ® Laser ® Ambient ® Microfluidics
® Microscopy ® Mobile light sensor ® Skin
phone ® External
screen devices
® Chemical
reaction
Electrochemical Current from: Connection:
® Cyclic voltammetries ® External ® Earphone ® Direct
® Chronoamperograms batteries jack ® Bluetooth
® Impedance ® Mobile ® USB port ® Wi-fi
phone ® External ® NFC
battery devices
Other Interaction with:
® Sound recording ® Mobile ® Mobile ® AR devices
® Magnetoresistance phone phone ® Drones
® NFC interference features ® External ® Portable
® Other devices ® External devices laboratory
connection (e.g. devices systems

ultrasound scanner)

mobile phones that can measure parameters such as heart rate, skin
temperature, acceleration, distance traveled, etc. There are emerging
companies dedicated to developing software for reading and processing
the data from LF strips using mobile phones, through personalized
software in each case. For example, Novarum has created mobile phone
apps that read a QR code integrated onto LF cassettes. The system
knows how to scan and interpret the response by simply comparing
pixel colors. The phone does not require any adapter. Continuing with
optical sensors, there are also companies that are developing mobile
phone camera lenses that offer enhanced zoom or image quality, or
even enable true microscopy. For example, BLIPS Lenses is a crowd-
funded project that offers cheap lenses compatible with any mobile
phone. They work by simply being attaching onto the camera. The
company Cellscope has developed another type of lens, Oto, for
transforming mobile phones into otoscopes that are specially designed
to examine children’s ears. Through special software, the images can be
sent directly to a doctor.

iHealth is a company specialized in wearable devices (e.g. blood-
pressure monitors) and analytical devices (e.g. glucometers) that
employ mobile phones as displays via wireless connections. Another
interesting device that can be coupled to mobile phones is the MobiUS
System (sold by MobiSante), a portable ultrasound machine with a
resolution comparable to hospital equipment (Wojtczak and
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Bonadonna, 2013).

Regarding electrochemical measurements, PalmSens sells the
EmStat, a portable potentiostat with a wide working range (1 nA to
100 mA) and a resolution of 1 pA. This device is compatible with
computers, tablets and mobile phones, and can perform several
techniques, including CV and amperometry.

6. Conclusions and future perspectives

Mobile phone devices have been shown to offer great utility for
biosensing applications and as DCT, whether in solution, on a substrate
or even in gas. As summarized in Table 1, this has been made possible
in part by a broad array of analytical techniques, including colorimetry,
fluorescence, SPR, microscopy and electrochemistry. Also invaluable
are the latest advances in mobile phone technology, including increases
in memory and in processing power, the resolution of cameras powered
by ambient light sensors, GPS, wireless connectivity (internet,
Bluetooth and NFC technology), portability, apps, etc. Nevertheless,
the success of mobile phone-based biosensing will strongly depend on
biosensing technology, which still is the bottleneck of such impressive
coupling.

Among various biosensing technologies, paper-based biosensing is
very promising for coupling to smart phones. This is due to the
advantages of paper, including its natural abundance, recyclability,
low-cost and simplicity, both in its development and in its use.
Furthermore, paper-based biosensors have proven to be truly portable:
in most cases, they do not require additional reagents or devices, or any
additional energy source beyond the mobile phone itself.

We strongly believe that mobile-phone biosensing is going to
decentralize current healthcare systems and environmental, safety
and security labs. We predict the rapid spread of POC (point-of-care)
devices and other user-friendly monitoring devices for use at home or
elsewhere. These developments will fall in line with the future
development of Smart Cities, in which mobile phones will be crucial
for network connections. In addition, other devices (e.g. smart glasses
or dermal wearables) may soon appear that could co-exist with mobile
phones for health monitoring.
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Nanomaterials as interesting building blocks for biosensing.

Advantages and drawbacks of nanomaterial-based sensing strategies.
Opportunities offered by paper as a cost-efficient biosensing platform.
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1. Introduction

The advancements made in medicine in the last few years are
impressive. However, diseases not detected on time or not
properly monitored are still currently the main causes of death.
Ischemic heart diseases, respiratory infections, diabetes and
bacterial infections, such as tuberculosis or diarrheal diseases,
are some of the leading causes of deaths worldwide, but if
detected on time, they can be prevented. Nowadays, we have
potential technologies and tools to detect all of them; therefore,
why so many people are still dying due to these diseases? There
are two main possible reasons. First, the lack of equipment,
especially in the developing countries, where the costs are not
affordable for the whole population or even for medical centers.
Second, the time frame between the moment when the symptoms
are appreciable by the patient and when diagnostics is accom-
plished by a specialist. Then, how can these problems be solved?
Should a doctor be present for a single patient, ready at any time
with accurate and fast diagnostics or is this a utopia? Now, instead
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Overview of the different detection methods offered by using nanomaterials.

of having a real doctor, imagine having a small device that is
portable, easy-to-use, and able to monitor several parameters
and variables similar to a portable laboratory." When all the
data is collected this tiny device, it can decide in a few minutes
either by itself or by immediate communication with a specialist/
medical doctor what action is required by the patient, with
everything done at home or even in the field without requiring
any kind of medical knowledge by the user. This futuristic idea is
exemplified in Fig. 1, where a mother is using a portable device
to diagnose what virus has her daughter, send the data to the
pharmacy and conclude that some chicken soup may make the
child feel better (no need for any medication at all).

Nowadays, some portable devices that can monitor and
diagnose the condition of the user are already available. A well-
known example is the glucose meter, which with a few microliters
of blood, can determine the glucose concentration in the sample
and notify the diabetes patient if there is any action required, such
as the injection of insulin or the intake of food.

It is noteworthy that mobile phones have the capability to
carry out this type of tasks,” especially since most of the
population has at least one mobile phone. The tools that these
devices contain include a camera, light sensor, power source,
movement detector and wireless connection, among others
(and more will appear in the future). In this review we show
how some parts of a mobile phone such as the camera,’ light

Chem. Soc. Rev., 2018, 47, 4697-4709 | 4697
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SORRY, HONEY...YOU HAVE
RHINOVIRUS, STRAIN 17.

I'VE SENT THE SEQUENCE
DATA TO THE PHARMACY...

..AND A LITTLE CHICKEN
SOUP WOULDN'T HURT...

Fig. 1 Caricature illustrating the simplicity expected from a PoC device.
Reprinted with permission from ref. 1, Copyright 2002 American Association
for the Advancement of Science.

sensor” and even the NFC (near-field communication) antenna®
are used to monitor different variables in nanomaterial-based
platforms with interest for future diagnostics.

1.1. Point-of-care tests

Devices that can perform fast analysis and accurate diagnostics
near the patient are known as bedside or point-of-care (PoC)
tests. The ideal PoC test should be user-friendly and as simple
as possible so that any user, even those without any type of
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medical or laboratory knowledge, will be able to use it and
understand its response (as shown in the example in Fig. 1).
Also, low cost is an important and desirable quality of PoC to
ensure that the device is easily acquired by everyone and anywhere.
Thus, one of the most popular materials employed as a substrate
for PoC devices is paper,”® which is cheap, abundant, recyclable
and biosustainable. Other qualities that PoC tests should possess
are robustness (the capacity to withstand changes in environmental
conditions), selectivity (the ability to respond to a unique analyte
or parameter and not affected by interferences) and sensitivity
(the quality to discriminate between similar values).

Different methodologies exist to produce a signal in PoC
devices (or in any other type of sensor and biosensor), and in
most of the cases the chosen methodology will depend on the
transducer employed. Optical and electrochemical-based PoC
devices are probably the most popular, examples of which are
pregnancy tests and glucose meter, respectively. With the
development of nanotechnology, both types of devices utilize
the advantages of nanomaterials by integrating them in different
parts of existing sensing platforms or offering quite innovative
detection systems.

1.2. Nanomaterials for point-of-care

Regarding the transducer, synthetic nanomaterials (with a diameter
ranging between 1 and 100 nm) offer a wide range of possibilities
due to their size, shape and properties such as biocompatibility,
fluorescence, electrical and thermal conductivity, and magnetism.
Nanomaterials can be classified according to their shape as:
0D (spherical nanomaterials), 1D (e.g. nanotubes and nanowires),
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2D (e.g. graphene), and 3D (e.g. nanoprisms and nanoflowers).’
In the following sections POC systems based on different types
of nanomaterials and the advantages and drawbacks of their
application in diagnostics will be reviewed.

2. Spherical nanomaterials (0D)

The most widely used nanomaterials are spherical nanomaterials
owing to their simple preparation and manipulation. When a
spherical nanoparticle is attached to a biomarker, a molecule that
reacts only under specific pathological conditions is formed, and
the resulting functionalized nanosphere can serve as a biological
label for instance, to signal the presence of a given analyte or
pathogen. The detection mechanisms for such nanoparticles can
be quite diverse'® including measuring the light absorption of the
nanoparticles attached to the analyte (after a cleaning step),
measuring the shift in the peak wavelength due to the agglomera-
tion of the nanoparticles, enhancement by secondary enzymatic
reactions onto the nanoparticle surface via a quenching effect
(an intensity decrease in the fluorescence signal), surface plasmon
resonance (optical changes and radiative enhancements in a
nanomaterial due to disturbance of the dielectric constant induced
by the adsorption of a molecule), electrical or electrochemical
changes (when the nanomaterial is conductive or can catalyze
a reaction that is electrochemically detectable), and electrical
impedance spectroscopy (changes in the electrical resistance of a
medium).

Among all the 0D nanomaterials, gold nanoparticles (AuNPs)
have been widely reported and discussed.'’ This nanomaterial
stands out due to its high bioaffinity, strong colour (its wave-
length varies with small changes in its diameter or its surface)
and even catalytic properties. Thus, it is commonly used for both
optical and electrochemical PoC devices.

2.1. 0D optical-based PoC devices

Lateral flow biosensors (LFBs)” are optical-based PoC devices
fabricated on paper substrates, one of the best-known examples
of which is the common pregnancy test. LFBs evolved from
thin-layer immunoaffinity chromatography,'” a method based
on the formation of a ‘“sandwich” comprising a primary
biomarker (often an antibody) attached to a paper substrate
(cellulose or to favor the attachment of biomarkers, nitrocellulose),
an analyte (proteins, cells, bacteria, molecules and even heavy
metals) and a secondary biomarker, which is conjugated to the
tag nanoparticle. The formation of this sandwich triggers the
appearance of colour in the “test zone” (where the first bio-
marker has been deposited) for the positive sample, and if the
sandwich is not assembled (lack of analyte in the sample), the
test zone remains colourless (a negative sample). Latex beads
were commonly used on LFBs and still are used for most
commercial pregnancy tests. However, the inclusion of AuNPs
on LFBs,"* among other nanomaterials, improves the sensitivity of
the method due to the strong colour of the nanomaterial, which is
ascribed to the surface plasmon resonance effect present in
metallic nanoparticles but not on latex beads. Furthermore, the

This journal is © The Royal Society of Chemistry 2018
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shrinking of the label size down to the nanoscale eases the flow
and boosts the label/analyte ratio. These improvements enable
semi-quantitative assays, relating the color intensity with the
analyte concentration, similarly to pH paper. By using a colori-
metric reader or even a mobile phone,” the quantification level
can be improved.

Besides AuNPs, other nanomaterials such as silver nano-
particles (AgNPs) have been used in LFBs; however, the wave-
length variations triggered by size and shape modifications are
bigger with AgNPs than with AuNPs, leading to color tonalities
quite different between nanoparticles with less than 10 nm
difference in size. Thus, AgNPs permit multiplexed tests to be
performed™* (i.e. for the simultaneous detection of different
analytes on the same device), in which a different colour is
obtained in each test zone. Also, fluorescent nanoparticles such
as quantum dots"® (QDs) or up-converting phosphor reporters*®
(UCPs are expensive because they are made using rare elements
such as europium and yttrium), are being used in LFBs. Fluor-
escent nanoparticles lead to greater sensitivity and specificity than
non-fluorescent nanomaterials since in fluorescence methods only
the signal originating from the nanomaterial is read. However, the
response cannot be observed by the naked eye. Equipment is
necessary to excite and read the resulting fluorescence signal.

Various signal enhancement strategies exist for nanoparticles
on paper substrates;” however, they often require the user to
apply several additional steps, making the PoC system less user-
friendly and increasing the human error factor. A way to simplify
these steps was reported by Fu et al."” They presented a two-
dimensional paper network combining LFBs with other paper
pads, which were used for storing enhancement reagents (as
shown in Fig. 2A). In this PoC system, the user must add the
sample to the conjugate pad, on which the analyte is captured by
AuNPs, and water to the other pads and then close the system.
Initially, it works like a conventional LFB strip, where AuNPs
stop in the detection zone, but once the enhancement reagents
reach the detection zone the colour of the AuNPs changes to
dark purple as their size increases. Against the white back-
ground, the dark purple grants a higher contrast compared to
the original red. The limit of detection (LOD) achieved with this
enhancement strategy was four times lower than that with
standard LFBs. Rodriguez et al.'® also proposed an interesting
LFB to isolate, amplify and detect nucleic acids, all-in-one,
equipment-free and much faster than conventional methods.
Their system was comprised of an LFB strip equipped with some
additional removable parts (Fig. 2B), a pad for washing the
sample but retaining the purified DNA (Fig. 2b.1), a tab to
prevent the evaporation of the isothermal amplification reagents
(Fig. 2b.2), and some hydrophobic tape barriers to prevent DNA
and other solvents from flowing prematurely to the LFB strip
(Fig. 2b.3). Besides the LFB strips format, other possibilities
to store nanomaterials on paper have been reported, but with
the same signaling mechanism in the previously mentioned
immunoassays. One example is the prototype proposed by
Pauli et al," a lab-on-a-syringe used to collect urine and pump
it to paper pads stored in serially connected cartridges. The
first cartridge contained AuNPs for the capture of the analyte, a

Chem. Soc. Rev., 2018, 47, 4697-4709 | 4699
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(A) PoC colorimetric device in which the signal of the LFB system is increased via a paper network consisting of paper pads storing the colour

enhancement reagent. Adapted with permission from ref. 17, Copyright 2012 American Chemical Society. (B) LFB system to extract, amplify and detect
nucleic acids: (b.1) sample is added on the sample port, (b.2) absorbent pad is removed after washing steps, and (b.3) after the addition of the amplification
reagents, the purified analytes flow across the LFBs. Adapted with permission from ref. 18, Copyright 2016 Royal Society of Chemistry. (C) Multiplexed
barcode system containing QDs: (c.1) QDs of different colours encapsulated into microbeads with specific biomarkers for different targets,
(c.2) microfluidics system, and (c.3) detection platform. Adapted with permission from ref. 22, Copyright 2007 American Chemical Society. (D) Mobile
phone integrated PoC system: (d.1) graphene QDs are quenched in the presence of acceptor compounds, (d.2) 3D-printed device with UV LED, (d.3) LED
mechanism and paper substrate containing dried graphene QDs, and (d.4) mobile phone measuring the quenching of QDs. Adapted with permission

from ref. 3, Copyright 2017 Nature Publishing Group.

cancer biomarker, and the second cartridge contained the
detection pad. The detection pad consisted of nitrocellulose
paper with detection antibodies inside a wax ring to focus the
flow to pass through the antibodies. Similar to AuNPs-based
LFBs, the inner part of the ring will turn redder with a higher
amount of analyte. In contrast to LFBs, the lab-on-a-syringe
requires the user to control the flow, thus it less user-friendly
than a paper strip. However, it permits the modification of the
incubation times for the AuNPs with analyte, which can lead to
improved sensitivities. Also, a filter can be coupled to the syringe
to reduce matrix effects.

The application of nanopaper, also known as bacteria cellulose
paper, is remarkable because it is produced by bacteria. As reported
by Morales-Narvéez et al,”® 0D nanoparticles can be stored and
even produced on this colorless substrate resulting in plasmonic
or fluorescent paper with great potential as an alternative to
enzyme-linked immunosorbent assay (ELISA) plates. Their work
demonstrated that PoC devices fabricated with nanopaper can
take other forms besides ELISA plates such as cuvettes or simple
spots on a piece of paper. Plasmonic resonance, fluorescence
and quenching effects are some of the measurements that can
be performed with these systems by using nanomaterials such as
AgNPs, AuNPs and QDs. Similar to nanopaper, hydrogels can be

4700 | Chem. Soc. Rev., 2018, 47, 4697-4709

used to store nanomaterials for use in PoC applications, which
Yetisen et al.”’ demonstrated with AgNPs and a phenylboronic
acid-functionalized hydrogel. Their system could filter urine
samples and retain glucose. Then, within five minutes a laser
could measure the diffraction provoked by the interaction of the
AgNPs and glucose. Surprisingly the system is reusable, unlike
paper-based systems.

As previously mentioned, QDs are small 0D nanomaterials
with fluorescent properties. Klostranec et al® utilized the
intense signal of QDs to construct a multiplex system for the
detection of different blood infectious disease-related targets
using a “barcode” system (Fig. 2C). Different colored QDs were
encapsulated into microbeads (Fig. 2¢c.1), and each bead was
conjugated with antibodies specific to a different target, and
the particles then were mixed inside a microfluidic system
(Fig. 2c.2) with the sample. The incubation inside the micro-
fluidics was controlled electrokinetically. Data collection was
performed with software and a detection platform (Fig. 2c.3),
which the authors claimed could be miniaturized for PoC
diagnosis in the future. Their platform can identify indepen-
dently the wavelength of each QD type, normalize it and,
similarly to a barcode reading, estimate the amount of each
target.

This journal is © The Royal Society of Chemistry 2018
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Another interesting work involving QDs was reported by Alvarez-
Diduk et al® As shown in Fig. 2D, they took advantage of the
fluorescence quenching effect occurring on graphene QDs in the
presence of some polyphenolic compounds (Fig. 2d.1). They fabri-
cated a 3D-printed dark chamber (Fig. 2d.2) with a UV LED powered
by a mobile phone to excite the QDs (Fig. 2d.4). Using wax-printed
traced spots on a paper strip, the QDs were physisorbed inside
the spots to give an ELISA plate-like system (Fig. 2d.3). When
polyphenolic compounds are dropped onto the spots, the
fluorescence is quenched and captured by a mobile phone
camera (Fig. 2d.4). The images can be analyzed directly on the
mobile phone with an app or later with computer software.

2.2. 0D electrochemical-based PoC devices

Electrochemical measurements allow the identification of electrical
phenomena related to a chemical change. The function of nano-
materials in this type of measurement is not limited to analyte
labelling. Nowadays, nanoparticles are commonly used in

Piezoelectnc
nozzle

Substrate

Bleach solution

- 2.Chitosan
el
. 3.Electro-

Wl Bsa

Fig. 3

“AgInk

(PET or Paper)

®

O

SETRSSIT g
reduction
,Ll anti-AFP

Ty L YIxX

e
-+
-
-
{ o
E
:6-
—_

Tutorial Review

commercial inks for the fabrication of electrodes. 0D nano-
materials as AuNPs or AgNPs and 1D nanomaterials such as
carbon nanotubes (CNTs) are the most commonly used nano-
particles. As an example, da Silva et al.** used commercial AgNPs to
fabricate a miniaturized and portable Ag/AgCl reference electrode
with a known and stable potential. They printed the electrode
on two different flexible substrates, paper and polyethylene
terephthalate (PET), using a high resolution piezoelectric inkjet
material printer (Fig. 3A). After printing, the AgNPs ink was
cured at 120 °C and treated with bleach (sodium hypochlorite,
NaClO) to produce an Ag/AgCl mixture, which served as a
pseudo reference electrode.

The reduction of silver is catalyzed by AuNPs, which in turn
are extensively reported as transducers in electrochemical assays
due to their high affinity to biological molecules.>® Another
reaction that is often applied in electrochemistry and catalyzed
by AuNPs is the hydrogen evolution reaction, which is the
formation of H, gas by the reduction of H' ions. This reaction

=TT Primer labeled with AuNPs

--"“-. Primer labeled with MBs

W Double-labeled amplified DNA

Pre-dried blue dye

(A) Ag/AgCl reference electrodes fabricated from AgNPs using inkjet technology and bleach treatment. Adapted with permission from ref. 23,

Copyright 2014 American Chemical Society. (B) Combination of AuNPs and MBs for the detection of DNA on an SPCE. Adapted with permission from
ref. 25, Copyright 2015 John Wiley and Sons. (C) Paper PoC device for the electrochemical measurement of eight samples. Adapted with permission from
ref. 30, Copyright 2013 American Chemical Society. (D) Paper origami PoC for the electrochemical detection of AgNPs. Unfolded (up) and folded (down).
Adapted with permission from ref. 31, Copyright 2016 American Chemical Society.

This journal is © The Royal Society of Chemistry 2018
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was measured by de la Escosura-Muiiiz et al.>® who, combining
DNA amplification strategies, magnetic beads (MBs) and AuNPs,
developed a system on screen printed carbon electrodes (SPCE)
that discriminates dog DNA from Leishmania parasite DNA
hosted inside the cells. MBs and AuNPs are linked to the
amplified DNA and, using a magnet, the conjugate is placed
onto the working electrode of the SPCE for the signal to be
measured efficiently (Fig. 3B). Iridium oxide nanoparticles
(IrO,NPs) are another 0D nanomaterial used due to their catalytic
properties towards the water oxidation reaction,”® which is the
production of oxygen from water, and their application in
impedimetric sensors.””*® Impedance is a technique used to
measure the frequency changes in the dielectric medium close to
the nanoparticles. Thus, by binding biomarkers on IrO, NPs, it is
possible to detect variations in the conductivity of the medium
depending on the capture of the biomarker by the target analyte.
Regarding AuNP-based LFBs, which are analogous to optical
detection, some researchers are trying to integrate electro-
chemical sensing strategies into paper strips to achieve lower detec-
tion limits and higher sensitivity than colorimetric techniques.*
However, this requires the detection zone of the strips to be cut and
dissolved in acid, thus the detection is performed with external
electrodes on the dissolved nanoparticles. The addition of this extra
step enhances the quantification on LFBs, but the methodology still
needs to be improved either by including the step in an automated
PoC device or by finding an alternative to dissolving part of the
strip. A more user-friendly paper-based PoC tool was designed by
Wu et al.,*>® which permits the electrochemical analysis of eight
samples sequentially (Fig. 3C). This device is comprised of eight
electrodes pre-treated with antibodies specific to the target
analyte. The samples are added to the electrodes and then
SiO, nanoparticles are dispensed on the electrodes (note that
SiO, nanoparticles are inexpensive and easy to load with various
compounds such as dyes, proteins and enzymes). In this case,
the SiO, nanoparticles are loaded with antibodies specific to
the analyte to perform a sandwich assay with horseradish
peroxidase, the enzyme that triggers the electrochemical reaction.
The electrodes are washed and then a reactive solution is added to
the core of the device, which then flows to the electrodes, thereby
activating an electrochemical reaction. Another interesting paper
PoC device was fabricated by Cunningham et al.,*' an origami-
styled system that as proof-of-concept was used for the detection
of AgNPs by oxidizing them using a gold working electrode. The
device consists of four folded paper layers (Fig. 3D), where the first
layer contains the electrodes, inlet and outlet; the second and
third layers contain a paper circuit delimited by wax and a blue
dye that works as an indicator for the stoppage of the flow; and
the forth layer contains a “sink” to redirect all the flow there.

2.3. 0D magnetic PoC devices

MBs and magnetic nanoparticles (MNPs) are often used as supports
in PoC devices, usually in the washing and pre-concentration/
amplification steps or in the precipitation of the analyte and
other nanoparticles for example onto an electrode.”® Some
researchers are also taking advantage of the magnetic properties
of MNPs and use these as transducers®*** by means of nuclear

4702 | Chem. Soc. Rev., 2018, 47, 4697-4709
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Fig. 4 NMR-based microfluidic PoC device. Reprinted with permission
from ref. 32, Copyright 2013 Nature Publishing Group.

magnetic resonance (NMR). This technique is highly sensitive
due to the low back-ground signal since non-magnetic sub-
stances exhibit no interference. In addition, NMR can detect
all the tags present in the detection zone; whereas in optical and
electrochemical sensors this is not always possible (in optical
sensors, generally only the tags on the substrate surface are
visible; and in electrochemical sensors, it is often required that
the tags are in contact with the electrode to be able to generate a
signal). In addition, the detection time is faster than electro-
chemical assays. However, NMR systems are expensive and may
not be affordable to all possible users.

Liong et al.*>* proposed a microfluidics PoC device (Fig. 4) to
detect amplified nucleic acids from a bacterium related to
tuberculosis. The device can perform DNA amplification, MNPs-
DNA incubation, washing and NMR detection. The device has three
inlets for DNA, MNPs and washing buffer; some mixing channels
for the incubation steps and an NMR coil that counts the amount
of MNPs, which is proportional to the initial value of DNA
concentration. As the main drawback in this device, although the
NMR detection is fast, the amplification and incubation steps can
prolong the duration of the assay by more than two hours. Anyhow,
it is faster than other tuberculosis detection methods based on
cell culture and microscopy. Chung et al.*>* developed another
NMR-based microfluidics PoC device, which they used for the
detection of a biomarker in urine. Although its matrix is complex,
the noise signal is low because non-magnetic substances do not
interfere with the readout, as previously mentioned. Their device
exhibited a LOD 8 times lower than a comparable reported colori-
metric dipstick method.

3. One-dimensional nanomaterials (1D)

1D nanomaterials are materials in which growth is oriented in
one dimension, in a linear way. Their thickness can be as small
as just one nanometer such as single-walled carbon nanotubes
(SWCNTs), but their length could be a million times larger,
such as hundreds of micrometers. The shape of these nano-
materials has an important effect on their application, where
their length and diameter define their absorption wavelengths.
Moreover, their length and thickness also grant mechanical
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strength, which is useful in the creation of larger nanostructured
materials. Nonetheless, the growth of 1D nanomaterials is not
simple and often requires meticulous synthetic routes that in
turn determine their homogeneity.

Nanowires are the simplest 1D nanomaterial, which can be
created from other 0D nanomaterials or directly, and copper,
nickel, silver, gold, platinum and silicone the most used elements.
In the work of Mostafalu and Sonkusale,* they introduced nano-
wires (made from platinum, nickel and copper) into paper sub-
strates to create electrodes for electrocardiogram monitoring
by means of tissue-electrode impedance, which work in dry
conditions. This approach does not require the addition of an
electrolytic gel between the electrodes and the skin, which is
advantageous since gels dry quickly and are degraded with
movement. The high surface area of the nanowires provides
a good quality response in the electrodes, which ranged from
100 to 1 KQ in the impedimetric measurements. Besides
medical application, Mostafalu and Sonkusale demonstrated
that the same paper electrodes worked properly as cathodes in
an acidic battery.

In recent years, CNTs and SWCNTs have been widely used in
electrochemical applications®>” since these nanomaterials are
highly conductive, both electrically and thermally. Additionally,
CNTs are easily functionalized not only with biological com-
pounds, but also with other nanomaterials (especially with
metallic oxide nanoparticles), provoking an enhancement in
their electrical properties, among others.>> CNTs have also
been utilized in several commercial inks for the fabrication of
screen printed electrodes (also, AgNPs are commonly used for
the fabrication of reference electrodes and CNTs are used for
the fabrication of counter and working electrodes®®). In com-
parison to metallic nanowires, CNTs contribute to the fabrica-
tion of larger nanostructured materials with new properties
such as high flexibility, elasticity and low weight since they are
hollow inside. Also, CNTs are more robust than nanowires
against temperature variations because the thermal expansion
coefficient of carbon bonds is much lower than that in metals.
However, it is important to consider that many reactions that
can be applied on their surface will not be reversible, making
the lifetime of CNTs shorter than other materials applied in
sensing. As an example of the use of these materials, the work
of Nemiroski et al.>” should be mentioned, where they integrated
electrodes made with CNTs into a mobile phone system via the
audio jack of the device (the audio jack has the advantage that it
can send and receive information at the same time).

In a very smart way and for the first time, Azzarelli et al.’
used SWCNT to apply NFC technology for sensing. NFC technology
can detect an antenna without requiring it to have an electrical
power supply. This technology nowadays is present in most
smartphone models, hotel door lock systems, metro stations, toys
and even in mail stamps. Thus, NFC tags are becoming cheaper
daily and easier to fabricate and modify. They tuned an NFC tag by
replacing part of the circuit with SWCNTs, which by means of a
chemiresistive reaction, alter the conductivity in the circuit
depending on the presence of different compounds in the air,
consequently making it act as an on/off logic gate inside the NFC

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (A) NFC tag circuit modified with SWCNTs to work as an on/off
logic gate in the presence of different analytes. Adapted with permission
from ref. 5, Copyright 2014 National Academy of Sciences. (B) Chewing
gum containing CNTs adapted for motion monitoring. Reprinted with
permission from ref. 38, Copyright 2015 American Chemical Society.

tag (Fig. 5a). This technique was applied for the detection of
compounds in the air, but for future PoC applications it can be
used to detect analytes in the breath or probably even in bodily
fluids such as blood and sweat.

One more surprising use of CNTs was by Darabi et al. in
chewing gum.*® They washed a chewing gum with water and
ethanol and mixed it with a solution containing CNTs. Then,
the mixture was stretched and folded several times in one
direction to favor the orientation of the CNTs. This sensor
worked properly for the detection of humidity in the medium
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(dryness of the mouth can be caused by certain medications or
illnesses, by damage to the salivary glands or by hormonal
changes) by measuring the electrical resistance in the gum.
Also, as a motion sensor, as shown in Fig. 5b, it can detect not
only body (neck in the figure) movements, but also the breath of
the user. This device can be very interesting for PoC diagnostics
(biting problems, dry mouth, and pulsations, and even take
advantage of chemical reactions to detect different targets).
However, there are two important drawbacks that preclude the
introduction of the device into the mouth: its response is
measured using electrical circuits and CNTs are currently classi-
fied as cytotoxic nanomaterials.

4. Single-layer nanomaterials (2D)

The compounds classified as 2D-nanomaterials can expand
themselves in two directions and are composed of a monolayer
of atoms or an ultrathin layer of a few atom. Albeit there exist
several inorganic 2D nanomaterials, graphene has been by far
the most used 2D material in the last years. Although graphene
is considered a material composed of a single layer of atoms, it
is quite difficult to find it in that state because it is usually
found in groups of graphene layers. Depending on the number
of layers, the electrical, optical and mechanical properties of
graphene may differ. Other important parameters that affect

Ab-QDs
(Quenched)

GO-Coated
Nanopaper

Chem Soc Rev

the behavior of graphene are its oxidation level, the number of
structural defects, purity degree, etc.,*® which can be controlled
via its synthetic route.

Graphene can be combined with QDs to work as a quencher
(silencing the fluorescence signal of QDs when both are in
contact). This property was harnessed for the fabrication of
LFBs by Morales-Narvéez et al." In their system, they dispensed
two lines of QDs on a paper substrate, as the test and control,
where the first line was capable of capturing some bacteria
(by means of antibodies attached on QDs). After adding the
sample on the LFBs, a solution of graphene oxide (GO) is
added, which is the oxidized form of graphene containing
epoxy bridges, carboxyl and hydroxyl groups. GO will turn off
the fluorescence of the QDs in the control line and the test line
if there are no bacteria in the sample. However, in presence of
bacteria captured on the test line it will produce a gap between
the GO and QDs, resulting in the emission of fluorescence. In
comparison to traditional LFBs, this method prevents the
formation of false positives during the assay since a negative
sample will always turn off both lines (in the case where
something external causes the test line not to be quenched,
the control line will be also affected, obtaining an invalid strip
but not a false positive). However, the assay time (more than
1 h) is longer than that for standard LFBs (usually of 5-10 min)
due to the extra step of GO addition and drying, including the
waiting time for the bacteria to flow across the strip.

Turned On by a Protein

Fig. 6 Nanopaper coated with GO. QDs can be stored inside remaining quenched but when the analyte, e.g. bacteria or proteins, is added fluorescence
is observed. Adapted with permission from ref. 40, Copyright 2017 John Wiley and Sons.
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Cheeveewattanagul et al.*° coated nanopaper with GO and
introduced on this composite a suspension of antibodies
attached to QDs. Again, the quenching effect keeps the fluores-
cence of the QDs silenced. Then, when an analyte (e.g. bacteria
or proteins for which the antibodies are selective) is added, a
gap is produced between the QDs and GO, negating the
quenching effect and allowing fluorescence (Fig. 6). This tech-
nique is quite advantageous since it does not require washing
steps, is portable and fast. Thus, it is a promising alternative to
ELISA tests.

Owing to its electrical properties, graphene can be used for
the fabrication of working electrodes.*>** Antibodies can be
conjugated onto the surface of graphene by coating pure
graphene with polymers or by exploiting the chemistry of the
carboxylic or hydroxyl groups in GO. Moreover, since graphene
is planar, the antibodies can all be oriented perpendicularly
to the graphene layer to increase the probability of capturing
the analyte.*' Furthermore, graphene electrodes are sufficiently
sensitive to allow label-free sensing, and small changes (i.e. electro-
chemical*** or impedimetric***® alterations) on the electrode
surface are easy to detect. On the other hand, as a drawback,
graphene demands highly meticulous control of its synthesis for
reproducibility, especially regarding the number of layers and
structural defects.

Tutorial Review
Baptista-Pires et al.** designed a new solvent-free method for
printing GO on different substrates using wax-printed patterns
via printing on nitrocellulose membranes and vacuum filtra-
tion. GO remains on the non-wax-printed areas and is trans-
ferred to the target substrate by pressure. To demonstrate the
possibilities of this technique, a touch sensor was printed,
which was based on the resistance changes provoked by a
finger in contact with the GO-printed circuit. This GO touch
sensor is shown in Fig. 7A, which was connected to an LED and
a power source (Fig. 7a.1), where the sensor works as a simple
switch, turning on/off the LED (Fig. 7a.2 and a.3, respectively).
This technology can be used to replace current touchscreens,
which use controversial elements such as indium and rare-Earth
metals,” and in wearable PoC applications that require flexible
devices (e.g. skin tattoo sensors®®) or those based on contact-
sensing (e.g. pressure or motion sensors’®).

Besides its mentioned characteristics, graphene is also an
electrochromic material, and it can be tuned to change its
colour in a reversible way depending on the current supplied.
Polat et al.** developed different electrochromic flexible devices
using this property. In one of their devices they attached two
plastic substrates coated on one side with graphene electrodes
and a liquid electrolyte in between. When a voltage is applied
across the electrodes, graphene turns translucent because the

Fig. 7

(A) GO tactile device: (a.1) GO switch works by skin contact turning a LED from (a.2) ON to (a.3) OFF status. Adapted with permission from ref. 43,

Copyright 2016 American Chemical Society. (B) Electrochromic device composed of (b.1) flexible graphene electrodes whose transmittance increases
when a current is applied: (b.2) 0 V and (b.3 and b.4) chess pattern visible at a higher voltage. Adapted with permission from ref. 44, Copyright 2014 Nature

Publishing Group.
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voltage is enough to penetrate the graphene layers creating
structural defects, which fade its characteristic black colour.
Their final device is shown in Fig. 7B, which was fabricated
using various graphene electrodes. The device is flexible
(Fig. 7b.1) and graphene can resist curvature with a 1 cm radius
without being damaged. By applying different voltages on some
of the electrodes, they create a chess pattern since transmittance
is increased on the layers where the current is increased,
including 0 V (Fig. 7b.2), 4 V (Fig. 7b.3), and 5 V (Fig. 7b.4).
Thanks to this technology, electrochemical signaling can be
converted into optical responses in situ, resulting in more user-
friendly wearable PoC devices.

5. Other nanomaterials (3D)

There are an extensive variety of 3D materials varying both
in shape and size, which lead to different possibilities in the
final sensing application. Non-spherical nanoparticles exhibit
properties quite similar to 0D nanomaterials; however, changes
in shape often lead to absorbance changes (i.e. the colour of a
solution of gold nanospheres may be different from a solution
of nanocubes or nanotriangles, even when their chemical
composition and size are the same). Taking advantage of this
fact, plasmonic-based PoC sensors can be fabricated, such as
that reported by Fu et al.* Their device is portable and can be
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coupled into a mobile phone, using its light sensor, which is
included on most modern mobile phones to improve their
photograph quality or control the screen brightness. The device
consists of a plate, where the sample is added, and an LED,
which illuminates the sample in the plate and reaches the light
sensor. To demonstrate the capabilities of their device they used
it to measure the plasmonic changes occurring on triangular
silver nanoprisms in the absence of a cancer biomarker. This is
an indirect detection method, which triggers a shape transfor-
mation in the nanoparticles with hydrogen peroxide. Li et al.*®
also used a 3D silver nanomaterial, nanoporous silver, which can
be used as signal enhancer, label and metallic ion carrier. Their
system consists of a multiplex electrochemical origami paper
device (Fig. 8) that uses nanoporous silver loaded with different
metallic ions as labels for tumor sensing. A silver electrode is
used as the reference electrode (Fig. 8A) and screen-printed
carbon electrodes as the counter and working electrodes
(Fig. 8B). This paper device can be folded (Fig. 8C) and integrated
into an electrical circuit (Fig. 8D).

Some non-spherical nanoparticles exhibit electrochromic
properties such as the WO; nanoparticles used by Marques et al.*®
on a paper substrate. The nanoparticles change from yellow to
blue in the presence of electrochemically active bacteria. Thus,
this is a simple sensor that functions similarly to ELISA assays
but without time-consuming steps or the use of delicate reagents
(i.e. biological reagents have short expiration dates; whereas,

Fold line
Sample tab | Auxiliary tab

B

Workin
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Conductive
pad

Wire

Current /pA

Potential

Fig. 8 Multiplex electrochemical origami paper device: (A) front part: silver reference electrode and carbon counter electrode; (B) back part: carbon
working electrode; (C) size comparison of the device and (D) its application for electrochemical measurements. Adapted with permission from ref. 45,

Copyright 2014 Elsevier.
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post-blast

Fig. 9 PC-based wearable that changes colour in response to the shock
wave of a blast. Reprinted with permission from ref. 50, Copyright 2011
Elsevier.

nanomaterials can last long periods of time, even when stored at
room temperature). Photonic crystals (PC) are other example of
electrochromic materials often composed of other nanoparticles,
which are assembled following a crystalline pattern. These
nanomaterials demonstrate good adaptability in different types
of sensors due to their resistance to being bent,*” and are used in
microfluidic systems both in polymeric channels*® and paper,*®
which permit label-free sensing (a colour change occurs when
the analyte attaches or passes near the PC). Cullen et al’®

Tutorial Review

converted PC into simple PoC wearable stickers that can be
settled on clothes to warn its user in a war zone about possible
aftermaths related to the expansive wave of a blast (Fig. 9). PC are
broken when subjected to high pressure as consequence of an
explosion thus changing their colour, which notifies the user
that the blast may have induced non-visible injuries such as
internal trauma or brain damage.

6. Conclusions

Daily, PoC devices are becoming indispensable tools for diagnostics,
which are required not only by medical specialists at hospitals or the
doctor’s office but anyone, even at home or outdoors. Although most
of the discussed devices are only demonstrated as proof-of-concept,
it is clearly shown that nanomaterials exhibit several advantages
when integrated in PoC systems.

Table 1 summarizes the different nanomaterial types, with
the most common examples of each classification, the possible
detection methods that the final PoC can employ and some of
the strengths and weaknesses in each case. Depending on the
properties of the nanomaterials and the way they are integrated
within PoC devices, various detection technologies can be used,
where optical and electrochemical detection are the most
reported.

Although electrical techniques employing nanomaterials as
electrodes or electrocatalysts are well-known to exhibit higher
sensitivity and lower detection limits, optical techniques are
emerging given their simplicity and easy integration in paper/
plastic platforms, including easy and efficient coupling with
smartphones.

The synergy of nanomaterials with a variety of biosensing
systems and communication technologies is excepted to yield
innovative PoC systems that may develop from research labs to
fulfil the ASSURED (Affordable, Sensitive, Specific, User-friendly,
Rapid & Robust, Equipment-free and Deliverable to end-users)
criteria by the WHO® for applications in diagnostics.

Table 1 Summary of the nanomaterial types: examples, corresponding PoC detection principles, advantages and disadvantages

Nanomaterial =~ Examples of
type nanomaterials PoC detection principle  Advantages Disadvantages
oD e AuNPs e Optical e Simple synthetic procedures e No special structural properties
e AgNPs o Fluorescent e Small size e Some 0D nanomaterials
e QDs e Electrochemical e Easy to bioconjugate can easily agglomerate
e UPCs e Magnetic e Adaptable into other
e Magnetic nanomaterials
nanoparticles
1D e Nanowires e Electrochemical e Highly conductive e Complex synthesis
e CNTs e Motion e Orientable o Difficult to control their shape
e Structurally resistant
2D e Graphene o Electrochemical e Easy to modify o Difficult to separate a single graphene sheet
e Fluorescence o Flexible e Structural defects are common
o Tactile o Fluorescence quencher
3D e Non-spherical e Optical e Can combine the properties e Like 0D nanomaterials,
nanoparticles o Electrochemical of other nanomaterials 3D nanomaterials can easily agglomerate
e PCs e Tunable optical properties e Usually, not as small as 0D nanomaterials

This journal is © The Royal Society of Chemistry 2018
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Ochratoxin A (OTA) is a mycotoxin generated by different fungi species such as Aspergillus and Penicillium during their growth. This toxin is an hazardous
contaminant present in a great number of agricultural products such as cereals, coffee beans, dried fruits, cocoa, nuts, beer and wine, causing economic losses to
agricultural trade [1]. Different methods are routinely used for analysis of mycotoxins, such as chromatography, enzyme-linked immunosorbent assay (ELISA), and
lateral flow assays (LFA), but label-free and highly sensitive methods are still strongly required. In this context, we present here [2] a novel aptasensor for
ochratoxin A (OTA) detection based on a screen-printed carbon electrode (SPCE) modified with polythionine (PTH) and iridium oxide nanoparticles (IrO, NPs) [3,
4], which exhibit good stability, biocompatibility and catalytic properties. The electrotransducer surface is modified with an electropolymerized film of PTH
followed by the assembly of IrO, NPs on which the aminated aptamer selective to OTA is exchanged with the citrate ions surrounding IrO, NPs via electrostatic
interactions with the same surface. Electrochemical impedance spectroscopy (EIS) in the presence of the [Fe(CN)¢]-*~* redox probe is employed to characterize
each step in the aptasensor assay and also for label-free detection of OTA in a range between 0.01 and 100 nM, obtaining one of the lowest limits of detection
reported so far for label-free impedimetric detection of OTA (14 pM; 5.65 ng/kg). The reported system also exhibits a high reproducibility, a good performance
with a white wine sample, and an excellent specificity against another toxin present in such sample.
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Figure 3. Calibration curve obtained by plotting the Rct values vs In of OTA
concentration in the range of 0.01 to 100 nM.
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the developed impedimetric aptasensor for OTA detection. '
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Figure 2. Nyquist plots for the aptasensor recorded in 1.0 mM [Fe(CN)4]-/-%in 50 4140 + 662 5200 + 780 125

0.1 M KCI solution by applying bias potential of 0.24 V vs pseudo Ag/AgCl
reference electrode and an AC amplitude of 10 mV in a frequency range of 100
kHz to 0.1 Hz. Rct values correspond to each fabrication step.

Table 1. Spike and recovery assay data. The study was done by spiking 0.01, 1
and 50 nM of OTA in white wine sample (n = 3 for each sample) and the
percentage recovery was obtained as comparing with buffer.

1. Food and Agricultural Organization (FAO). Manual on the application of the HACCP system in

e A novel nanostructured platform based on SPCE/PTH/IrO,/aptamers is
P / / 2/ P mycotoxin prevention and control; FAO: Rome, 2001; p 124

presented as an alternative to improve the performance of carbon-based
2. Rivas, L.; Mayorga-Martinez, C.; Quesada-Gonzélez, D.; Zamora-Galvez, A.; de la Escosura-Muiiiz,

electrodes used in impedimetric biosensors.

The developed aptasensor shows the widest linear range of response, from
0.01 to 100 nM, and one of the lowest limit of detection (14 pM; 5.65 ng/kg)
found in the literature for label-free impedimetric detection of OTA.

The system demonstrated to be robust against interfering toxins (i.e. ZEA) and
real matrixes (i.e. white wine), which would allow the usage of this biosensor
on real scenarios.

A.; Merkogi, A. Anal. Chem. 2015, 87, 5167-5172.
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Introduction

/
S

Nowadays, biosensors have become tools of great importance in our daily life, being the control of chronic diseases, the detection of pollutants in
water or pregnancy tests some of the most popular examples. Paper-based biosensors’-2 permit the performance of low-cost and fast diagnostics,
making them portable and removing the need of expensive equipment. Among the different types of paper-based biosensors, lateral flow devices
stand out due their easy-to-use design and their demonstrated robustness and specificity. The inclusion of nanoparticles® on these devices has
lead into an enhancement of their sensibility, allowing quantitative detection and the possibility of reaching lower limits of detection, as well as the
application of different detection methods and signal enhancement strategies on paper assays. It is also worth noting that lateral flow biosensors
can be easily coupled into mobile phones* giving place to strong and portable analytical devices full of possibilities due their connectivity (i.e.

wireless communication) and capabilities (e.g. cameras, light sensors, etc.).

/

N[

How do lateral flow biosensors work? \
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Figure 1. Schematic representation of the different parts of a lateral flow strip and
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The possibilities of nanotechnology

Figure 2.

Au nanoparticles are a common
nanomaterial used on lateral flow
biosensors. Image was obtained
using transmission electron
microscope.

Average nanoparticle diameter:
18+1nm

Table 1. Comparison of most remarkable methods and materials used in lateral
flow biosensors. Adapted with permission from ref. 3. Copyright 2015, Elsevier.
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Conclusions \

¢ Lateral flow biosensors are easy-to-use, fast, robust, selective and affordable
types of paper-based biosensors able to detect a huge amount of analytes as
proteins, whole cells and even heavy metals.

* By merging nanotechnology into lateral flow devices it is possible to apply
different detection methods, as shown in Table 1.

* The inclusion of nanoparticles on this devices has also increased the sensitivity of
the assays, allowing quantitative detection of the analytes by coupling external

\ devices as it could be just a mobile phone.

\C
)
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( Introduction

Polybrominated diphenyl ethers (PBDEs) have been used since 1970s as flame retardants in different products such as furniture, building materials or electronics. However, it
has been demonstrated that the exposure to these compounds causes severe health problems like neurodevelopmental deficits, thyroid homeostasis disruption, behavioural
alteration, reproductive dysfunction and even cancer, reason why the use of PBDEs has been banned since 2004 in EU and USA!. Nevertheless, PBDE molecules are hard to
degrade and can persist long time bioaccumulated in mammalian organisms (in fat tissues) and in the environment, especially in marine water2.

Herein we present a biosensor for the detection of PBDEs using screen printed carbon electrodes (SPCEs) based on the electrochemical detection of water oxidation reaction
catalysed by iridium oxide nanoparticles (IrO, NPs)3. Our assay shows a limit of detection of around 30 ppb PBDE in distilled water. We believe that such an IrO, NPs-based
electrocatalytic sensing system can lead to a rapid, sensitive, low cost and miniaturizable device for the selective detection of PBDEs.

/ IrO, characterization
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Table 1. Evaluation of IrO, NPs-PBDE conjugate at 400000
- different pH. Z potential measurements are shown
¥

in the table. 300000

Figure 3. TEM characterization of IrO, NPs. Figure 4. IrO, NPs histogram (20 + 2 nm).
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Figure 1. Principle of the electrochemical assay. PBDE is captured by
an antibody conjugated onto magnetic beads. IrO, NPs and PBDE
conjugate is mixed with the magnetic beads. At a fixed potential,
current is measured, being higher as greater is the amount of IrO,

NPs linked to magnetic beads, which in turn is inversely proportional

to the concentration of PBDE.

PBDE detection
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5 . . Figure 6. SPCE were evaluated against Figure 7. Relative current signal obtained from IrO, NPs. The signal
Figure 2. Screen Printed Carbon Electrodes (SPCEs) used in the different assay situations. decreases as higher is the amount of PBDE in the sample.
last step of the assay. / \
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Introduction

Lateral flow biosensors (LFBs) are paper-based devices that allow the detection of different types of analytes (from small proteins to whole cells, including even heavy metals
and single molecules) with quickness, robustness and selectivity, without leaving behind paper sensors benefits as low-cost, recyclability and sustainability>:2. Nanomaterials
have been widely reported in LFBs3, offering new sensing strategies based on optical, electrical or magnetic detection techniques. Looking for other advantageous
nanomaterials, we propose for the first time the use of iridium oxide nanoparticles (IrO, NPs) in LFB for the detection of Human Immunoglobulin (HIgG) as a model protein.
These nanoparticles can be easily prepared and conjugated with biomarkers. Their dark blue colour gives a high contrast against the white background of the strips being in
this way excellent labels. In addition, electrocatalytic properties of IrO, nanoparticles*, can in the future facilitate their electrochemical detection being this integrated within the
strips and even combined with optical detection.

IrO, NPs synthesis IrO, NPs characterization

. EE = g
[IrClg] Ir0, - _
Figure 1. Color changes during IrO, synthesis. Figure 3. IrO, NPS characterized on Figure 4. IrO, NPS exhibit a maximum absorbance
TEM. peak at wavelength 588 nm.

Diameter 20 + 2 nm.
Lateral flow immunoassay Strips evaluation
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Figure 5. IrO, NPS-LFBs, the intensity of TL increases with
the concentration of HIgG.
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Figure 2. Schematic representation of a IrO, NPS-LFBs, its different pads and composition. Figure 6. Optical density measured from IrO, NPS-LFBs strips by using a mobile
phone® (Moto Z) and Image J software.

4 Conclusions ) ( References
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3. Quesada-Gonzalez, D., Merkogi, A., 2015. Biosens. Bioelectron. 73, 47-63.
4. Rivas, L., de la Escosura-Mufiiz, A., Pons, J., Merkogi, A., 2014. Electroanalysis, 2014, 26 (6), 1287-1294.

¢ IrO, NPS-LFBs exhibit a working range between 0.25 - 1.00 pg/mL of HIgG (used as model 4 ! :
5. Quesada-Gonzalez, D., Merkogi, A., 2017. Biosens. Bioelectron. 92, 549-562.

protein).
Acknowledgements: We acknowledge support from MINECO (Spain) MAT2017-87202-P. This work is

¢ The contrast between blue IrO, NPS and the white background of nitrocellulose 8 !
brane can be easily measured and quantified by using a mobile phones also funded by the CERCA Programme / Generalitat de Catalunya. ICN2 is supported by the Severo Ochoa
mem \ a Y using P : program from Spanish MINECO (Grant No. SEV-2013-0295).

\ AN J







	1
	2
	Nanoparticle-based lateral flow biosensors
	Introduction
	Lateral flow biosensors (LFBs)
	How lateral flow strips (LFS) work?

	Optical detection
	Gold nanoparticles (AuNPs)
	Design and applications of LFSs with AuNPs
	Enhancement strategies
	Modification of the labels
	Architecture tuning


	Fluorescent nanoparticles
	Quantum dots (QDs)
	Other fluorescent materials

	Other nanoparticles
	Carbon based materials
	Colored nanoparticles
	Dyed beads and liposomes


	Electrochemical detection
	Other detections
	Magnetic methods
	Other methods

	Integration and connection with real world applications
	Conclusions and future perspectives
	Acknowledgments
	References


	3
	4
	Mobile phone-based biosensing: An emerging “diagnostic and communication” technology
	Introduction
	Capabilities of mobile phones
	Mobile phone-based biosensing

	Optical-based biosensors
	Colorimetric detection
	Luminescence and fluorescence detection
	Surface Plasmon Resonance (SPR)
	Microscopy

	Electrochemical biosensors
	Other biosensing methods and DCT-based devices
	Other mobile phone-based biosensing strategies
	Other DCT-based devices

	Commercially available mobile phone-based biosensing systems
	Conclusions and future perspectives
	Acknowledgments
	References


	5
	6
	7
	8
	9
	10
	11
	12
	13
	14

	CrossMarkLinkButton: 
	Títol de la tesi: Design and application of
nanomaterial-based lateral flow devices
	Nom autor/a: Daniel Quesada González


