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Thesis Overview 

 

This Thesis describes the study and development of different strategies based on novel 

properties of nanoparticles and other micromaterials for the improvement of the 

performance of two biosensing platforms with interest for analytical applications.  

The first one consists in screen printed carbon electrodes (SPCEs) used in combination 

with iridium oxide nanoparticles (IrO2 NPs). These nanoparticles are employed both as 

novel electrocatalytic labels for biomarkers detection, and also as electrode surface 

modifiers for impedimetric detection of small molecules such as toxins. The second 

platform consists in lateral flow assay (LFA) strips used in combination with gold 

nanoparticle (AuNP) labels, where different amplification strategies are developed for 

the improvement of the assay sensitivity, applied for  protein and DNA  detection. 

 

In Chapter 1, a general overview about the use of nanoparticles in electrochemical and 

paper-based platforms is presented. The first part gives a general overview on 

electrochemical biosensors and the different related applications of nanoparticles either 

as labels or modifiers of the surface of the working electrode of screen-printed carbon 

electrodes  (SPCE) used as electrotransducer. The second part is focused on the use of 

nanoparticles in paper-based sensors, including basic concepts and the state-of-the-art of 

their application in this type of sensors. 

 

In Chapter 2 the objectives of this Thesis are presented. 

 

The third chapter (Chapter 3) presents the evaluation of the electrocatalytic activity of 

citrate-capped IrO2 NPs toward the water oxidation reaction and their use as novel 

electrochemical labels in protein diagnostics. Magnetic beads modified with antibodies 

are used as platform for the immunoassay which is applied for the detection of 

Apolipoprotein E (ApoE), a biomarker of Alzheimer disease. The main feature of the 

developed device is the signal generation in the same medium where the immunoassay 

takes place avoiding the use of additional reagents, which is expected to allow a simpler 

and user-friendlier methodology for protein detection. 
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In Chapter 4, a novel aptasensor based on SPCEs modified with conductive films of 

thionine and adsorption of citrate-capped IrO2 NPs is presented. This system is explored 

for label-free impedimetric detection of ochratoxin A (OTA), a highly toxic compound 

which represents a public health problem due to its presence in foods above the limit 

established by worldwide organizations. Each fabrication step has been characterized by 

electrochemical impedance spectroscopy (EIS) in the presence of a redox probe. The 

developed device is able to detect low concentrations of OTA showing also good 

specificity and reproducibility. 

 

A new strategy for improving the sensitivity of AuNPs-based LFAs by using printed 

barriers deposited onto the nitrocellulose membrane by wax printing technique is 

presented in Chapter 5. Pillars of different designs and distributions were printed, in 

order to create hydrophobic barriers that can cause flow delay. The controlled delays in 

microfluidics increase the binding time between the immunocomplex and the detection 

antibody, in addition to the generation of pseudo turbulences in the pillars zone that 

improves mixing between the analyte and the labeled antibody. This microfluidics delay 

in certain zones (incubation areas) combined with the generation of the pseudo 

turbulences directly affects the analytical performance of the LFA being transduced to a 

better sensitivity and detection limit.  

 

In Chapter 6, a novel LFA design with enhanced sensitivity able to detect very low 

quantities of isothermal amplified Leishmania DNA sequences with interest for animals 

diagnostics is presented. The enhanced methodology takes advantage of the use of 

AuNPs tags connected with polyclonal secondary antibodies which recognize primary 

ones. The polyclonal nature of the secondary antibodies allowed their multiple 

connections with primary ones, giving rise to the enhancement of the AuNP signal. 

Furthermore, an endogenous control was introduced so as to avoid false negatives and 

the analysis accordingly performed. 

 

 Finally, general conclusions and the future perspectives are discussed in Chapter 7. 
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Additionally, Annex A describes preliminary studies related to the size- and shape-

effect on the electrochemical response of AuNPs (including nanospheres and concave 

nanocubes) using differential pulse voltammetry (DPV) on SPCEs. The Annex B lists 

the publications, book chapter and manuscript submitted that resulted from this thesis. 
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Resumen 

Esta Tesis describe el uso y desarrollo de diferentes estrategias basadas en propiedades 

novedosas de nanopartículas y otros micromateriales para la  mejora en la sensibilidad 

de dos plataformas biosensoras para aplicaciones analíticas. 

  

La primera consiste en electrodos serigrafiados de carbón en combinación con 

nanopartículas de óxido de iridio (IrO2 NPS). Estas nanopartículas son empleadas tanto 

como novedosas etiquetas electrocatalíticas en la detección de biomarcadores, así como 

también en la modificación de la superficie de los mencionados electrodos para la 

detección impedimétrica  de pequeñas moléculas tales como las toxinas. La segunda 

plataforma consiste en tiras de flujo lateral en combinación con nanopartículas de oro 

(AuNP) como etiquetas ópticas, en la cual diferentes estrategias de amplificación son 

desarrolladas para mejorar la sensibilidad de estos ensayos y su aplicación para la 

detección de proteínas y ADN. 

 

En el Capítulo 1,  se presenta una introducción general acerca del uso de nanopartículas  

en plataformas electroquímicas y las basadas en papel. La primera parte contempla los 

conceptos generales de biosensores electroquímicos y las diferentes aplicaciones de 

nanopartículas ya sea como etiquetas o como modificadores de superficies 

electrotransductoras. La segunda parte está enfocada en el uso de nanopartículas en 

sensores basados en papel, incluyendo conceptos básicos y el estado del arte de sus 

aplicaciones en este tipo de sensores. 

 

En el Capítulo 2 se presentan los objetivos de esta Tesis. 

 

 El tercer capítulo (Capítulo 3) presenta la evaluación de la actividad electrocatalítica 

de IrO2 NPs estabilizadas por iones citrato, hacia la reacción de oxidación de agua y su 

uso como nueva etiqueta electroquímica en el diagnóstico de proteínas. Esferas 

magnéticas modificadas con anticuerpos son usadas como plataformas para 

immunoensayos la cuales son aplicadas en la detección de Apolipoproteina E (ApoE), 

un biomarcador asociado a la enfermedad de Alzheimer. La principal característica del 

dispositivo desarrollado es la generación de señal en el mismo medio donde toma lugar 



 
 

xii 
 

el immunoensayo evitando así el uso de reactivos adicionales,  ofreciendo una 

metodología más simple y amigable para la detección de proteínas. 

 

En el Capítulo 4, se describe un nuevo aptasensor basado en la modificación de 

electrodos serigrafiados de carbón modificados con películas conductoras de tionina y la 

adsorción de IrO2 NPs estabilizadas en citrato. Este sistema libre de etiquetas (label-

free) es empleado en  la detección impedimétrica de ocratoxina A (OTA), un compuesto 

altamente tóxico que representa un problema de salud pública debido a su presencia en 

alimentos por encima de los límites establecidos por organizaciones alrededor del 

mundo. Cada paso de fabricación es caracterizado por espectroscopía de impedancia 

electroquímica en la presencia de un mediador redox. El dispositivo desarrollado es 

capaz de detectar bajas concentraciones de OTA mostrando también buena 

reproducibilidad y especificidad. 

 

Una nueva estrategia para mejorar la sensibilidad de ensayos de flujo lateral basados en 

AuNPs mediante barreras depositadas sobre la superficie de nitrocelulosa empleando la 

técnica de impresión de cera, es reportada en el Capítulo 5. Diferentes diseños de 

pilares fueron impresos para crear barreras hidrofóbicas que puedan causar retrasos en 

el flujo de la muestra. Los retrasos controlados en la microfluídica, incrementan el 

tiempo de reconocimiento entre el inmunocomplejo y el anticuerpo de detección, 

además de la generación de pseudo-turbulencias en la zona de los pilares mejoran el 

reconocimiento entre el analito y el anticuerpo etiquetado. Estos retrasos microfluídicos 

en las áreas de incubación combinados con la generación de pseudo-turbulencias 

afectan el rendimiento analítico de los ensayos de flujo lateral siendo traducidos en 

mejor sensibilidad y límite de detección. 

 

En el Capítulo 6, se describe un nuevo diseño de ensayo de flujo lateral  con 

sensibilidad mejorada capaz de detectar muy bajas cantidades de secuencias de ADN de 

Leishmania isotérmicamente amplificadas. Esta metodología toma ventaja del uso de 

AuNPs como etiquetas ópticas conectadas con anticuerpos secundarios (de tipo 

policlonal) los cuales reconocen anticuerpos primarios. La naturaleza policlonal de los 

anticuerpos secundarios permite múltiples conexiones con los primarios, dando lugar a 

una mejora en la señal producidas por las AuNPs. Además de la introducción de control 

endógeno para evitar falsos negativos. 
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Finalmente, las conclusiones generales y las perspectivas futuras son discutidas en el 

Capítulo 7.  

 

Adicionalmente, en el Anexo A, se describen estudios preliminares relacionados con el 

efecto producido en la señal electroquímica por el cambio del tamaño y forma de 

AuNPs (incluyendo nanoesferas y nanocubos cóncavos) analizadas usando voltametría 

de pulso diferencial y electrodos serigrafiados de carbón. En el Anexo B se incluyen las 

publicaciones, un capítulo de libro y manuscritos enviados que resultaron de esta tesis. 
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Acronyms Definition 
HRP Horseradish Peroxidase 
ICAT Immunochromatographic Assay on Thread 
ICP-OES Inductively Coupled Plasma-Optical Emission 

Spectrometry 
IgG Immunoglobulin G 
IgG Immunoglobulin G 
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IrO2 NPs Iridium Oxide Nanoparticles 
ISDPR Isothermal Strand-Displacement Polymerase 

Reaction 
ITO Indium Tin Oxide 
IUPAC International Union of Pure and Applied Chemistry 
LED Ligh-Emitting Diode 
LF Lateral Flow 
LFA Lateral Flow Assay 
LFIA Lateral Flow Immunoassay 
LoD Limit of Detection 
MAR™ Magnetic Assay Reader 
MB Magnetic Beads 
miRNA Micro-ribonucleic acid 
NADH Dihydronicotinamide Adenine Dinucleotide 
NALF Nucleic Acid Lateral Flow 
NALFIA Nucleic Acid Lateral Flow Immunoassay 
NASBA Nucleic Acid Sequence Based Amplification 
NC Nitrocellulose 
NPs Nanoparticles 
OC Oligochromatography 
OTA Ochratoxin A 
OVA Ovalbumin 
PAP Prostatic Acid Phosphatase 
PBS Phosphate Buffer Saline 
PCR Polymerase Chain Reaction 
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QDs Quantum Dots 
Rct Charge-transfer Resistance 
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RIgG Rabbit Immunoglobulin G 
RNA Ribonucleic acid 
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Acronyms Definition 
RPA Recombinase Polymerase Amplification 
rRNA Ribosomal Ribonucleic Acid 
RSD Relative Standard Deviation 
SEM Scanning Electron Image 
SPCE Screen-Printed Carbon Electrodes 
SPIA Sol Particle Immunoassay 
SPMNP Superparamagnetic Nanoparticles 
ssDNA Single-stranded Deoxyribonucleic acid 
Sulpho-NHS N-hydroxysulfosuccinimide 
TCP Trichloropyridinol 
TEM Transmission Electronic Microscopy 
TiO2 Titanium oxide 
TL Test line 
TL1 Test line 1 
TL2 Test line 2 
TMB Tetramethylbenzidine 
t-PSA Total Prostate Specific Antigen 
UV-Vis Ultraviolet-Visible 
WHO World Health Organization 
WOR Water Oxidation Reaction 
XPS X-ray Photoelectron Spectrometry 
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1.1. Point-of care biosensors  

During the last years, the development of analytical devices for detecting and 

quantifying a wide range of analytes with interest in food quality control, bio-security 

and especially, clinical diagnostics is continuously increasing. For example, monitoring 

of food and environment contaminants can lead to proper solutions that would avoid the 

effects produced in human health.1,2 In particular, biomarkers detection at low 

concentrations is extremely important in clinical diagnostics, even before any symptom 

of disease appears, since an early diagnosis is crucial for increasing medical treatment 

success and patient survival rates.3,4 In this regard, the development of  the point-of-care 

(POC) testing devices, which can be used near to the patient or in resource-limited 

settings, has been growing in last years.5 The World Health Organization (WHO) has 

established the ASSURED criteria which have been widely applied in POC devices for 

their application in disease controls. The conditions POCs must fulfill are Affordable, 

Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free and Deliverable to 

end-users.6  

Biosensors represent interesting POC devices  which fulfill the mentioned ASSURED 

criteria. According to the International Union of Pure and Applied Chemistry (IUPAC), 

a biosensor is an analytical device in which the recognition system is based on 

biochemical or biological mechanisms.7 A biosensor consists in mainly two integrated 

components: i) a biological element (such as enzymes, antibodies, ssDNA, tissues, 

microorganisms, etc.) or a synthetic receptor  that recognizes and selectively binds to 

the target of interest and ii) the transducer or detector element that converts the binding 

reaction in a measurable quantity (see Fig. 1) which is displayed by a signal processor 

or reader device in a user-friendly way. Usually, biosensors can be divided according to 

the biological signaling mechanism or the signal transduction mode. Additionally, these 

transduction methods can be classified in two main groups: chemical or physical, in 

relation to the changes measured from the recognition event. In general, this 

classification leads to optical (surface plasmon resonance, chemiluminescence, 

fluorescence), electromechanical/mass (quartz crystal microbalance, surface acoustic 

wave), electrochemical (amperometry, potentiometry, conductimetry and voltammetry) 

beside other (ex. thermal change-based)  biosensors.  
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Figure 1 .1. Schematic representation of  m ain components of a biosensor ( different possible 
bioreceptors and transducers) that result in an integrated biosensing system. 

Commonly bio sensors can be ref erred as label-based and label-free according to the 

transduction m ethod. A label-based biosensor needs a signaling label  (e.g. enzymes, 

nanoparticles, quantum  dots) for monitoring the event s produ ced on the transducer 

surface, since the recognition event doesn’t give rise to changes in any (physic)chemical 

property that can be d etected by th e transducer. On the other hand,  in a  label-free 

biosensor th e interaction between the tar get and the recognition element on the 

transducer surface can be detected directly without the use of a tag/label. 

An important part of the work presented in this thesis was devoted to the development 

of nano materials-based ele ctrochemical biosensors. Due to the fact that several 

comprehensive reviews have been addressing nanomaterials-based electr ochemical 

biosensors,8–12 the follo wing section 1.2   is bri efly describing this to pic followed by 

section 1.3  related to  the sta te-of-the-art of the use of nanopar ticles in paper-based 

sensors, a growing research a rea which represents the se cond main topic of th is PhD 

thesis.  

 

1.2. Nanomaterials-based electrochemical biosensors 

Electrochemical biosensors are  very interesting for POC devices, since they allow the 

analysis of diff erent s pecies with  high specificity and sensitivity, besides of their 

quickness, ease of use and the possibility of conducting the analysis “on-site”. A typical 

example of these electrochemical biosensors is the glucos e sensor,13 which has be en 



Chapter 1 
 

5 
 

widely studied and improved through three generation of biosensors and also been 

commercialized since decades.In recent decades, nanomaterials have gained much 

interest due to their novel and unique properties which makes them useful for different 

fields. The term nanomaterial is referred to any material with size dimensions in 

nanoscale (1-100nm). Their physical and chemical properties depend on the size, as 

well as the percentage of atoms at the surface of the material that becomes significant as 

the size become smaller, making them more chemically reactive.14 In particular, 

nanomaterials such as nanoparticles, carbon-based nanomaterials and nanocomposites, 

have been used for the development of new and highly sensitive biosensors or for 

improving the performance of the existing ones, offering new methodologies for 

electrochemical signal transduction.15–18 

Application of nanomaterials in electrochemical biosensing can be classified according 

to their two main functions either as labels or as modifiers of electrotransducing 

surfaces. Both strategies take advantage of the outstanding properties of nanomaterials 

(especially, nanoparticles) in order to enhance the electrochemical signal when used as 

label, or to improve the electron transfer rate when used as modifiers of electrochemical 

transducers. 

1.2.1. Nanomaterials as labels 

The analytical performance of electrochemical assays has been improved thanks to the 

excellent catalytic activity, conductivity and biocompatibility of nanomaterials used as 

labels, that allows to obtain lower limits of detection (LoD) to in electrochemical 

bioassays.19  

Different strategies for labelling biomolecules with nanomaterials have been reported. 

Briefly, these approaches include: i) covalent interactions, performed by direct chemical 

reaction, linker chemical reaction and click chemistry, forming stables bioconjugates; ii) 

non-covalent strategy make use of the electrostatic interactions, - stacking or Wan 

der Waals forces between the biomolecule and nanoparticle; and iii) affinity interactions 

such avidin/biotin which enable the effective conjugation of biomolecules to 

nanomaterials. A comprehensive review was assembled by Lei, where all these methods 

and their application for signal enhancement are explained.20 
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Detection of nanoparticles (NPs) as labels can be conducted directly by generation of 

electrochemical signals due to their own redox properties, or indirectly because of their 

electrocatalytic properties towards to other species. 

1.2.1.1. Direct electrochemical detection 

In despite of the high sensitivity that offers the well-established stripping voltammetry, 

in which dissolution of metal NPs and subsequent voltammetric detection of metal ions 

in solution is achieved, this technique requires an extra analytical step and the use of 

toxic reagents. On the other hand, it is possible the metal detection without the 

dissolution of NPs, but it is necessary a direct contact between the electrode surface and 

superficial atoms of NPs. Thus, this strategy could result in a loss of sensitivity 

compared with stripping voltammetry. However, this type of detection offers 

advantages for sensing applications due to their fast response, procedure simplification 

and the reduced cost of analysis. 

The use of gold nanoparticles (AuNPs) as label on the direct electrochemical detection 

of anti-Human IgG was described for first time by Costa García et al. obtaining a LoD 

of 1.38 x 10-8 M.21 After this pioneer work, other important contributions emerged to 

the direct electrochemical detection. Pumera and co-workers described a new method 

for direct detection of AuNPs absorbed on the surface of graphite-epoxy composite 

electrode followed by their electrochemical oxidation in acidic media at fixed potential. 

The resulting tetrachloroaurate ions generated near the electrode surface were detected 

by differential pulse voltammetry (DPV), obtaining a LoD of 1.8 x 108 AuNPs/cm3.22 

Analysis of cadmium-sulfide quantum dots (CdS QDs) has been also reported, but in 

this case the Cd (II) ions present on the CdS QDs crystalline structure are 

electrochemical reduced to Cd (0) and immediately reoxidized to Cd (II), registering the 

oxidation peak.23 A double-codified nanolabel based on AuNPs modified with anti-

human IgG horseradish peroxidase (HRP), has been reported for detection of human 

IgG.24 Thanks to the properties of this nanolabel, it was possible to measure the analyte 

concentration which was directly related to the AuNPs labels by using stripping 

voltammetry (Fig. 1.2A). The LoD for this electrochemical assay was significantly 

lower (260 pg/mL HIgG) than typical ELISA tests, showing to be a sensitive and rapid 

method. CdS QDs have been used as labels for the detection of carcinoembryonic 

antigen (CEA) in a disposable screen-printed graphite electrode by using square wave 
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anodic stripping voltammetry to amplify the signal current response obtained from the 

dissolved a nti-CEA-CdS QD s (Fig. 1.2B). 25 The rep orted sens itive device showed a 

LoD of 32 pg/m L of CEA, co mparable to other elect rochemical assays and showed 

potential uses for POC diagnostics.  

Figure 1.2. Direct electrochemical detection of  nan oparticles. (A) Dire ct detection of  HIgG  
based on a pre-oxidation of AuNPs as labels and later reduction of generated Au(III) ions. (B) 
Detection of QDs as labels in acidic solu tion by usin g square wave  anodic strip ping 
voltammetry. Adapted with permission from references [24] and [25]. 

 

1.2.1.2. Indirect electrochemical detection: electrocatalytic determination 

Alternatively to the direct electrochemical detection, electrocatalytic properties of NPs 

have been exploited to achieve high sensitive detection. By definition an electrocatalyst 

is a catalyst that participates in an ele ctrochemical reaction and contributes to th e 

electron transfer betwe en the electrode and th e rea ctants facilitating an int ermediate 

reaction. AuNPs are known also for their electrocatalytic properties , being their effect 
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towards the silver deposition and the hydrogen ions reduction the most exploited in 

biosensing applications. In this regard, silver deposition on AuNPs has been reported 

for detection of DNA hybridization on magnetic beads used as immobilization 

platforms.26 This assay involves the hybridization of a target oligonucleotide to probe-

coated magnetic beads, followed by binding of the streptavidin-coated AuNPs to the 

captured target. Then, the DNA-linked aggregate is covered with silver, following the 

catalytic precipitation of silver on gold; these assemblies are magnetically collected on 

the electrode, leading a direct contact of the silver tag allowing the solid-state stripping 

detection. More recently, a novel magnetoimmunoassay with enhanced sensitivity due 

to the catalytic effect of AuNPs on the electroreduction of silver ions has been reported 

by our group.27 By choosing a suitable deposition potential, the direct electrocatalytic 

reduction of silver ions occurs onto the AuNPs surface and once a silver layer is already 

formed more silver ions are going to be reduced due to a self-enhancement deposition 

(Fig. 1.3A). Using this strategy, it was possible to obtain a low protein detection limit 

(23 fg/mL) which resulted to be 1000 times lower compared with direct electrochemical 

detection of AuNPs. 

On the other hand, electrochemical reduction of hydrogen ions by AuNPs was described 

for the first time by our group.28 Hydrogen ions present on the acidic medium are 

catalytically reduced to molecular hydrogen by the AuNPs on the surface electrode, 

generating a catalytic current which is related to the concentration of AuNP and enables 

their highly sensitive quantification (Fig. 1.3B). This method has been reported for the 

anti-hepatitis B virus antibodies detection29 and tumor cells detection.30 
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Figure 1.3. Indirect elec trochemical detectio n based on el ectrocatalytic pr operties of 
nanoparticles. (A) Left. Detection base d on th e catalytic pr operties of AuNPs on  the silv er 
electroreduction in a magnetosandwich immunoassay and the further silver reoxidation. Right. 
Peak curren t  obtained by th e re-oxidation of  silv er ions that can be related with th e protein 
concentration. (B) Left. Hydrogen Evolution Rea ction in duced by  AuNPs : In acid media, 
AuNPs are superficially oxid ized at +1.35 V gen erating Au (III) io ns, fo llowed by  cata lytic 
reduction of  hydrogen ions at -1.0 V promoted by the released gold ions and  AuNPs.  Right:
Detection of HIgG by i ndirect electrochemical method. Adapted with  permission fro m 
references [27] and [28]. 
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Catalytic activity of platinum nanoparticles toward oxygen reduction reaction has been 

reported by Polsky et al.31 In this work, the antibodies were previously immobilized 

onto AuNPs and then Pd was deposited onto the AuNPs surface, forming core-shell 

Au@Pd NPs. Detection of antibodies is achieved indirectly by measuring the catalytic 

current generated from this electrocatalytic reduction in glassy carbon electrodes. 

 

1.2.2. Nanomaterials as modifiers of electrotransducing surfaces 

Electrochemical performance of an electrode is strongly influenced by its size and 

composition that can be tailored in order to enhance the analytical output. Modification 

of electrotransducer surfaces can be achieved with NPs, promoting the electron transfer 

and improving the electrochemical response.  

AuNPs were the first example of nanoparticle-modified electrodes because of their 

electrocatalytic and conductive properties, and also their ease of synthesis. In addition, 

AuNPs offer stable immobilization platforms without degrading the activity of the 

biomolecules which is a major advantage in the design of biosensors.10,32 

Different methods for incorporating NPs to conventional surface electrodes are 

described in literature such as: i) adsorption of nanoparticles to the bulk electrode 

surface; ii) addition of NPs in a composite; and iii) layer-by-layer.32 Ding et al. reported 

the electrodeposition of AuNPs to an ionic liquid carbon paste electrode for 

determination of -fetoprotein at clinical relevant levels.33 Determination of human 

chorionic gonadotrophin (hCG) with high sensitivity was reported by Chen and co-

workers by using a highly hydrophilic, non-toxic and conductive colloidal 

AuNPs/titania sol–gel composite membrane prepared on a glassy carbon electrode.34 An 

ultrasensitive immunosensor for detecting prostate specific antigen was conducted in a 

pyrolytic graphite electrode modified with glutathione-decorated AuNPs assembled 

layer-by-layer, showing a LoD 8-fold better than other reported methods (Fig. 1.4A).35 
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Figure 1.4. Nanomaterials as modifiers of  electrotransducing surfaces. (A) Left: Sche me of 
detection of pr ostate specific antigen using a m odified pyrolitic graphite ele ctrode with  
glutathione-decorated AuNPs as sembled layer by  layer. Left: catalytic elec trochemical 
reduction of hydrogen peroxide on HRP/AuNP electrodes from rotating disk amperometry and 
atomic fo rce microscope i mages of  AuNP platform aft er covalent linkage of anti -PSA 
antibodies onto the glutathion e carbo xylate gr oups of AuNPs. (B) Left: h ierarchically dr iven 
single crystalline IrO 2 on a platinum microwire, which is directly used  as an elec tric signal 
transducer fo r hi ghly effec tive sensing of  bi ologically relevant  m olecules su ch as H 2O2 and 
NADH. Right: amperometric responses of the bare Pt microwire and IrO 2-platinum microwire 
electrodes to  successive additions of H 2O2  aliquots in to a stirred PBS solution at neutral pH. 
Adapted with permission from references [35] and [36]. 

Metal oxid es often exhibit semiconductor prope rties that may b e modified by  

decreasing the siz e up to the nanoparticulate state. Nanostructurated metal oxi des 

constitute exceptional immobilization plat forms and/or m ediators thanks to inherent  

properties o f nanoparticles, bes ides to chemical stability, nontoxi city also exhibit 

enhanced ele ctron-transfer kineti cs and biocompatibility, provi ding suitable 
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microenvironments for the immobilization of biomolecules.37 In this regard, 

nanostructurated metal oxides are used in a wide range of analytical applications. 

Wen et al. reported a sensitive sensor for hydrogen peroxide (H2O2) detection by using 

Au/Pt hybrid nanoparticles self-assembled onto amino-functionalized titanium oxide 

(TiO2) colloid spheres obtaining a LoD at nanomolar levels.38   Moreover, the TiO2-

Au/Pt was employed on the photoelectrochemical catalysis of glucose, demonstrating 

the excellent performance-enhancing of this hybrid material. Recently, Shim and co-

workers, reported the analytical application of hierarchically driven IrO2 nanowires on 

the surface of platinum microwires for the electrochemical detection of H2O2 and 

dihydronicotinamide adenine dinucleotide (NADH) without the aid of enzymes, 

achieving a LoD of 5 µM and a very short response time of 10 s (Fig. 1.4B).36 Detection 

of Mycobacterium tuberculosis has been reported by using a gold electrode modified 

with nanostructurated zirconium oxide film in which a ssDNA specific to the bacteria is 

immobilized, achieving a LoD of 0.065 ng/µL in less than 60 s.39 

Electrochemical biosensors are significant tools for a wide range of analytical 

applications, especially in diagnostics, because of their good performance and 

sensitivity. New trends on POCT are leading to simple, portable and easy-to-

measurements biosensing devices, taking advantages of the nanotechnology and 

material science in order to develop a new generation of biosensors that satisfies the 

requirements of an ASSURED device. 
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1.3. Lateral flow technology 

1.3.1. General introduction: Historical perspective 

The concept of rapid body fluid tests is documented in the history since thousand years 

ago. In ancient China, a saliva-based diagnostic called “the rice test” determined the 

guilt of an accused person.40 The earliest urine-based tests for determining the 

pregnancy was documented on Egyptian papyrus of 1350-1200 BC 41,42: if the urine of 

the woman was able to provoke (or not) the growth of wheat, then it was possible to  

give a pregnancy diagnosis. In the Middle Age and Renaissance, pregnancy and some 

diseases could be diagnosed by the color of the urine. In nineteen century, physicians 

still practiced the examination of urine in a more rational way including scientific 

approaches but it was not until early 1900 that the term “hormones” was introduced by 

Ernest Starling.43 After this study, scientists began to explore in detail a particular 

hormone that can be found only in pregnant woman called human chorionic 

gonadotropin (hCG). 44,45  In this context, many advances have been achieved until the 

development of devices for rapid diagnostic methods being lateral flow (LF) devices 

one of the most important. 

The basic principles of the LF dated back middle 1950 starting with the work of Plotz 

and Singer using the latex agglutination test.46 At the same time, other applications in 

immunoassays with special importance for LF were developed. The radioimmunossay 

(RIA) by Berson and Yalow47 based on the detection of radioactive compounds, 

although  being a very sensitive and specific technique due to the special equipment and 

precautions required, was replaced by a safer and nonhazardous-based technique such as 

the enzymatic immunoassay (EIA).48,49  In 1980 Leuvering et al.50 reported the sol 

particle immunoassay (SPIA) in which silver and gold colloids was used as labels for 

sandwich immunoassays obtaining limits of detection comparable to RIA and superior 

in comparison to EIA.  This work became pioneer in the use of nanoparticles as labels 

in immunoassays. 

The main application for LF technology is the human pregnancy test developed in mid-

1970’s. The “early pregnancy test” (e.p.t.TM) developed by Warner-Chilcott was a 

complex system that involved the use of different tubes and reagents and the result was 

obtained about two hours making difficult and ambiguous the determination of the end 

point. Since the launching of this home-diagnostic method, lateral flow assay (LFA) 

gained more importance in the biosensors field and continued progressing  becoming 
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completely established in the late ’80s by the introduction of  several patents related to 

LF devices for pregnancy test.51–53  In 1988, Unipath L td, launched the first one-step 

rapid LF assay for home pregnancy test known as Clea rblue brand. This test was 

specifically qualitative: if two blue lines are developed means that woman is pregnant 

being the result visualized in few m inutes.  In a pre gnant woman, leve ls of   hCG  

rapidly rise and can be dete cted in urine f rom 9 -10  days after conception54 and 

Clearblue™ is able to detect hCG protein in urine. Although pregnancy tests have been 

conceived for providing qualitative visua l results (yes/no  response), it is possible to  

obtain semi-quantitative results in order to estimate the pregnancy stage. Pregnancy test 

market has also evolved for generating new and more accurate devices and nowadays it 

is possible to find digital pregnancy test which give semi-quantitative results. This is a 

new generation of devices where LF technology is integrated with electr onics in the  

same platform.  

 

1.3.2. Lateral Flow technology and its format assays   

1.3.2.1. Operation Principles 

The LFAs are based on chromatographic principle in which test sample flows through a 

solid substrate v ia capillary action. Each strip is composed by dry pre-stored reagents 

and different porous membranes that have specific functions. 

 
Figure 1.5. (A) Components o f a l ateral f low strip. ( B) Scheme o f a t ypical l ateral f low 
assay (LFA). 
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Figure 1.5 shows a typical scheme of LF strip. As pre-requisite for the proper 

functioning of LFA, all the components of the strips must be previously treated for 

making them hydrophilic and overlapped between them over an adhesive backing card 

to guarantee the continuous flow of the sample. The fluid sample applied at the end of 

the strip (at the sample pad) migrates through the next region, the conjugate pad, where 

nano/microparticles conjugates are immobilized. This conjugate is composed by the 

biological components of the assay, e.g. antibodies, which are attached to the particles 

and previously have been deposited in the conjugated pad.  In this step, the analyte 

interacts with the biological component of the conjugated particle forming a complex. 

There is a wide variety of particles used as labels (see Section 1.3.2.2.2), but the most 

commonly used are latex microparticles and AuNPs. The sample continues migrating 

by capillary forces through the detection pad, composed by a porous membrane in 

which the biological complementary part of the assay has been previously deposited. 

The capture lines, test and control line, are constituted by antibodies, antigens or 

proteins and their function is to capture the analyte and the excess of conjugated 

particle, respectively. The excess of reagents is absorbed by the wicking or absorbent 

pad located at the end of the LF strip. Visual results can be interpreted as the presence 

or absence of analyte in sample and can be detected by naked-eye or using a strip 

reader.  

According to the type of format used, the results can be interpreted in opposite way. In 

figure 1.6 details of two main LFA formats such as the sandwich (direct) and 

competitive assay are shown.  For the detection of molecules with a high molecular 

weight, with two or more antigenic sites e.g. big proteins, the sandwich assay is used 

(figure 1.6A). In this case, the presence of analyte shows two colored zones: test and 

control lines. On the other hand, if the analyte is a low molecular weight molecule with 

one antigenic site (hapten) for binding with antibody, e.g. pesticides or toxins, the 

competitive assay is employed. In this type of assay, the analyte and the analyte 

immobilized at the membrane compete for binding with the detector antibody. The 

presence of analyte is indicated by the absence of test line, therefore, only one line at the 

control zone is observed (see figure 1.6B).  

In both cases, the control line is always visible and independent of the format used 

allowing to control the adequate migration of the sample through the strip.  
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Figure 1.6. Typical formats of LFAs: (A) direct and (B) competitive assays. 

1.3.2.2. Components 

1.3.2.2.1. Assay membranes

The function as well the materials that constitute the different components of LFA are 

summarized in Table 1.1 and discussed in the following part. 

 

a) Sample pad  

Its purpose is to receive and then distribute the sample in a controlled and uniform 

way, releasing the analyte with high efficiency.55 Additionally, it controls the rate flow 

that enters to the conjugation pad preventing flooding of device. The most commonly 

used sam ple pads are  porous materials such as cellulose . Cellulose has lar ge bed 

volumes (> 25 µL/cm 2) and are extensively used for testing various kinds  of liquid 

samples (ex . uri ne). Du e to adsorption capability loadi ng of blocking a gents, pH and 

ionic strength modifiers and viscosity enhancers is easy to be performed.  

When pre-treated by impregnation with proteins, buffers and detergents, the sample 

pad can modulate the flow properties increasing the sample viscosity, preventing non-

specific adsorptions of both the conjugate and analyte, increasing the reaction time in 

the conjugate pad modulating in this way the interaction with the sample. 
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b) Conjugate pad  

The function of this pad is to keep the dried conjugated particles and hold them 

stable in the pad until the test is run and to uniformly transfer the signaling reagent (ex. 

gold nanoparticles conjugates) and sample onto the membrane.55 When the sample 

flows through the conjugate pad, the signaling reagent solubilizes, recognizes the 

analyte and the formed conjugate moves through the membrane. Assay sensitivity can 

be severely affected by the conjugate deposition, drying, inadequate conjugate mixing 

and releasing from the pad. Ideally, the conjugate pad must have low non-specific 

binding of signaling reagent or analyte to the pad, allow a suitable formation of the 

immunocomplex at the test line. In addition must ensure a constant flow and bed 

volume so as to avoid problems of uneven signals that can alter the sensitivity of assay.  

Glass fibers, cellulose filters, surface-treated (hydrophilic) polyester or polypropylene 

filters and rayon are the most used materials for conjugate pad. 

To ensure an optimal release of the sample, the pad must be pre-treated with a pH 

adjusted buffer containing proteins and surfactants, followed by a suitable drying.  

The deposition of conjugated particles can be achieved manually (batch mode) or by 

using a dispensing machine that delivers in a continuous mode solutions of reagents 

including suspension of nanoparticles modified with antibodies. 

 

c)  Detection pad  

Its main purpose is to bind irreversibly the capture reagents at the test and control 

lines and facilitate the visualization of colored bands indicating the presence or absence 

of analyte in the sample.55  

Nitrocellulose (NC) is the most widely used material for detection membranes in LF 

technology and other point-of-care (POC) devices. Depending on the application, other 

materials, e.g. nylon and polyethersulfone can be used as detection membrane. 

NC is a versatile polymer that has been used for years due to its unique as biomolecules 

adsorbing properties. For this reason, the use of  NC has been extended to powerful 

blotting techniques for identifying  the presence of biomolecules such as proteins 

(Western blot), DNA (Southern blot) and RNA (Northern blot).56–58  Based on these 

applications, over the past 25 years, NC has gained importance as a suitable porous 

support on LF technology.  
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Detection membrane is the most important part of a lateral flow assay because the 

binding and detection occurs within it. Therefore, the adsorption of biomolecules is an 

essential aspect for a good performance of LFAs. Even though the binding protein to 

NC has been reported and used for powerful and existing techniques, the binding 

mechanism is still not clear enough.57 Different mechanisms have been proposed for 

explaining the binding mechanism. According to one of the theories proteins are 

thermodynamically driven to adsorb to nitrocellulose by non-covalent interactions.56  

Others claim that an initial attraction of protein to NC involves the interaction between 

the dipoles of the nitro groups on the NC and the carbonyl groups in peptide bonds of 

protein.59 Either way, different forces (hydrogen bonding, hydrophobic and electrostatic 

interactions) are involved in the adsorption process of protein to NC; as recommended 

LF manufacturers must consider all these interactions, materials and assay reagents for 

optimizing the binding of the proteins to NC.60  

Membranes made of nitrocellulose are hydrophobic by nature. However, membranes 

can easily be wet due to the presence of surfactants added during membrane 

production55. Selection of type and amount of surfactant use to be recommended by the 

manufacturer but also adapted according to the application. Once the membrane is 

processed and ready to be used, depositing of the capture reagents at test and control 

lines, can be carried out using either contact or non-contact dispensing system. The best 

option is non-contact dispenser, typically inkjet system, because the membrane does not 

suffer damages that can impede a normal flow of the sample. Nevertheless, low-contact 

dispenser systems can be found in the market.61 In this case, the nozzles can dispense 

the sample with a minimal contact pressure avoiding any mechanical stress on the 

membrane.  

Flow rate is difficult to be measured since decays exponentially while the fluid front 

moves through the membrane.55 A common parameter to evaluate the NC membranes is 

the capillary flow time which is the time required for a liquid to move along and fill 

completely 4-cm long of membrane.  The capillary flow time and the sensitivity of the 

assay increase when the pore size decreases, since the reagents spend more time on the 

membrane and the formation of immunocomplex between the analyte and the label is 

more effective at the test line. 
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Another parameter is the thickness of the membrane since it has a direct influence on 

bed volume and signal visibility. Bed volume is the volume of liquid required to 

saturate a given area of membrane and is related to the porosity and the thickness.  As 

the thickness increases, the bed volume also increases. However, this consideration may 

be not important when an absorbent pad is used because the total volume of the sample 

is governed mainly by the bed volume of the absorbent pad.55 When capture reagents 

are dispensed onto the membrane the liquid penetrates downward into it and moves 

laterally. In a thin membrane, spreading of the reagents will be occurring since its 

insufficient depth provokes the diffusion of the liquid (including nanoparticles used as 

labels) through the whole membrane causing difficult to be visualized signals (diffused / 

undefined detection and control lines).  

 

d) Absorbent pad  

Located at the end of the strip, its main function is to drain off the fluid from the 

membrane. Using an absorbent pad, the volume of the sample can be increased, being 

the background signal reduced and the sensitivity of the assay improved.  

Most of absorbent pad are made of high-density cellulose and no treatments are 

required. However, once the experiment is achieved and a visual record is needed, it is 

recommendable to remove the absorbent pad because it can act as reservoir once the 

liquid has evaporated and it might release the excess of label reagent causing false 

positives.62 
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Table 1.1. Components of LFA and their functions. 

Components Material Function 

Sample pad Cellulose 

Distributes the sample in a controlled way 

for releasing the analyte with high 

efficiency 

Conjugation pad Glass fiber 

Retains the conjugate between its fibers 

until the test is running. Coupling of 

analyte and conjugate takes place in this 

pad 

Detection pad Nitrocellulose 

Binds irreversibly the capture reagents and 

facilitates the visualization of test and 

control lines 

Absorbent pad Cellulose 
Drains off the excess of fluid of the 

detection pad 

 

1.3.2.2.2. Labels 

Immunoassay conjugate consists of an antibody with an appropriate label which 

function is to generate a signal that correlates with the immunocomplex formed and its 

antigen, allowing the detection by using techniques such as colorimetry, fluorescence 

and luminescence.63 

Most of the commercial LFAs use colored latex beads, carbon nanoparticles and gold 

nanoparticles which allow visual detection without the use of readers if the test provides 

a qualitative response. On the other hand, if LFA is intended to be quantitative, the use 

of a reading system is required depending on the type of label used, for example: 

charged couple devices (CCD) cameras for AuNPs or colored beads; readers based on 

ligh-emitting diode (LED) technology for fluorescent labels, and magnetic readers such 

as Magnetic Assay Reader (MAR™) for superparamagnetic labels. 

Applications of traditional labels will be briefly summarized in this section, while gold 

nanoparticles, will be discussed in detail in section 1.3.4. 



Chapter 1 
 

21 
 

a) Latex beads  

Latex beads are spherical microparticles composed of an amorphous polymer 

(usually polystyrene). These beads have been used as the first labels in LF technology 

due to their high binding protein capacity.63  Latex beads with various sizes and with 

controlled surface chemistries and able to incorporate colored dyes, fluorescent dyes 

and also magnetic or paramagnetic components have been already developed and are 

available in the market. Sensitivity of LFA that employs colored latex beads is in 

principle lower compared with the achieved with gold nanoparticle labels since their  

smaller sizes (typically 20-40nm) and consequently their higher surface area to volume 

ratio  allow them to bind more antibodies onto their surface. 

 

b) Liposomes  

Liposomes are colloidal vesicles formed by a lipid bilayer membrane capable to 

encapsulate part of the aqueous media in which they are dispersed.64 They can 

encapsulate i.e. visual and fluorescent dyes or enzymes inside their cores, improving the 

sensitivity of LFA. It is possible to add different functional groups to the lipid surface 

for coupling with biomolecules or chemicals.  Different studies with interest for 

example for DNA65, allergenic agents66 and other analytes have been reported. 

However, liposomes have some disadvantages related to their high production cost, 

short shelf-life and propensity to leakage and fusion of encapsulated molecules. 

 

c) Carbon nanoparticles  

Carbon nanoparticles are the most inexpensive label for LFA and provide an 

excellent color contrast to the white NC membrane. These amorphous labels are suitable 

for physical adsorption because of their hydrophobic features and have been used for 

DNA67,68 and small molecules e.g. chemical contaminants69,70 detection.  The main 

limitations of carbon nanoparticles are related to their low density, which difficult their 

visualization by electron microscopy (TEM or SEM), their irregular sizes and shapes 

and the requirement of  surfactants addition to stabilize the carbon dispersions.71 

 

 

d) Fluorescent labels  

Organic and inorganic fluorophores can also be used as labels. A typical organic 

fluorophore for labeling antibodies is fluorescein isothiocyanate (FITC) which is 
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reactive to the primary amines of antibodies producing a fluorescent conjugate.72 LFA 

using fluorescent labels  to detect for example influenza virus has been shown to be 

more sensitive that colorimetric assays.73  

Organic fluorescent dyes (e.g. Ru(bipy)3
2+) have been used for coating of silica 

nanoparticles and their subsequent use in LFA demonstrating to be remarkably more 

sensitive than gold nanoparticles for nucleic acid detection.74 

Inorganic fluorophores such as QDs and lanthanides also have been reported for LF 

applications. QDs are semiconductor nanoparticles in size range of 1-10 nm composed 

of GaN, GaP, ZnO, ZnS, CdS or CdSe75. As a consequence of their small sizes, they 

have unique properties such as the high quantum yield and molar extinction 

coefficients, broad absorption spectra and resistance to photobleaching and chemical 

degradation.76 Uses of QDs in biosensors have grown in last years because of their 

advantages over common fluorophores. QDs can be conjugated to different 

biomolecules, especially antibodies. However, the main limitation of QDs is related to 

their low colloidal stability in biological media.75 

QDs have been used as labels in LFA in competitive assays for detection of  a primary 

metabolite biomarker for pesticides77 toxins detection78 and also, in sandwich formats 

for cancer biomarkers.79  

Lanthanides (e.g. Eu(III)) also have unique fluorescent properties that can be applied for 

their use as sensitive labels for prostate-specific antigen (PSA) detection in LFA, 

increasing 300-fold the sensitivity of assay.80 

 

1.3.3. Lateral Flow Assays advantages and limitations 

 

LF is a well-established technology that has many advantages such as a) rapid 

qualitative or semi-quantitative tests; b) easy to use (results can be interpreted by 

untrained personnel); c) utility for in-field applications in remote areas where high-tech 

equipment is not available; d) prolonged shelf-life (about a year) and often without 

refrigeration; e) small volumes required; f) relatively low-cost production; g) good 

sensitivity and specificity and h) possibility of integration with electronics and 

electrochemical systems. 
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Despite of the mentioned advantages, LF technology has also limitations, especially 

related to reproducibility and sensitivity issues such as a) restricted volume around 

microliter level; b) higher volumes could deteriorate the strip and delay the assay time; 

c) pre-treatment is required for non-liquid samples and a filter must be added to the 

strip; d) integration with electronic/electrochemical systems is still a challenge; e) less 

sensitive than other immunoassay techniques, e.g. ELISA; f) multiple detection is 

challenging due to some cross-reactivity issues and the fact that the setup for dispensing 

on membrane requires spatial differentiation. 

Nevertheless, LF technology has a wide range of applications in different fields and it is 

the most used POC test because fulfills the requirements for this class of device. Many 

efforts are currently being conducted in order to improve, either the used materials or 

the assay platforms with the purpose of solving sensitivity issues beside others. In this 

context, new strategies to enhance the sensitivity of LFA will be discussed in section 

1.3.5. 

 

1.3.4. Gold nanoparticles based LF biosensors 

 

AuNPs have been used for many years in biomedical applications and their unique 

chemical and physical properties make them attractive for areas such as: diagnostic, 

therapy and immunology.81–85 

In 1971, Faulk and Taylor86 published the first report about the use of AuNPs as labels 

for immunoelectron microscopy. Nine years later, Leuvering et al. 50 presented the “sol 

particle immunoassay” (SPIA), the first colorimetric report using AuNPs as labels for 

hCG detection. Nowadays, AuNPs are the most used labels for LFA due to their 

signaling properties combined with their biocompatibility and low or missing toxicity 

overall for in-vitro applications. 

There are a wide range of synthetic methods for obtaining AuNPs most of them based 

on chemical reduction of chloroauric acid, HAuCl4.82,87 Reduction of Au(III) to Au(0) 

in aqueous media in presence of citrate as mild reducing agent and stabilizer is the most 

used method for synthesizing AuNPs,  as pioneered by Turkevich and co-workers.88 

Well dispersed and size-controlled AuNPs are obtained by controlling the ratio 
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citrate:Au.89 Non-controlled sizes and uneven shapes of AuNPs can affect the 

performance of LFA. 

AuNPs surface can be functionalized by biomolecules (e.g. antibodies and nucleic 

acids) due to their affinity for thiol-containing ligands. Antibodies can be attached 

(conjugated) to the AuNPs surface through hydrophobic and ionic interactions, or 

through chemisorption of thiol groups present in their structure.90 

 Three are the most reported methods for binding proteins to AuNPs:91 i) gold 

nanoparticles surrounded by a layer of negative charges can be conjugated firmly to any 

protein positively charged due to the ionic binding;  ii) aminoacids-containing proteins 

bind to the AuNPs through hydrophobic binding; iii) gold and sulphur bonding. AuNPs 

can be conjugated to antibodies by the cysteine residues in the protein. 

Control of pH and a suitable concentration of antibody must be determined for avoiding 

flocculation of AuNPs.92 The pH of a AuNPs dispersion must be adjusted before the 

conjugation at slightly above the isoelectric point (pKi) of the antibody. Aggregation of 

AuNPs conjugated will occur if the pH is below the pKi. By contrary, if the pH is above 

the pKi of the antibody, a limited adsorption will occur because of the charge repulsion 

between the AuNPs and the antibody.93 

The optimum size of AuNPs for using as labels in LFA is around 20-40nm: below 10nm 

AuNPs have not bright and intense color and above 40nm AuNPs, they are prone to 

flocculation.  

Lou et al.94 studied the influence of the nanoparticle size for lateral flow applications. 

They prepared conjugates with four different AuNPs sizes (14nm, 16nm, 35nm and 

38nm) and they found that different sized AuNPs had different conjugation efficiencies 

under different pH values and concentrations of antibody. Moreover, they proved that 

16nm AuNPs remained stable at the lowest concentration of antibody but they observed 

less sensitivity than with 38nm AuNPs in real samples. 

 

In the following part some of the most important applications of AuNP-based LF for 

different analytes such as protein, DNA, etc. are described and accordingly discussed. 
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Table 1.2 gives and overview of the applications for different fields of AuNPs-based 

lateral flow technology. 

 

1.3.4.1. Protein detection 

LF technology is well diversified in several sectors, being the pregnancy self-testing the 

largest segment on the LF market where a great number of companies commercialize 

these tests.93 In addition, a high number of approaches for the detection of proteins of 

interest in different fields have been reported in the last years. 

A study related with detection of thrombin (a serine protease related to the coagulation 

system) and aptamer-based LFA have been reported by Xu et al.95 Aptamers are 

synthetic nucleic acids able to recognize a wide range of analytes with the same or even 

higher specificity than antibodies do. The strategy developed by Xu and co-workers for 

detection of thrombin introduced the use of aptamers instead of antibodies in a LFA 

achieving a limit of detection (LoD) of 2.5 nM of thrombin. Comparing the aptamer-

based LFA with the traditional antibody-based LFA, the authors found more sensitive 

assay using the synthetic nucleic acids. 

Cancer biomarkers detection using LFA also have been reported. One of the examples 

includes CEA which acts as biomarker for several cancer including colon, breast, 

ovarian and lung cancer. Zeng and co-workers96 developed a LFA for detecting CEA in 

human serum. They could detect CEA in a 10-min assay with a LoD of 5 ng/mL. 

Although this value was higher than the LoD provided by a commercial ELISA kit for 

CEA detection, the assay time was considerably shorter (around 90 min) and simpler, 

opening the way to rapid and simple diagnostic kits.  . 

Prostate specific antigen (PSA) is a glycoprotein synthetized in the prostate gland and 

their presence in high concentrations in male serum is related with prostate cancer u 

other prostate disorders. Fernández-Sánchez et al.97  reported the sensitive detection of 

free and total PSA (f-PSA and t-PSA, respectively).  They developed an integrated 

AuNPs based-LF strip with an electrochemical system by using impedimetric detection, 

achieving a LoD of 3 ng/mL of PSA.  One year later, the same group98  reported a 

sensitive detection of f-PSA and t-PSA in one-step LFA. The authors achieved a series 
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of optimizations including a careful selection of materials and experimental conditions, 

for achieving a visual LoD of 1 ng/mL for both biomarkers. 

Another prostatic cancer biomarker is the prostatic acid phosphatase (PAP) which is 

combined with PSA test that leads to a more accurate cancer diagnostics. For this reason 

Fang and co-workers99 developed a semi-quantitative barcode LFA for PAP detection in 

human serum samples. Based on the stepwise capture of analyte, they achieved a LoD 

of 0.25 ng/mL in 30 min.  

Choi and co-workers100 reported an enhanced LFA for the detection of troponin I, a 

biomarker related to the acute myocardial infarction (AMI). They detected up to 0.01 

ng/mL of troponin I in serum, which is lower than the cutoff value of 0.1 ng/mL for 

diagnosis of myocardial infarction. Following a similar strategy, Zhu et al.101 reported 

the simultaneous detection of two biomarkers (troponin I and myoglobin) related to the 

AMI. They used an AuNPs doubly labeled complex, in which biotinylated ssDNA was 

used as a linkage to integrate two AuNPs of different sizes (13nm and 41 nm). With this 

enhanced strategy, very low LoD of 1 ng/mL and 1 g/mL, were reached for troponin I 

and myoglobin, respectively. 

 

1.3.4.2. Nucleic acids 

Nucleic acid detection is of outstanding importance in molecular diagnosis due to the 

interest in human and veterinary research beside others.102,103 When a small amount of 

DNA is available, it is required a previous amplification that can be achieved by using 

the polymerase chain reaction (PCR) or isothermal amplification techniques. Over the 

last years, a new generation of integrated and sophisticated miniaturized POC nucleic 

acid devices is emerging.104 An easy and low-cost alternative approach is the use of 

nucleic acid lateral flow (NALF) assay, which uses nucleic acids hybridization event to 

capture and detect synthetic DNA sequences or amplified nucleic acid products.105 

Usually, the capture of nucleic acids can be performed in two main formats: i) in an 

antibody-dependent or ii) antibody-independent manner (see figure 1.7). The former 

one, named nucleic acid lateral flow immunoassay (NALFIA), uses an antibody which 

is located at the test line and a labeled amplicon or a complementary sequence to the 

amplicon. When an antibody-independent format is used, the attachment of the 
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oligonucleotide probe can be carried out through biotin-streptavidin linkage or by using 

UV irradiation for covalently binding it to the NC surface. 

 
Figure 1.7. General strategies for the capture probe immobilization in nucleic acid lateral flow 
(NALF) assays. (A) Anti body-dependent fo rmat. An anti-tag antibody is attached at te st line 
and recognizes a  tagged probe which hybridizes with  a reporter l abeled probe. (B) Anti body-
independent format without molecular receptor. An unlabeled probe is directly attached at test 
line. Detec tion is produced when a reporter labeled probe hybridize to the ot her probe. (C) 
Antibody-independent format using a molecular re ceptor. The most co mmon strategy ta kes 
advantage of the biotin/streptavidin linkage for attaching the biotinylated probe on the test line.  
 

Piepenburg et al .106 developed an isothermal am plification method (r ecombinase 

polymerase am plification, RPA) which allow them to dete ct few  copies of pathogen 

genomic DNA, using NALFIA format (see figure 1.7A). In this work, a double labeled 

(biotin/carboxyfluorescein-FAM) RPA amplicon was capt ured by  an anti-biotin 

antibody immobilized at test line. When the flow is passing through the membrane, the 

visualization of the lines is produced by the binding between an an ti-FAM-AuNPs 

conjugate and the amplicon tail labeled with FAM.  

A similar approach was reported by He and co-workers107 who developed a NA LFIA 

for detection of the mutation in the R156H gene of keratin. The gene was amplified by 
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isothermal strand-displacement polymerase reaction (ISDPR) technique using primers 

labelled with digoxin and biotin and finally detected using streptavidin receptors and 

anti-digoxigenin-AuNPs labels, obtaining LoD of 1 fM of R156H-mutant DNA. 

Detection and quantification of microRNA (miRNA) can be achieved in NALFIA 

devices as reported by Hou and co-workers108. AuNPs were conjugated to a thiol-DNA 

that acts as detection probe whereas a biotin ssDNA serves as the capture probe. 

Detection is produced when the anti-avidin antibody immobilized at test line recognizes 

the avidin–biotin–AuNPs-sample complex. The authors reported a perfect match 

between the capture probe with tested miRNA and detection probe, instead of the 

common sandwich in which the tested probe hybridizes with the capture and detection 

probes. Finally, they used the silver enhancement method to catalytically growth silver 

on the AuNPs and in this way increase the sensitivity of the assay, reaching a LoD of 5 

amol opening the way to further application of this method for the detection of other 

short oligonucleotides. 

Detection of single DNA mutations, also known as single oligonucleotide 

polymorphism (SNP), can be achieved with high sensitivity and specificity by using 

NALFIA devices as reported by Xiao et al.109 They used AuNPs as label, the circular 

strand displacement reaction for amplifying the target and the ligation reaction 

performed by T4 DNA ligase (a type of enzyme from bacteriophage T4 that enables of 

DNA strands) which provides high specificity recognizing single-base mismatches. 

With this strategy, the authors reported a LoD of 0.01 fM for wild-type target DNA with 

high specificity and also, the performance of the device using human genomic DNA 

clinical samples showed to be excellent. 

On the other hand, in the antibody-independent NALF, the capture reagent is an 

oligonucleotide probe that can be labeled (e.g. biotin) or not, which is located at test line 

instead of antibody (see figure 1.7B-C).  An unlabeled oligonucleotide probe can be 

covalently attached to nylon and nitrocellulose membranes by cross-linking using UV 

irradiation. In 2007, Aveyard and co-workers110 reported the first NALF device with 

these features for the detection of amplified PCR products. They reported a sandwich 

assay between the target probe which was complementary to the AuNPs-labeled probe 

and the capture probe attached to the NC. Also, they studied the effect of different 

AuNPs sizes in the performance of the assay and they found that sensitivities of devices 
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with AuNPs of 80 nm were higher than AuNPs of 40 nm which are the most common 

size used for LF purposes and showed the possibility to detect unpurified PCR products 

using an antibody-independent format.  

The most common format in NALF devices uses biotin labeled oligonucleotide probes 

attached to the NC surface via biotin-streptavidin linkage (see figure 1.7C). Following 

this format, Mao and co-workers111  developed a sensitive and rapid NALF for DNA 

detection with a LoD of 50 pM of target. They used an enzymatic-signal enhancement 

and applied the device for detection of human genomic DNA obtaining a LoD of 1.25 

fM, value considerably low compared with the obtained with alternative techniques 

such as microarray or surface plasmon resonance based analysis.  

Lie and co-workers112 developed a NALF for detection of amplified DNA sequences by 

ISDPR.  The sensitivity of this device based on this isothermal amplification is 

comparable or even better than the obtained with colorimetric or fluorescence-based 

analysis. Following this approach, they were able to detected human genome at levels of 

25 ng/mL in clinical samples.  

 

1.3.4.2.1. Infectious agents detection 

LFA of nucleic acids with interest for POC infectious diseases diagnostics also have 

been reported. Infectious diseases cause millions of death every year and most of them 

are caused by late detection and lack of suitable treatment overall in countries with less 

resources for which the application of LFA should be of great interest so as to detect an 

infectious disease in early stages.113–116 

Although there are five mayor types of infectious agents such as bacteria, viruses, fungi, 

protozoa and helminthes117 in this section the described examples will include bacteria 

and viruses detection based on the use of NALF and NALFIA devices. 

Horng et al.118 developed a NALFIA device for detection of Legionella bacteria from 

environmental cooling tower samples using multiplex-nested PCR as amplification 

method of 16S rDNA and dnaJ DNA fragments. In multidetection and specific AuNPs-

based NALFIA they could identify the presence of Legionella species and more 

specifically, Legionella pneumophila if one or two test lines were colored, respectively. 

The authors reported a LoD of 0.5 colony-forming-units (CFU)/mL and also, 100% 
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sensitivity and specificity for L. pneumophila compared with traditional detection 

methods.  

For Vibrio Cholerae detection, a foodborne pathogen, Chua and co-workers119 

developed a NALFIA which consisted in an antibody-dependent format by using PCR 

technique and double labeled primers (biotin/fluorescein and digoxigenin/fluorescein). 

Microspheres coated with streptavidin, anti-digoxin and anti-mouse IgG antibody were 

deposited on the strip which acts as test, internal control of PCR amplification and 

migration control lines, respectively. The DNA target, biotin labeled DNA, was 

captured by the streptavidin located at test line. The internal control, digoxigenin 

labeled DNA, was captured by the anti-digoxigenin antibody and the migration control 

line was visualized through the binding between AuNPsmouse anti-fluorescein 

antibody conjugate and an anti-mouse antibody. Using this strategy they could verify 

the efficiency of the DNA amplification and they could detect up to 5 ng of target DNA 

(see figure 1.8A).  

Recently, Liu et al.120 developed an ultrasensitive NALFIA for Salmonella detection, a 

common foodborne pathogen; it was based on the hybridization between AuNPs-DNA 

probes complementary to the 16S ribosomal RNA and DNA of the bacteria. A LoD of 5 

fmol was found for the synthetic ssDNA. For the Salmonella cultured samples, nucleic 

acids from 107 cells were detected in 30 min by naked-eye. Using silver enhancement  

of AuNPs, the LoD was improved up to 104 cells in other additional 10 minutes.  

The catalytic deposition of gold (III) on AuNPs is an amplification strategy used for the 

enhancement of the NALF signal. Two representative works have applied this strategy 

for infectious agents enhanced detection. In the first one, a semi-quantitative detection 

of amplified HIV-1 RNA using a NALF device using was developed by Rohrman et 

al.121 Two complementary probes were covalently attached to the NC surface by UV 

irradiation and the RNA target sequence was isothermally amplified by nucleic acid 

sequence based amplification (NASBA) technique (see figure 1.8B). The authors 

reported a LoD of 1011 copies/mL of amplified HIV RNA using gold enhancement 

which match with the clinical range for viral HIV-1 loads. In the second one,  detection 

of Escherichia coli 157:H7 in a NALF device using locked nucleic acids (LNA)-AuNPs 

conjugates was reported by Rastogy and co-workers.122 With the enhancement protocol 
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the sensitivity of the assay was improved by 3-fold when LNA-AuNPs conjugates were 

used in NALF device instead of DNA-AuNPs conjugate.  

 

 
Figure 1.8. NALFIA and NALF assays for Infectious agents detection. (A) Scheme of NALFIA 
for visualization of PCR amplicons by usin g capture reagents coated onto carrier beads and 
immobilized onto a glass fibre membrane and picture of strips for a PCR amplicon range of 1-
100 ng. (B) Left: Image of NALF devices for a serie of in vitro transcribed RNA from 9.5 to 13 
log10 copies. Right: NAL F design for HIV -1 detection. Adap ted fro m [119] and [ 121] with 
permission. 
 

1.3.4.3. Mycotoxins 

A toxin is a poisonous substance produced by living cells and organisms. Among the 

different classes of toxins, mycotoxins are natural secondary metabolites produced by 

different species of fungi that mainly belong to Aspergillus, Penicillium and Fusarium 

genera.123 Mycotoxins represent a health risk problem for human and animals because 
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they are capable to cause diseases. First-screening methods for mycotoxins detection as 

LFA have been commercially developed and reviewed in last few years.124–126  

Since mycotoxins are very small compounds, a suitable LFA for their detection is the 

competitive format as stated in Section 1.3.2.1. Therefore, some works related to the 

detection of mycotoxins using AuNPs as labels in a competitive LFA format will be 

discussed in this section. 

Aflatoxins are carcinogen mycotoxins which are produced by Aspergillus flavus, 

Aspergillus nomius, and Aspergillus parasiticus, species of fungi. Delmulle et al.127 

developed a qualitative LFA for detection of aflatoxin B1  (AFB1)  in pig feed. Rabbit 

anti-mouse antibodies and AFB1-bovine serum albumin conjugate were immobilized at 

control line and test line, respectively. When the liquid sample passes through the 

membrane, AuNPs labeled-monoclonal anti-AFB1 antibodies are saturated by the 

presence of the toxin resulting in a non-visible test line and visible control line which 

indicates the proper performance of the LFA. Using this LFA format, they obtained a 

visual LoD of 5 g/kg of AFB1, in a simple and rapid test.  

A modified competitive format assay was proposed by Moon and co-workers 128 for 

detection of aflatoxin B1. The authors reported the immobilization of polyclonal anti-

AFB1 on the NC membrane and AuNPs-AFB1-BSA conjugate as detection reagent. In 

the absence of AFB1, the conjugate can bind to the anti-AFB1 located at detection zone, 

giving rise to the visible line. On the contrary, if the AFB1 is present in the sample, it 

inhibits the binding of the conjugate with antibodies avoiding the visualization of test 

zone. With this modified competitive LFA format, the authors reported a visual LoD of 

10 g/mL of AFB1 and also, they examined the cross-reactivity to similar compounds 

such as ochratoxin-A (OTA) finding that the device was only specific to AFB1. One 

year later, Moon et al.129 improved the modified competitive format and semi-

quantification was possible using a Smartphone for acquisition and processing of the 

image. With this technology it is possible to discriminate between the blank from 

contaminated samples on the base of peak and area values, provided by and Android 

application, being able to quantify up to 5 g/kg of AFB1.  

Zearalenone (ZEA) and deoxynivalenol (DON) are secondary metabolites produced by 

fungi Fusarium species, which can be found in grains. Simultaneous detection of these 

mycotoxins was first reported by Kolosova and co-workers.130 They developed a LFA 
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in a traditional competitive format and results were visually evaluated by using AuNP 

of 40 nm. In absence of toxins in sample, three lines were observed (migration control 

and test lines). For positive samples, only the control line is visualized due to the 

presence of both mycotoxins. Finally, if two lines appeared (control and one of the test 

line) the sample was positive for ZEA or DON. Cut-off levels observed for both 

mycotoxins were of 1500 and 100 g/kg for DON and ZEA, respectively. In addition, 

spiked wheat samples were analyzed with the LF strips resulting in good agreement 

with the amount spiked, proving the reliability of the assay.  

Detection of DON using AuNPs as labels was also reported by Kolosova et al.131 

According to experimental results, they could detect DON at low and high 

concentration levels between 250-500 and 1000-2000 g/kg, respectively. Spiked wheat 

and pig feed samples demonstrated accurate and reproducible results. Moreover, LFA 

were tested in real field conditions proving the applicability of the devices.  

Fumonisins belongs to the same family of ZEA and DON mycotoxins. They occur 

mainly in maize, wheat and cereals. From the group B fumonisins, fumonisin B1 (FB1) 

is considered as a possible carcinogen to humans by the International Agency for 

Research on Cancer.132 A semi-quantitative LFA was developed for detection of total 

type B fumonisins in maize by Molinelli et al.133 They reported a LoD of 199 g/kg in a 

test range up to 4000 g/kg, with no cross-reactivity toward other mycotoxins and the 

applicability of the device was proved by the screening of 23 naturally contaminated 

maize samples.  

Ochratoxins are produced by fungi species such as Aspergillus ochraceus, Aspergillus 

carbonarius, Aspergillus niger  and Penicillium verrucosum. The most relevant toxin of 

this group is OTA, one of the most abundant food-contaminating mycotoxins. A semi-

quantative LFA was developed by Anfossi and et al.134 for detection of OTA in cereals. 

They reported the use of ovalbumin as AuNPs stabilizer and as membrane blocker so as 

to reduce non-specific adsorptions. Additionally, the use of polyethylene glycol instead 

or organic solvents for OTA extraction, allowed to avoid the matrix effects caused for 

the cereals used. Under these conditions, they reported a LoD of 1.5 g/kg of OTA in 

samples.  
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Recently, semi-quantative detection of OTA in wine and grape must, which represent a 

major source of OTA dietary intake, was described by Anfossi and co-workers.135 The 

reported LFA allowed OTA detection in wine in 5 min with a LoD of 1 g/L with a 

simple sample pre-treatment which only implied its dilution with sodium bicarbonate, 

polyethylene glycol and ethanol.  

Another interesting strategy for OTA detection based on aptamer based-LFA was 

developed by Wang and co-workers.136  The principle of the assay consisted on the 

competition for the aptamer (labeled with AuNPs) between OTA and complementary 

DNA probes located at the test line. The results indicated that the developed aptamer-

based LFA was more sensitive than those conventional immunoassays due to their high 

specificity to a wide range of targets including small compounds. Visual LoD was 1 

ng/mL and semi-quantitative LoD 0.18 ng/mL obtained with a strip reader (see figure 

1.9) 

1.3.4.1. Pesticides 

The term pesticide is referred to substances used for controlling or destroying plant or 

animal pest, that also includes herbicides, fungicides and insecticides.137 The health and 

environmental risk that represent these substances makes necessary the control of their 

use by setting the amount of pesticide in agricultural products.  Nowadays, 

nanomaterials are bringing new opportunities for pesticides detection because the 

analysis can be achieved in situ by using electrochemical and optical techniques.138,139 

For screening and rapid detection of pesticides, different LFA in a competitive format 

due to the low molecular weight of these substances have been developed.  

Wang et al.140 developed a semi-quantitative LFA for detection of carbaryl which 

belongs to the class of carbamates and it is used as insecticide. They could obtain a LoD 

of 100 µg/L, higher than conventional methods as membrane-based ELISA, but the 

LFA provided in an one-step the semi-quantative carbaryl detection avoiding the use of 

carcinogenic and mutagenic substrates.  
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Figure 1.9. Detec tion of ochratoxin-A in  an aptamer-based LFA. (A) S cheme of  competitive 
aptamer-based LFA. (B) Picture of the strips for different OTA concentrations. (C) Specificity 
test towards several mycotoxins. Adapted from [136] with permission. 
 

Atrazine is an organic compound used as herbicide which has been detected in water by 

Shim and co-workers141 using AuNP-based LFA in a competitive format The authors 

reported a visual limit of detection of 3 ng/mL and specificity tests showed a high 

selectivity to  atr azine without cross -reactivity with other pesticides. Additionally, the 

results for the spiked water samples were in good agreement with the obtained by direct 

competitive ELISA  and high performance liquid chromatography (HPLC ). An 

improved detection of atrazine by employing AuNP-based LFA in a competitive format 

was presented by Kaur et al.142 In this work, they prepared a novel and very stable tracer 
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by synthetizing derivatives of atrazine which served as hapten molecules, that were first 

conjugated to a carrier protein (e.g. BSA) and finally to AuNPs, forming the hapten-

protein-AuNPs conjugate. As the typical competitive assays, the atrazine and the 

conjugate compete with the available sites in the anti-atrazine antibody. The authors 

reported limits of detection below 0.1 ng/mL of atrazine in water samples. 

Triazophos belongs to the class of organophosphates pesticides and it is widely used as 

insecticide and acaricide. Gui and co-workers143 developed a competitive AuNP-based 

LFA for detecting residues of this compound in a short time, obtaining a LoD of 5 

ng/mL in water and soil. 

 

 

1.3.4.2. Heavy metals 

Detection of metal ions is of vital importance in environmental monitoring due to the 

potential hazardous effects that can affect the human health. Heavy metals such as 

mercury, cadmium and lead are released to the environment due to industrial activities, 

causing contamination to water and soil. Biological uptake of heavy metal ions through 

the food chain can cause chronic poisoning. Other heavy metal ions such as chromium, 

zinc or copper are necessary for metabolic functions, but their presence at high levels 

can cause damage to liver, pancreas and stomach affecting seriously the human 

health.144  

Traditional analytical techniques for metal detection such as inductively coupled plasma 

mass spectroscopy (IP-OES) or atomic absorption spectroscopy (AAS) are used for 

metal detection due to their reliable results but these analyses are not compatible with 

the field applications due to the use of complex instrumentation. In recent years, the use 

of biosensors for metal ion detection has been growing because of their remarkably 

selectivity through different metals which makes them sensitive and easy-to-use 

devices. In this context, Mazumdar et al.145 described a LFA for lead detection in paints 

using AuNPs-DNAzyme conjugates. A deoxyribozyme or DNAzyme is a DNA 

molecule that is able to catalyze a reaction in the presence of a particular metal ion. In 

this approach, the authors prepared an enzyme-substrate-AuNPs complex composed by 

a modified 8-17 DNAzyme with biotin at one tail and thiol group in the other one, in 

order to be conjugated to the AuNPs and then, spotted at the conjugation pad. In the 
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absence of Pb2+, the substrate remains uncleaved and a red line at the control zone is 

observed due to the binding with the biotin modified tail of the complex. On the other 

hand, if Pb2+ is present on the sample the cleavage of the substrate is produced and can 

migrate and be captured by a complementary DNA sequence located at the test line. 

With this strategy, the authors reported a LF device with useful industrial applications 

and with LoD of 0.5 µM of Pb2+. 

Following a similar approach, Fang and co-workers146 reported the detection of Cu2+ 

with high sensitivity and selectivity. In a sample containing Cu2+ the cleavage of the 

substrate is produced and then, the cleaved product is analyzed in the NALF device. 

Two complementary DNA sequences are deposited on the strip to form the test and 

control lines. AuNPs are modified with a first probe which is complementary to the 

cleaved piece at 5’end, forming a DNA-AuNPs conjugate that migrates through the 

membrane. The test line is visualized when the second DNA probe located in this zone 

hybridizes with the cleaved piece at the 3’ end. Finally, the excess of DNA-AuNPs 

conjugate migrates until the control zone and the hybridization between the third DNA 

probe and the conjugate is produced. The intensity of color of the test line is 

proportionally related to the concentration of Cu2+ in the sample, obtaining a limit of 

detection of 10 nM. In the absence of copper ion, the cleavage in the substrate is not 

produced and only the control line is visualized, indicating that the biosensor works 

properly. In addition, the authors used sample solutions containing different metal ions 

and the results showed high specificity towards Cu2+.  

He et al.147 reported the detection of Hg2+ in aqueous solutions based in the thymine-

Hg2+-thymine coordination chemistry by using thymine-rich hairpin DNA probes. 

Briefly, in the presence of Hg2+ and the thymine-rich DNA probe, the thiolated hairpin 

DNA probe immobilized on the surface of AuNPs opens to form DNA duplexes 

(thymine-Hg2+-thymine). While these DNA duplex moves through the membrane, the 

test line is visualized due to the recognition between the anti-digoxin and the digoxin 

labels on the duplexes. Finally, the control line is visualized through the hybridization 

between the thiolated hairpin DNA and a biotinylated control probe. Using this strategy, 

the authors reported a limit of detection of 0.1 nM and showed that the presence of other 

metal ions in samples do not affect the detection of Hg2+. In a similar and less sensitive 

approach, Yang and co-workers148 described the detection of Hg2+  using a thiolated 

DNA probe conjugated to AuNPs  which hybridizes with a second biotinylated probe 
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forming a DNA duplex due to the strong thymine-Hg2+-thymine coordination. This 

complex is visualized because of the binding between the streptavidin located at test 

line and the biotinylated  DNA duplex. A third DNA probe, complementary to the 

thiolated one, produced the visualization of control line.  In the absence of mercury ion, 

only the control line is observed. By using this strategy, the authors reported a LoD of 6 

nM for Hg2+ and a high selectivity towards this metal ion. 

Detection of  Cr3+ ion in water and serum samples by using a gold-based LFA was 

reported by Liu et al.149  The principle of the assay consisted in a competitive format, 

where the AuNPs were conjugated to antibodies against isothiocyanobenzyl-EDTA 

(iEDTA)-chelated Cr3+. In the absence of Cr3+, the conjugated-nanoparticle can be 

captured by the coating antigen and the goat anti-EDTA deposited at the test and control 

line, respectively. Therefore, two lines can be observed on the strip. In contrast, in 

presence of Cr3+, the nanoparticle-conjugated reacts first with the Cr3+ in the sample and 

in consequence just the control line is observed. The authors reported a LoD of 4.8 

ng/mL and also tested samples with different metal ions showing a high specificity 

towards Cr3+ ion. 

Determination of Cd2+ in drinking and tap water using a competitive LFA was recently 

introduced by López-Marzo and co-workers.150,151  The detection principle of Cd2+ ion 

is based on the competition between the Cd-EDTA complexes with the Cd-EDTA-

BSA-AuNPs conjugate for the same binding site of a purified monoclonal antibody, 

which specifically recognizes Cd-EDTA complexes but no free Cd2+ ions. This affinity 

is associated with certain residues such as histidine-H96 and tryptophan, on the heavy 

chain variable regions of the antibody which are important as antigen recognition sites. 

A very low limit of detection of 0.1 nM was found which constitutes the lowest value 

reported for paper-based biosensors (see figure 1.10). The authors also tested the 

specificity of the assay using different metal ions with Cd2+ ion and the results showed 

several degrees of interference that can be reduced optimizing the concentration of 

reagents such as EDTA and OVA or BSA.  
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Figure 1.10. Cadmium analysis in waters through LFA-based immunodetection of Cd-EDTA. 
(A) Configuration of the LF strip and its state after adding the sample without (B) and with (C) 
Cd-EDTA.  Adapted from [150] with permission. 
 

 

 

1.3.5. New trends on lateral flow technology 

1.3.5.1. Amplification strategies 

In las t ye ars, many efforts have b een focused  in order to im prove th e sensitivity of 

LFAs, being of special interest those which exploit the benefits offered by the 

nanotechnology. 

Most of the different strategies us ed for developing more sens itive devices require 

additional assay steps. The imm unogold silver-staining (IGSS) is a technique used for 

enhancing the signal which is based on the reduction of silver ions over the surface of 

AuNPs increasing their size and therefore, improving the sensitivity of the assay. Shyu 

et al .152 described a AuN P-based LFA  for determining ri cin, reporting a limit o f 

detection of 50 ng/mL in a standard assay but when they used the silver-enhancement as 

signal amplifier method, the LoD decreased considerably to 100 pg/m L. Cho and co-
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workers,153 reported the detection of cardiac troponin I in a cross-flow chromatographic 

assay using the IGGS as signal amplifier and this method increased the sensitivity by 

51-fold compared with the conventional gold-based LFA. 

Other method for enhancing the sensitivity of LFA by in situ increasing the size of 

AuNP is the gold-mediated amplification. Rastogi and co-workers122 developed a device 

for detection of DNA specific to Escherichia Coli O157:H7 by using locked nucleic 

acids (LNA) and this amplification method. To achieve autocatalytic deposition of gold 

over the AuNP surface and subsequent growth of AuNP, an aliquot of amplifier solution 

composed by HAuCl4 and formaldehyde in a suitable ratio was dropped directly over 

the membrane once the conventional assay was developed. Using this strategy, the 

authors reported 0.4 nM as LoD.  

Signal amplification in a LFA for human IgG detection using gold nanoparticles as 

carriers of enzymatic labels has been very recently reported by Parolo et al.154 In this 

work they described the use of AuNP as direct labels giving a less sensitive detection 

range, but when the nanoparticles were coupled with an antibody modified by HRP, 

they could act also as carriers labels. Three different HRP substrates were tested and 

added to the strips after the direct detection with AuNP. The 3,3,5,5-

Tetramethylbenzidine (TMB) gave the best result for LFA applications (see figure 

1.11), enhancing the LoD up to one order of magnitude (200 pg/mL) compared with the 

traditional assay (5 ng/mL). 
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Figure 1.11. LFA signal amplification using AuNPs as carriers of enzymes. (A) Principle of the 
enhanced assay using HRP enzy me and th ree different substrates: TMB,  AEC and  DAB. (B) 
Pictures of  LFA strips for different HI gG con centrations usin g the three different sub strates. 
Adapted from [154] with permission. 
 

Although the mentioned methods greatly increase the sensitivity of LFA, they required 

two steps: detection and signal amplification, which implies more reagents, additional 

procedures and longer detection times. 

Another intere sting m ethod for intensifying the signal in volves the use of gold -

nanoparticles of different sizes in the same lateral flow strip. Choi et al .100 studied the 

effect produ ced in the LFA sens itivity us ing gold nanoparticles of different sizes for 

troponin I detection. The assa y consi sted in the recognition between 40mn AuNP 

nanoparticles and 10nm AuNP primarily accumulated at the test line. Briefly, smaller 

AuNP were conjugated to anti-troponin I antibody and blocked by BSA, bigger AuNP 

were conjugated to anti-BSA antibody and both groups  were retained in diff erent 

conjugate pads. When the sample flows through the m embrane, the sm aller 

nanoparticles r ecognize the analyte and flow fas t arriving first  to the test zone. In 

contrast, bigger nanop articles flow slower  due to their size, they rec ognize the  

conjugated of 10nm AuNP and an incr ease in sensitivity of around 100 -fold is 

consequently achieved (see figure 1.12) 
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Figure  1.12. LFA signal amplification using dual AuNP conjugates. Adapted from [100] with 
permission. 
 

Other methods for signal amplification using a composite formed by the immobilization 

of AuNP over a Fe2O3 nanoparticles core was reported by Tang and co-workers 155. 

They applied this strategy for fast screening of aflatoxin B2 in a competitive LFA and 

found a LoD of 0.9 ng/mL which was 3-fold lower than the value found for 

conventional LFA using AuNP as label. 

Inspired by this work, Liu and co-workers156 reported the use of Fe3O4 nanoparticles 

aggregates as labels for detection of pesticide residues. The authors achieved a 

controlled aggregation of magnetic nanoparticles by cross-linking the polyethylene 

glycol-coated Fe3O4 NP bearing surface carbonyl groups with poly-L-lysine, followed 

by the conjugation with anti-pesticide antibodies. Employing this approach, they 

reported a LoD of 1.7 ng/mL which was 40-fold lower that the assay with Fe3O4 NPs. 
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An interesting and simple strategy based on changes of architecture of gold-based LFA 

was also very recently presented by Parol o et al .157  The authors studied the effect on 

the sensit ivity of the as say by simply changing the dim ensions of the conjugate and 

sample pad. Increasing the size of sample pad and keepi ng constant the conjugate pad 

size, no c lear positive effect on se nsitivity was observed. However, by increasing  the 

size of both the conjugate and s ample pad a n 8-fold improvement in the lim it of 

quantification was achieved (see figure 1.13). 

 
Figure  1.13. LFA signal a mplification by chang ing th e standard LF strip geo metries. (A) 
Above: Pictures of LF A with di fferent sample pad architecture s fo r 60  ng /mL of human IgG 
(HIgG). Bot tom: Flo w sp eed si mulations for sample pad s with different sizes. (B) Abo ve: 
Pictures of LFA with di fferent sample and  conjugation pads de signs fo r 60 ng/mL HIgG. 
Bottom: Flow spe ed simulations fo r sample and conjugation pads with  different desig ns. 
Adapted from [157] by permission of The Royal Society of Chemistry. 
 

1.3.5.2. Multianalyte detection 

In most of diseases, the detection of more than one biomarker is usually required for  

offering an accurate diagnostic. In consequence, the need to detect multiple analytes in a 

single device is becoming a growing topic in paper-based biosensors field. Multianalyte  

LF assa ys are im portant because they all ow the sim ultaneous detection of different 

analytes in a single assay with short detection times and low cost. 
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Nevertheless beside advantages the possible cross-reactivities between antigens and 

antibodies in the sample that could affect the results of the LF assay should be carefully 

considered.  

Commercial multianalyte LFA for different applications such as, (i) the triple line 

QuickVue® developed by Quidel Corporation for detection of Influenza A or B 

virus158; (ii) a multiplexed LFA for HIV/syphilis by CTK Biotech159 (iii) the dual 

detection of Cryptosporidium parvum and/or Giardia duodenalis (pathogens related to 

animal diseases) developed by Megacor Diagnostik160 and (iv) the sensitive detection of 

E. coli Shiga toxin 1 and 2 commercialized by Meridian Bioscience have been 

reported.161  

Recently, Yonekita et al., 162 described a novel method by using AuNP-labelled 

antimicrobial peptides (AMP) as recognition molecules for bacteria in LFA. In addition, 

the authors developed a multianalyte LFA for detection of E. coli strains O157, O26 and 

O111 up to 104 CFU/mL in beef. 

Even though the detection of toxins is vital for avoiding the effects produced to the 

human health, few works have been reported for their multidetection. Unisensor163 

developed the first multiplex dipstick for detection of four main classes of mycotoxins: 

zearalenone (ZEN), T-2 and HT-2 toxins, deoxynivalenol (DON) and fumonisins 

(FB1/FB2). This device allows the detection in just less than 30 min with high specificity 

and sensitivity. 

 

1.3.5.3. Integration of novel materials 

Magnetic particles have been used for years as well-established labels in bioassays 

because they are not affected by reagents, are stable over time and can be manipulated 

by applying a magnetic field. In recent years, the use of superparamagnetic 

nanoparticles (SPMNP) has become an attractive alternative to the traditional labels for 

LFA, because of their quantitative measurement that can be achieved over the entire 

thickness of nitrocellulose membrane, instead of the eye-naked detection which 

employs color intensity as signal only if the labels are located 10m coming from the 

top layer of membrane.55 With the use of these new labels, it is consequently possible to 

obtain better sensitivities in LFA. 
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In this context, Wang et al.164 presented a study about the size and magnetite content of 

SPMNP and their use as label in LFA using hCG as model protein. The authors found 

that smaller sizes of SPMNP between 111-133 nm are related to shorter times of 

detection. In addition, while higher was the content of magnetite higher was the signal 

intensity, which was stable over the time allowing to recheck the results. 

An application of magnetic LFA was developed by Xu and co-workers for detection of 

cardiac troponin I.165 They could detect up to 0.01 ng/mL of analyte (1000-fold lower 

than ELISA test) in a wide range of 5 orders of magnitude, just in 15 min. 

A recent study of magnetic LFA was described by Zheng et al.166 for rapid detection of 

parvalbumin (Pa). The authors reported limit of detection of 5 µg/mL and 0.046 µg/mL 

of Pa for visual and quantitative detection. The results were obtained in less than 20 

minutes and were in agreement with Western Blot assay (93% of accuracy). 

Other materials to replace the traditional supports, such as nitrocellulose in LFA have 

been also studied. In this sense, cotton threads have been used for Zhou et al.167 as 

support for transporting and mixing liquids, applied to the detection of C-reactive 

protein (CRP) and demonstrating the possibility of a quantitative and multiplex assay. 

The authors reported the AuNP-based immunochromatographic assay on thread 

(ICAT), using cotton threads and nylon fibers bundles as membrane and pads, 

respectively. Briefly, the assay consisted in placing the sample onto the nylon fiber 

bundle where detection antibody-AuNP conjugate, as well the capture and control 

antibodies located in the cotton thread at test and control zone, respectively were 

vacuum dried. Immediately after this step, a buffer solution for allowing the flow of the 

sample and the conjugate through the cotton threads and subsequent detection was 

added (see Figure 1.14). With this strategy, it was possible to detect up to 377 pM of 

CRP, value comparable to other reported LFA for CRP but with the advantage of the 

possible simultaneous detection of several analytes (CRP, leptin and osteopontin) in a 

reduced space and the possibility to customize ICAT à la carte thanks to the modularity 

of this assay. Currently, studies related to long-term stability and the type of sample are 

being investigated by this group. 
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Figure 1.14. I mmunochromatographic assay th read (ICAT). (A) Schematic representation of  
the ICAT and steps fo r detection. (B) Picture of an ICAT cartridge with six threads a nd 
configuration of  ICAT. (C) Pictu re of a  completed ICAT after detection. Red color is due to 
AuNPs located at the capture and control zone. Unbound AuNPs are absorbed by the wicking 
pad, on the right. Adapted from [167] with permission. 
 

 

Even though the nit rocellulose is the most co mmon material for immobilizing 

antibodies in LFA , the research a bout the use of cellulose substrate s for developing 

bioactive p aper bio sensors has hi ghly increased in the last years . Usually the 

functionalization of cellulose is achieved under harsh conditions, but Credou and co -

workers168 recently developed a method  for functionalizing cel lulose based in th e 

aryldiazonium che mistry. All the functionalization p rocedures were done in mild 

conditions: in water, in a single step and at room temperature. The authors applied the 

biofuncionalized cellulose as detection pad in an AuNP-based LFA which resulted to be 

less efficient than nitrocellulose but more than pristine ce llulose. Nevertheless, th e 
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authors developed a new method for modifying cellulose without damaging the activity 

of biomolecules and they successfully proved the use of biofunctionalized sheets in LF 

technology. 

 

1.3.5.4. Integration with electrochemistry 

Electrochemical detection in conjunction with colorimetric methods enables to quantify 

the results of an assay, taking advantage of the red-ox properties of some of the tags 

used in LFA. 

Detection of PSA has been achieved in a LFA coupled to electrochemistry using core-

shell quantum dots of CdSe@ZnS.169 In this work, a sandwich LFA format was 

achieved and the captured labels at test zone were detected by dissolving cadmium 

contained in the NP which was subsequently detected by stripping voltammetry in a 

disposable screen-printed electrode. The authors reported a reproducible coupled assay 

with a low detection limit of 0.02 ng/mL PSA. 

Mao et al.170  developed a simultaneous visual detection of rabbit IgG (RIgG) and 

human IgM (HIgM) as protein models in a LFA and subsequent quantitative detection 

of dissolved Au(III) ions by stripping voltammetry. LoD achieved with this 

methodology were 1.0 ng/mL and 1.5 ng/mL of RIgG and HIgM, respectively. 

Sensitive detection of trichloropyridinol (TCP), a metabolite biomarker of exposure to 

organophosphorus insecticides was achieved in a LFA integrated with 

electrochemistry.171 The enzyme-linked immunoreaction was developed in the LF strip 

and all the captured HRP-labeled antibodies located at the test zone were measured in a 

screen-printed electrode by using square wave voltammetry, allowing detecting up to 

0.1 ng/mL TCP. 

Du et al.172 developed a sensitive integrated LFA electrochemical detection for the 

determination of organophosphorus pesticides. This work is based on parallel 

measurements of post exposure and baseline acetylcholinesterase (AChE) enzyme 

activity. The proposed device was composed by the LFA and a screen-printed electrode 

located under the test zone and the signal was enhanced using carbon nanotubes 

allowing the electrochemical detection at low potentials. Authors reported a limit of 

detection of 0.02 nM of organophosphorus pesticide. 
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1.4. Conclusions and future perspectives 

 

In past decades significant efforts for the development of reliable, easy to use, fast in 

response, portable and low-cost electrochemical biosensors for the detection of a wide 

range of analytes has been observed. Nevertheless, many of the conventional techniques 

that offer high analytical performances, are time consuming, slow in response and 

sometimes require expensive or complicated procedures. Current challenges for 

electrochemical biosensors are focused to their further  miniaturization and  reaching of  

simplified read-out and multiplexing capabilities. In this context, nanotechnology is 

offering the development of miniaturized and cost-efficient electrochemical devices that 

may fulfill the gap between proof of concept lab devices and real applications with 

interest in different fields such as medicine, environmental, food analysis and bio-

defense. 

Undoubtedly, the application of different nanomaterials has brought new possibilities to 

biosensing field, due to the well-known unique properties of nanomaterials which are 

strongly dependent of the size and shape. Nanomaterials can be integrated in an 

electrochemical biosensor playing different functions either as labels in the recognition 

event due to their biofunctionalization capability or as components of the sensing part 

because of their conductivity, that makes them very attractive for the development of 

new biosensors, as well for the improvement of the existing ones.  

Beside electrochemical biosensors lateral flow assays (LFA) are excellent tools which 

fulfill the requirements of an ASSURED device. Further advances of nanoscience and 

incorporation of nanomaterials to these devices brings a wide number of advantages for 

improving their sensitivity.  

LFA technology has been quickly established with a good market position due to two 

main reasons: i) potentiality of satisfying the necessity of rapid diagnostic devices with 

moderate sensitivity for being used outside of lab settings; ii) low cost analysis and easy 

production. Even though the cost LFA equipment fabrication, it is considerably 

reasonable compared with other immunoassay technologies and the final costs of mass 

producing lateral flow strips are significantly low. In fact, LF technology is still 

improving with regard to the recent market needs for more quantitative and rapid 
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diagnostic devices making possible the extension of LFA to other areas, e.g. agriculture, 

veterinary, bio-defense, food, environmental control and also in nucleic acid testing. 

Gold nanoparticles are the most popular label for LFA, due to their biocompatibility, 

easy and inexpensive preparation, stability and strong red color coming from their 

surface plasmon absorption. A wide variety of analytes have been tested by using LF 

technology, including different fields for example medical diagnostics, environmental 

and food. Some of these devices can be found now in the market (see figure 1.15). 

Although the LFA is an old technology it is under an extensive research due to the new 

opportunities coming from the use of nanotechnologies and nanomaterials. The main 

challenge in the field consists in improving the sensitivity of the assays so as to reach 

the requested low detection limits for real samples applications.  

Gold nanoparticles based LFA can be further improved by developing of more sensitive 

detection systems. Beside possible improvements of current optical detectors the 

integration of AuNP-electrochemical detection systems may bring significant results. 

This can be related to the possibility of the use of electrochemical detection systems that 

employ electrocatalytic properties of AuNP well known for their higher sensitivity in 

conventional batch systems (ex. screen-printed based electrodes already reported in 

biosensing of DNA, proteins and cells using AuNP). This would imply careful studies 

and further modification of AuNP-related electrocatalytic reactions so as to adapt these 

to LF designs and the composition of the LF pads/platforms.    
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Figure 1.15. Commercial LFA devices. (A) Clearblue™ Advance Pregnancy Test with Week 
Estimator. Photo reproduce d with ki nd perm ission fro m SP D Swiss Precision Diagn ostics 
GmbH, owner of trademark ClearblueTM © 2014. All rights reserved. (B) ImmunoCard STAT! 
(R) for E. coli Shiga toxin 1 and 2 detection. Meridian Bioscience, Inc. All rights reserved. (C) 
RAID 5 for biological t hreat screening. Alexeter Technlogies. All rights rese rved. (D) 
QuickVue® for Influenza A and B detection. Quidel Corporation. All rights reserved. 
 

Future trends beside the use of gold nanopar ticles seem to be focused on the 

development of new labels such as other catalytic nanop articles, new 

nano/micromaterials for LF platform modification as we ll as of new architectures and 

strategies that would all ow for faster  and higher sensitive detection. S uch 

improvements, some of which are already reported as proof of concept, are expected to 

bring these devices to real analytical applications in the near future for a broader range 

of analytes.   
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Objectives 

 

The main objective of this PhD thesis consists in the study and development of different 

strategies based on novel properties of nanoparticles and other micromaterials for the 

improvement of the analytical performance of electrochemical and optical biosensing 

systems with interest for point-of-care diagnostics.  

 

More in detail, the specific objectives of this thesis can be summarized as follows: 

 

- Synthesis, characterization and evaluation of electrocatalytic properties of 

iridium oxide nanoparticles (IrO2 NPs) toward water oxidation reaction. 

Application of IrO2 NPs as electrochemical labels for protein biomarkers 

(Alzheimer related) detection through proper study and optimization of all the 

involved physical/biochemical parameters.  

 

- Development of a label-free impedimetric biosensor based on the application of 

IrO2 NPs as modifiers of electrotransducing surfaces. Study of the impedance 

properties of the modified electrodes for their use in toxin detection through 

application of an aptamer as receptor. 

 

- Design and study of a gold nanoparticles (AuNPs) based-lateral flow device 

modified with delay barriers. Study of the effect of wax-printed micro-pillars in 

the microfluidics and evaluation of the analytical performance of the developed 

device for protein detection.  

 

- Development of a novel strategy for enhancing the sensitivity of lateral flow 

assays through the use of AuNP modified secondary antibodies. Application of 

the developed device in the detection of Leishmania related DNA with interest 

for animal diagnostics.  
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Summary 

 

In this Chapter, iridium oxide nanoparticles (IrO2 NPs) synthetized following a 

previously reported chemical route are presented as novel tags for immunosensing 

taking advantage of their electrocatalytic activity towards water oxidation reaction 

(WOR). Cyclic voltammetry and chronoamperometry for the evaluation of the IrO2 NPs 

electrocatalytic activity towards WOR at neutral pH are used. The chronoamperometric 

current recorded at a fixed potential of +1.3V constitutes the analytical signal allowing 

the quantification of IrO2 NPs at nM levels.   Modification of the surface of citrate-

capped IrO2 NPs with anti-Apolipoprotein E  antibodies (-ApoE) is successfully 

achieved and the as-prepared conjugates are used for the electrocatalytic detection of 

ApoE Alzheimer disease (AD) biomarker in a magnetosandwich immunoassay, 

reaching a detection limit of 68 ng/mL. Human plasma of a patient suffering AD is also 

evaluated, estimating an ApoE concentration of 20 µg/mL which is in concordance with 

the obtained in previously reported approaches. This novel IrO2 NPs based 

electrocatalytic assay  presents the advantage of the signal generation in the same 

medium where the immunoassay takes place (PBS, pH 7.4) avoiding the use of 

additional reagents which also opens the way to future integrated biosensing systems 

and platforms with interest for other proteins as well as DNA and cells analysis. 
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3.1. Introduction 

Recent advances in materials science and, in particular, in the nanomaterials field have 

opened the way to great achievements in immunosensing technology. Outstanding 

optical and electrochemical properties of nanoparticle tags have been extensively 

studied and applied for immunosensing in the last years, offering excellent alternatives 

to existing conventional strategies/assays with interest in different fields, being the early 

diagnostics based on sensitive detection of protein biomarkers the most relevant one.1–7   

Of special interest is the possibility to electrochemically detect NP tags, due to the 

inherent advantages of the electrochemical techniques in terms of sensitivity, selectivity, 

low cost and ease of use mode, together with the possibility of miniaturization of the 

detection system. 8–10  NPs such as gold NPs (AuNPs) and quantum dots NPs (QDs) 

have been used as labels for protein biomarkers detection due to their excellent redox 

properties, electrocatalytic activity toward several substrates and easy preparation and 

bioconjugation capabilities.11,12  However, these approaches often suffer the limitation 

related to the need of acidic solutions either for the total dissolution of the NP tag 

followed by stripping voltammetric detection13–16  or as source of protons for further 

electrocatalytic detection based on the hydrogen evolution reaction (HER).17–19   The 

use of such acidic solutions, in addition to inherent security risks, represents an 

additional step which not only increases the analysis time but also is a crucial limitation 

in case of really integrated sensing systems, such as those based on lab-on-a-chip or 

lateral-flow platforms.  Hydrogen bubbles formed during hydrogen gas evolution is 

another inconvenience for the integration of HER based biosensing systems in 

microfluidics platforms. For these reasons, there is a demand for novel NP tags easy to 

be detected in the same medium of the immunoreaction, often saline buffers at neutral 

pH. In this context we consider that NPs able to catalyze water oxidation reaction 

(WOR) would be ideal candidates for this purpose.  

Electrochemical water splitting is composed of two half-cells redox reactions which 

have been studied separately.20  While the HER proceeds in two-electron process, the 

evolution of oxygen from water, WOR, is a more complex endothermic process (Eº= 

1.23 eV at pH 0.0) that involves four electrons and formation of an oxygen-oxygen 

bond. 

2H2O  O2 + 4H+ + 4e-  Eq. 3.1 
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In nature, the photosynthetic water oxidation is catalyzed by a Mn complex in a 

membrane protein complex located in photosynthetic organisms.21,22 Due to its 

importance, many studies have been carried out so as to understand  the mechanism of 

water splitting and oxygen formation driven naturally.23  Molecular complexes based on 

Ru24–26 , Mn27,28 , Ir29,30 ; bulk metal oxides of Co3O4
31,32 ,  RuO2 and IrO2

33  and 

moreover, their nanoparticulated metal oxides34–38  have been studied in the pursuit of a 

synthetic catalyst capable to effectively oxidize water.  In this context, IrO2 is a very 

attractive material to be considered thanks to its catalytic activity, biocompatibility, low 

resistivity and outstanding chemical and thermal stability which has been used for 

applications in pH sensors39,40  and neural stimulation.41,42  

It is well known that nanomaterials exhibit a large surface area that leads to an increase 

in their reactivity, compared with the bulk material. Due to this property, the catalytic 

activity of iridium oxide nanoparticles (IrO2 NPs, stabilized by citrate ions) towards 

water oxidation reaction, has been tested under photochemical conditions with strong 

oxidants showing a good catalytic performance.34,35,43  Citrate capped IrO2  NPs showed 

a remarkable catalytic activity toward the WOR when they were self-assembled on an 

indium tin oxide (ITO) forming an ester layer on the electrode.36   

All these noteworthy features make IrO2 NPs ideal candidates for using in biosensing 

field. However, to the best of our knowledge, neither the electrocatalytic activity of IrO2 

NPs in suspension nor their use as tags in biosensing have not been yet evaluated. Their 

easy to be measured electrocatalytic properties  at neutral pH opens the way to their 

direct detection in the same medium where the immunoreaction takes place (i.e. PBS 

buffer, pH 7.4), overcoming the above mentioned limitations of other NP-based 

electrochemical immunosensing systems.  

In this work we explore the excellent electrocatalytic property of IrO2 NPs toward WOR 

and employ this as a new signaling route in protein diagnostics. Magnetic beads 

modified with antibodies are used as platforms of the immunoassay which is applied for 

the detection of Apolipoprotein E (ApoE), a well-established biomarker of Alzheimer 

disease (AD) 44,45 which is one of the most common cause of dementia.  
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3.2. Experimental section 

3.2.1. Reagents and apparatus 

Potassium hexachloroiridate (IV)  (K2IrCl6), sodium hydrogen citrate sesquihydrate 

(Na2C6H6O7·1.5H2O), sodium hydroxide (NaOH); N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC), N-Hydroxysulfosuccinimide sodium salt 

(sulpho-NHS), phosphate buffer saline in tablet, 2-(N-morpholino)ethanesulfonic acid 

(MES buffer), Tween 20, bovine serum albumin (BSA), were purchased from Sigma 

Aldrich. Carboxyl-modified magnetic beads 2.8 µm sized (MBs) were purchased from 

Dynal Biotech. (Dynabeads® M-270, Invitrogen). Capture monoclonal antibody, 

biotinylated detection mAb, streptavidin-enzyme conjugate HRP and purified ApoE as a 

standard were purchased from Mabtech. mQ water, produced using a Milli-Q system 

(>18.2 Mcm-1) purchased from Millipore, was used for the preparation of all 

solutions. The stirrer used was a TS-100 Thermo shaker (BioSan). A thermostatic 

centrifuge (Sigma 2-16 PK, Fisher Bioblock Scientific) was used to purify the iridium 

oxide nanoparticles/antibody conjugates.  

Human plasma samples of a patient suffering from Alzheimer disease were provided by 

the Institute of Neurology of Ulm University (Germany).  

The electrochemical transducers used were homemade screen-printed carbon electrodes 

(SPCEs) in a semi-automatic screen-printing machine DEK248 (DEK International, 

Switzerland).  The substrate and inks used for this process were: Autostat HT5 polyester 

sheet (McDermid Autotype, UK) and Electrodag 423SS carbon ink, Electrodag 6037SS 

silver/silver chloride ink and Minico 7000 Blue insulating ink (Acheson Industries, The 

Netherlands). 

A microwave digester model MARSXpress (CEM Corporation, USA) and an 

inductively coupled plasma-optical emission spectrometry (ICP-OES) spectrometer 

model Optima 4300DV (Perkin-Elmer, USA) were used for iridium analysis. 

X-ray photoelectron spectroscopy (XPS) experiments were performed in XPS 

spectroscope PHI 5500 Multitechnique System (Physical Electronics, USA). 

Optical characterizations of IrO2 NPs were conducted in a Field Emission Gun 

Transmission Electronic Microscope (TEM) model TecnaiTM G2F20 (Fei, USA) and 

Gemini SpectraMax M2e Multi-Mode Microplate Reader (Molecular Devices, USA). 
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Electrochemical measurements were performed using an Autolab 20 (Echo-chemie, The 

Netherlands) connected to a PC. 

 

3.2.2. Methods 

3.2.2.1. Fabrication of screen-printed carbon electrodes (SPCEs)  

The electrochemical transducers used were homemade screen-printed carbon electrodes 

(SPCEs), consi sting of three electrodes: working electrode, reference ele ctrode a nd 

counter electrode in a singl e strip  fabricated with a semi-automatic screen-printing 

machine DEK248 . The ful l size of the sensor strip was 29mm x 6.7 mm, and the WE 

diameter was 3mm. The fabrication of the SPCEs was carried out in three steps. First, a 

graphite layer was printed onto the polyester sheet, using  the screen-printing machine 

with the stencil (where it is the electron pattern). After curing for 15 minutes at 95ºC, an 

Ag/AgCl layer was printed and cured for 15 minutes at 95ºC. Finally, the insulating ink 

was printed and cured at 95ºC for 20 minutes. 

Figure 3.1 shows images of the s creen-printing m achine and the 4 5-sensor sh eet 

obtained following the detailed experimental procedure. 

Figure 3.1. (A) Semi-automatic screen-printing machine DEK248. (B) Above: Images of the 45 
SPCE sensors sheet obtained following the detailed experimental procedure. Bottom: Detail of 
one SPCE, containing t he th ree electrodes in th e working area: RE- Ag/AgCl refere nce 
electrode, WE- carbon working electrode and CE- carbon counter electrode. 
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3.2.2.2. Synthesis and characterization of iridium oxide nanoparticles 
(IrO2  NPs) 

The proc edure for the synthesis of iridium oxide nanoparticles is based on Harri man 

work.34 Briefly, 30 m g of K2IrCl6 were added  to 50 mL aqueous solution of 3.8mM 

sodium hydrogen citrate. The resulting red-brown solution was adjusted to pH 7.5 using 

a 0.25 M NaOH solution and then refluxed with constant stirring for 30 min. After this, 

the solution changed its color to a light blue and it was cooled at room temperature and 

the pH of the solution was again adjusted to 7.5. Then, it was stirred and refluxed for 30 

min. These steps were repeated until obtaining a constant value of pH 7.5. The solution 

was additionally refluxed for 2 h with oxygen bubbling through the solution to yield a 

deep blue suspension of IrO2 NPs (Fig. 3.2). All the experiments were conducted with 

the as-prepared solution that was stored at 4ºC. 

Figure 3.2. Pictures showing the changes in the solution color during the different steps of the 
synthesis of IrO2 NPs. Iridium salt and citrate before refluxing (a), after first reflux (b) and final  
suspension of IrO2 NPs (c).  

 

The total amount of iridium in the NPs suspension was obtained by analysis with ICP-

OES at th e Servei d’Anàlisi Química of the Universitat Autónoma de Barcelona.  

Samples were diluted in  aqua regia in a microwave diges ter and inserted in the ICP-

OES spectrometer to obtain the total content of iridium, expressed in mg/L. 

For UV-Vis characterization, 300 µL suspension of IrO2 NPs were introduced in a well 

of a microplate and the optical density in the range between 400-800 nm was read with 

a microplate reader and analyzed using the SoftMax Pro 5.2 program. 
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For size and shape characterization of IrO2 by TEM, 5µL of the as-prepared dispersion 

were dropped on a copper grid and let to be dried all the night. 

XPS experiments were carried out in the Centres Científics I Tecnològics of the 

Universitat de Barcelona (CCiTUB) and were performed in a XPS spectroscope with a 

monochromatic X-ray source (Aluminium K line of 1486.6 eV energy and 350 W), 

placed perpendicularly to the analyzer axis and calibrated using the 3d5/2 line of Ag with 

a full width at half maximum (FWHM) of 0.8 eV.  All measurements were made in an 

ultra-high vacuum (UHV) chamber pressure between 5x10-9 and 2x10-8 torr.  Binding 

energies were calibrated respect to the C 1s electron peak at 284.8 eV.  

 

3.2.2.3. Calculation of  IrO2 NPs concentration 

In order to calculate the number of atoms of iridium per NP, for simplicity the shape of 

the agglomerated IrO2 NP was considered as a perfect sphere and by taking the density 

() of IrO2 as bulk 11.68 g/cm3, the molecular weight (M) to be 224.22 g/mol and the 

Avogadro number (NA) to be 6.02x1023, diameter of the particle (D) and the 

approximate number of Ir atoms per particle (N)  is calculated to be 3.4x104 using the 

following equation:2,3 

  
      

  
  Eq. 3.2 

Thus, the concentration of iridium oxide stock solution was calculated to be about 35 

nM using the concentration of Ir obtained by ICP-OES (0.227 mg/mL; 1.18 mM) 

divided by the number of atoms per particle (N). 

 

3.2.2.4. Conjugation of IrO2 NPs to ApoE antibodies  

The ApoE antibodies immobilization on IrO2 NPs was performed by direct random 

adsorption onto the NP surface. Briefly, 100L of 100µg/mL ApoE monoclonal 

antibody (ApoE mAb) were added to 1.75mL of IrO2 NPs suspension adjusted to pH 

7. The resulting solution was incubated for 20 min at 650 rpm. Then, 150L of 5% w/v 

BSA aqueous solution were added and the stirring was continued for other 20min at 650 

rpm. Finally, the solution was centrifuged at 35000×g (4ºC) for 2 hours and 30 minutes. 
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The supernatant was removed and the pellet of iridium oxide NP/ ApoE mAb was re-

suspended in 200 µL of milliQ water. 

The same experimental procedure was previously followed for the conjugation of anti-

human IgG-horseradish peroxidase (HIgG-HRP) antibodies to IrO2 NPs so as to check 

the antibody imm obilization on the NPs surface. This study was per formed by the 

addition of TMB solut ion (that acts as HRP substrate) to  suspensions of IrO2 NPs 

conjugates at different pH valu es (pH 7, 8  and 9). Typical chang e of color fro m 

colorless to blue was observed when the rea ction between the TM B and the HRP 

labelling the anti bodies took place, corresponding to the g eneration of a cation fr ee-

radical as oxidation product.  The react ion was stopped by adding H2SO4, observing a 

stronger coloration for the conjugates prepared at pH 7 (Fig. 3.3), so these conditions 

were chosen for the preparation of the conjugate between Ir O2 NPs and the ApoE 

antibody. 

 

Figure 3.3. Qualitative assay for checking the conjugation between HIgG-HRP and IrO 2 NPs 
after the addition of TMB. An intense yellow coloration and precipitation was observed after the 
stopping the reaction enzymatic reaction with H2SO4. 

 

3.2.2.5. Magnetosandwich immunoassay for ApoE capturing and 
labelling with IrO2  NPs  

Carboxylated m agnetic microbeads were functionalized through th e well -known 

EDC/sulfo-NHs chemistry. EDC was pre-activated by m ixing 133 µ L of EDC (10 

mg/mL) with 25 µL of sulfo-NHS (100 mg/mL) for 10 min (both solutions in 100 mM 

MES, pH 5). After that, 842 µL of 10 mM MES pH 5 were added forming solution 1. 

15 µL of carboxylated magnetic beads were placed in an Eppendorf tube, washed two 

times in MES buffer and reconstituted in 150 µL of the solution 1 . The mixture was  
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incubated at 37 ºC for 30 min (700 rpm). Oriented antibody immobilization was 

performed by adapting a procedure previously optimized in our group.46 Briefly, after 

washing two times in MES buffer, 30 µL of a 300 µg/mL monoclonal goat ApoE 

antibody solution and 120 µL of 10 mM MES, pH 5, were added to the microspheres 

and incubated at 37 ºC for 1 h (700 rpm). After washing two times in MES buffer, 150 

µL of 5 % BSA (in MES buffer) were added to the microspheres and incubated first at 

25 ºC for 20 min (700 rpm) and then at 4 ºC overnight.  

After washing two times in PBS-Tween buffer and once in PBS buffer, 150 µL of 

recombinant ApoE standard in PBS buffer was added to the microspheres and incubated 

at 25 ºC for 20 min (700 rpm). After washing two times in PBS-Tween buffer and once 

in PBS buffer, 150 µL of the previously synthesized IrO2  NPs/ ApoE antibody were 

added to the microspheres and incubated at 25 ºC for 20 min (700 rpm). The magnetic 

conjugate was washed four times in PBS-Tween 20 buffer, two times in PBS, once in 

water and reconstituted in 150 µL of 0.1 M PBS. 

In the case of the analysis of human plasma samples, the same experimental procedure 

was followed, using serial diluted plasma samples in PBS buffer instead of the standard 

of ApoE. 

 

3.2.2.6. Electrochemical measurements 

Each electrochemical measurement was performed after dropping 50 µL of IrO2 NPs 

suspension in 0.1M PBS pH 7.4 freshly prepared onto the SPCE.  Blank signals were 

recorded following the same electrochemical procedure but using an aliquot of buffer. 

Cyclic voltammetry (CV) was carried out from -0.5 V to +1.3 V at 50 mV s−1 and 

chronoamperometry was performed at a fixed potential of +1.3V during 300 s. 

The electrochemical detection of ApoE captured through the magnetosandwich 

immunoassay was evaluated through the water oxidation reaction. Briefly, 50 μL of the 

immunocomplex suspension were placed on the surface of the screen-printed carbon 

electrode (SPCE), where a magnet was previously attached to polyester on the reverse 

side of the working area. An oxidative potential of +1.3 V was applied during 300s. The 

water oxidation catalyzed by the IrO2 NPs tags was chronoamperometrically followed 

measuring the current generated during the time. The absolute value of the current at 
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250 s was chose n as the analytical signal. For all the expe riments, the measurements 

were made by triplicate at room temperature.  

 

3.3. Results and discussion 

3.3.1. Characterization of IrO2 NPs  

Characterization of IrO2  NPs was conducted through different techniques as UV-visible 

spectrophotometry (U V-Vis), tran smission electronic microscopy (TEM) and X-ray 

photoelectron spectroscopy (XPS). Hydrolysis of hexachloroiridate (IV) ion, [IrCl6]2-, in 

neutral aqueous solut ions in the presence of citrate ions, results in formation of deep 

blue suspension of nanoparticles of IrO2·xH2O34 (for simplicity, they will be denoted as 

IrO2). TEM micrograph reveal the homogeneous distribution of IrO2 NPs (Fig. 4) and is 

worthy to note the homogeneous size of observed agg lomerates of 12.5±2.5 n m 

composed by sm aller nanoparticles of 1.5±0.3 nm . This suggests that the initially 

formed small nanopa rticles quickly for m bigger  agglom erates. Thi s behavior is in 

agreement with previously  reported studies.35,47  

 

Figure 3.4. Characterization of IrO 2 NPs. (A) TE M micrographs, (B) UV-Vis spe ctrum, (C) 
XPS analysis: spectrum for Ir 4f line (left)  and O 1s line (right). 
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UV-Vis spectrum of IrO2 NPs is shown in Figure 3.4B, where  a broad peak between 

500-700nm with  maximum at 590 nm, characteristic of  Ir(IV) oxides and IrO2 NPs is 

observed.34 

XPS analyses were performed in order to confirm the chemical composition of the 

synthesized IrO2 NPs (see Figure 3.4C, left). By deconvoluting the XPS spectra, two 

binding states for iridium are identified as 4f7/2 and 4f5/2 at 62.3 and 65.1 eV, 

respectively. These peaks are attributed to the 4+ oxidation state of iridium and they are 

similar to those of IrO2 nanorods (62.0 and 65.0 eV) and similar to IrO2 single crystal 

(which has values of 61.7 and 64.7 eV).48  Regarding the oxygen 1s signal, a main peak 

at 531.6 and a small one at 533.7 eV were observed as shown in figure 3.4C (right). The 

former is similar to the value found for IrO2 nanorods and IrO2 single crystal, both at 

530.5eV.48 The broader feature at 533.7 eV might be attributed to the oxygen-

containing citrate coating these nanoparticles.  

According to the mentioned characterization, especially with the XPS analyses, it is 

possible to conclude that the deep-blue suspension synthetized corresponds to IrO2 

nanoparticles. 

The concentration of iridium oxide stock solution was calculated to be around 35 nM 

using the concentration of Ir obtained by ICP-OES (0.227 mg/mL; 1.18 mM) divided by 

the number of atoms per particle (N) as stated in Experimental Section. 

 

3.3.2. Electrocatalytic activity of IrO2  NPs towards WOR 

The electrocatalytic activity of IrO2 NPs towards water oxidation reaction was first 

evaluated by cyclic voltammetry (CV) using SPCEs. 

CV voltammograms were conducted in 0.1M PBS pH 7.4 and obtained by scanning 

from +0.1 to +1.3 V at 50mV/s scan rate. The as-performed voltammograms for 

different concentrations of IrO2 NPs in 0.1 M PBS are shown in figure 3.5A. The 

background curve (a) shows that the oxidation of the medium’s oxygen starts at 

approximately +1.10V. In the presence of the IrO2  NPs (curves b-e) on the surface of 

the electrode, the potential for water oxidation shifts (by up to 300 mV, depending on 

the concentration of IrO2 NPs) toward less positive potentials. Moreover, it can also be 

seen that, because of the catalytic effect of the IrO2 NPs, a higher current is generated 



Chapter 3 
 

79 
 

(up to 70 μA higher, as evaluated for the potential value of +1.3 V, depending on the 

concentration of Ir O2 NPs). A shift in the half-wave potential of the WOR to less 

positive potentials from 1.1V to up to 0.77 V (maximum shift of 332 m V) which is 

proportional to the quantity of Ir O2  NPs due to their catalytic eff ect towards th is 

reaction can also be observed in the same figure. 

 

Figure 3.5. Electrocatalytic activity  of IrO2 NPs to wards WO R. (A)  Cyclic vo ltammograms 
recorded from +0.1 to +1.3 V at a scan rate of 50 mV/s for  0.1 M PBS (blank curve, a) and for 
increasing concentrations of IrO2 NPs in 0.1 M PBS pH 7.4: (b) 0.7, (c) 1.8, (d) 7 and (e) 35 
mM. (B) Chronoamperograms r ecorded at +1.3 V du ring 300 s using a 0.1 M PBS pH 7. 4  
(blank curve, a) and the same IrO2 NPs concentrations as detailed above (b’-e’) in 0.1M PBS. 
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The obtained results show that, for a fixed potential (i.e., +1.3 V at which steady state 

currents values are achieved), the intensity of the current recorded in 

chronoamperometric mode during the stage of oxygen electro-oxidation (Figure 5B) can 

be related to the presence (curves b’-e’) or absence (curve a’) of IrO2 NPs on the surface 

of the SPCE. A proportional increase of the catalytic current for increasing 

concentrations of IrO2 NPs (from 0.7 to 35 nM) was observed.  

Regarding the fixed interval of time selected for the current recording (analytical 

signal), it was observed that for intervals shorter than 250 s the current profiles were not 

reproducible. Looking at the behavior during the first 50 s, a rapid decrease in the 

anodic current was observed, probably due to an initial rapid oxidation of water on the 

surface of the IrO2 NPs catalyzers followed by a current stabilization. This effect is 

more evident for higher IrO2 NPs concentrations (curves d’ and e’). The observed 

irreproducibility during the 50‐250 s range could be attributed to the fact that IrO2 NPs 

are still not accommodated onto the electrode surface being still under Brownian 

motions (stabilization time). The current value was stable in all cases after 250 s, so 

registering at this time interval was chosen as analytical signal.  

A logarithmic relationship between the analytical signal and the concentration of IrO2 

NPs in the range of 0.7-35 nM adjusted to the following equation: 

Current (µA) = 3.15 ln[IrO2 NPs] + 8.13 Eq. 3.3 

showing a good correlation (r=0.98) and a relative standard deviation  of 5.6% for 7nM 

of IrO2 NPs (n=3). The limit of detection was calculated as the concentration of IrO2 

NPs corresponding to three times the standard deviation of the estimated, giving a value 

of 0.13nM. 

3.3.3. Electrocatalytic  detection of ApoE Alzheimer disease biomarker in 

human plasma  

Magnetic beads were used as platforms of the immunoassays for ApoE detection, taking 

advantage of their well-known characteristics for capturing/pre-concentrating the 

analyte and minimizing matrix effects. Carboxylated magnetic beads were modified 

with ApoE antibody using the EDC-sulpho-NHS coupling. First, EDC was used in 

order to activate the carboxylic groups located on the surface of magnetic beads. Then, 

addition of sulpho-NHS led to formation of a stable sulpho-ester, which reacts with the 
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amine gr oups located in the antibody, all owing form ing of the  ApoE m odified 

magnetic beads ( ApoE-MB). Blocking with BS A is performed in order to av oid 

unspecific absorptions onto the surface of the electrotransducer. When  ApoE is present 

in the sample, it  is recognized by th e ApoE antibody forming the ApoE/ApoE-MB 

complex.  

Once the washing step is per formed, the con jugate of ApoE-IrO2  NPs is able to 

recognize the ApoE , for ming the magnetosandwich ApoE-IrO2 NPs /ApoE/ApoE-

MB, being the am ount of IrO2 NPs  proportional to the ApoE concentration in th e 

sample.  

 

Figure 3.6. Schematics, not in scale, of : (A) experimental procedure of the magnetosandwich 
immunoassay usin g IrO2 NPs tags  and  (B) electrochemical dete ction pr ocedure based on th e 
electrocatalytic water oxidation. 
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Electrochemical detection of ApoE was carried out using 50 μL of the immunocomplex 

suspension plac ed onto the surface of the SPCE and taking advantage of the 

electrocatalytic properties of IrO2  NPs towards WOR. The catalytic behavior of the IrO2 

NPs generated by the oxidation of water is conducted b y chr onoamperometry and 

correlated to the am ount of the ApoE  in the sam ple. Figure 3.7A shows the 

chronoamperograms obtained for samples containi ng 0 (a) ,  100 (b) , 200 (c) , 500 (d)  

and 1000 ( e)  ng/m L of ApoE. As expected, the catalytic current increases when the 

concentration of ApoE increases. The rel ationship between the concentration of ApoE 

in the sample and the value of the analytical signal (current recorded at 250s) is adjusted 

to a logarithmic curve, as shown in Figure 3.7B. The curve exhibits a good correlation 

(r= 0.98) in the range of 100-1000 ng/mL, adjusted to the following equation: 

Current (µA)= 2.64 [ApoE (ng/mL)] – 10.94 Eq. 3.4 

The li mit of detection, calculated a s stated before, gives a value of 68 ng/m L.  The  

reproducibility of the responses (n=3) for 500 ng/mL of ApoE shows a relative standard 

deviation of 6%. 

 

Figure 3.7. (A) Chro noamperograms recorded in PBS 0.1M pH  7. 4 at a fixed po tential of  
+1.3V, for a control sample (blank curve, a) and for samples containing 100, 200, 500 and 1000 
ng/mL of A poE. (B) Relationship bet ween the  A poE concentration and the  valu e of t he 
analytical si gnal (cata lytic curren t recorded at 25 0s). Samples correspond to the 
magnetosandwich prepared as detailed in the experimental section. 

Finally, a human plasma sample with an u nknown concentration of ApoE was  

electrocatalytically analyzed. As ApoE concent ration in p lasma typically ranges from 

16 to 169 μg/mL,49 very small volumes of plasma were dil uted in PBS buffer bef ore 

analysis.  A dilution of the sample of 1:1000 was necessary to obtain a current within 
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the linear range of the method, obtaining a value of 3.08 ± 0.18 µA (n=3)  for such a 

dilution. Extrapolating this value from Eq. 3.4, a concentration of ApoE of 20 ± 2 

µg/mL was estimated in the sample. These results are in concordance with the above 

mentioned expected data and also with those previously obtained in our group using 

both microarray technology50  and electrochemical detection51 based on commercial 

Quantum Dot tags. 

 

3.4. Conclusions 

Iridium oxide nanoparticles (IrO2 NPs) of 12 nm size were successfully synthesized, 

characterized and used as novel electrocatalytic tags for immunosensing.  The stable 

NPs suspension exhibited a high catalytic effect towards the Water Oxidation Reaction 

(WOR), allowing their sensitive quantification at neutral pH in a simple 

chroroamperometric mode. This sensitive method was applied for the evaluation of 

ApoE in human plasma following an immunoassay format using IrO2 NPs as 

advantageous tags, able to be detected in the same buffer where the immunoreaction 

takes place.   

Both the IrO2 NPs tags and electrocatalytic detection method present many advantages 

compared with previously reported ones based on quantum dots (QDs) or Hydrogen 

Evolution Reaction (HER) . On the one hand, the NP synthesis procedure is simpler and 

cheaper than i.e. the required for QDs preparation. Furthermore, the 

chronoamperometric detection based on the WOR is a simple, sensitive and quantitative 

methodology that can be performed in the same medium of the immunoreaction, 

avoiding the addition of acidic and hazardous solutions, (along with H2 bubbles 

formation undesired in microfluidics), usually required for electrochemical detection of 

other NP tags (ex. AuNP using HER). These advantageous properties open the way to 

further applications in really integrated sensing systems, such as those based on lab-on-

a-chip or lateral-flow platforms. Moreover, the UV-Vis absorption band observed at 590 

nm (deep blue color) of the  IrO2 NPs suspension make these NPs excellent candidates 

for dual electrochemical/optical detection systems in future lateral flow biodetection 

platforms. 
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Summary 

 

In this Chapter, a novel aptasensor for ochratoxin A (OTA) detection based on screen-

printed carbon electrode (SPCE) modified with polythionine (PTH) and iridium oxide 

nanoparticles (IrO2 NPs) is presented. The electrotransducer surface is modified with an 

electropolymerized film of PTH followed by the assembly of IrO2 NPs. Aminated 

aptamer selective to OTA is attached to the citrate ions surrounding IrO2 NPs via 

electrostatic interactions. Electrochemical impedance spectroscopy (EIS) in the 

presence of [Fe(CN)6]-3/-4 redox probe is employed to characterize each step in the 

aptasensor assay and also for label-free detection of OTA in a range between 0.1-100 

nM. This system shows high reproducibility, selectivity and to the best of our 

knowledge, the lowest limit of detection reported for OTA electrochemical detection  

(0.2 pM) reported so far. 
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4.1. Introduction 

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.1–4 

Moreover, OTA has been reported in literature as nephrotoxic, teratogenic, 

immunotoxic agent5,6 and it is also considered as possible human carcinogen (class 2B) 

by the International Agency for Research on Cancer.7  

International organizations have established regulatory levels for OTA in food. In this 

context, the World Health Organization (WHO) has been set a tolerable weekly intake 

(TWI) of 100 ng/kg of body weight,8 and the European Union (EU) through 

Commission Regulation (EC) 1881/2006 has established the TWI in 120 ng/kg of body 

weight, specifying the  maximum permitted  levels of OTA in different foodstuff such 

as: raw cereals (5 µg/kg), soluble coffee (10 µg/kg), wine (2 µg/kg) and baby food (0.5 

µg/kg).9  

Chromatographic methods are routinely used in laboratories for mycotoxins analysis 

because of their high sensitivity, but they require skilled personnel for operating and 

complex and expensive equipments.10 Despite of the high analytical performances that 

offer these techniques, rapid and sensitive screening methods are needed for field 

setting purposes. Such is the case of enzyme-linked immunosorbent assay (ELISA) and 

lateral flow assays (LFA) which are immunological techniques able to semi-

quantitatively detect mycotoxins in a less consuming-time process.11,12 Although 

antibodies are typical examples of biorecognition elements in diagnostic applications, a 

new class of synthetic molecules has emerged in this field. These molecules, called 

aptamers, are short synthetic oligonucleotides that have several advantages compared to 

antibodies, such as their high affinity and specificity for a wide range of targets, their 

thermal and chemical stability,  and their low-cost production.13  

Nowadays, the interest for label-free based technologies is increasing since they are 

experimentally simpler and offer direct information about the interaction of the target 

with the sensing element by measuring changes on physical properties such as mass, 

refractive index or electrical resistivity, produced by this binding. In addition, it allows 

the real-time measurement of kinetics of biomolecular interactions.14,15  
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Impedimetric biosensors for label-free detection offer new opportunities to mycotoxin 

analysis due to their high sensitivity, easy use and possible miniaturization and 

portability, which are vital requirements for point-of-care (POC) applications. 

Moreover, several label-free impedimetric aptasensors for OTA detection using 

different electrotransducers e.g. gold electrodes,16 indium-tin oxide (ITO) coated glass17 

and screen-printed carbon electrodes (SPCEs)18,19 have been reported. Label-free 

impedimetric (bio)sensors require uniform and low resistive electrotransducer surfaces. 

Thus, electropolymerization is an alternative technique for improving the electrical 

conductivity on the surface of irregularly shaped electrodes.20 Conductive dyes such as 

thionine can be electropolymerized producing stable redox-active coatings on the 

electrode surfaces and have been extensively used for biosensing applications thanks to 

their electrochemical properties.21–24 

On the other hand, it is well known that nanomaterials represent a powerful tool for 

modifying electrode surfaces thanks to their high surface-to-volume ratio and good 

conductivity which make them useful for proposing novel electrochemical biosensors or 

greatly improving the existing ones.25,26  Iridium oxide-based materials (in films and 

nanoparticle form), are attractive because of their catalytic activity, biocompatibility, 

low resistivity and outstanding chemical and thermal stability which have been used for 

applications in pH sensors27 neural stimulation28,29 and environmental biosensors.30  

In this work, the development of an OTA aptasensor that takes advantage of 

electropolymerized thionine films onto SPCE and iridium oxide nanoparticles (IrO2 

NPs) is shown. Electrochemical impedance spectroscopy is used to monitor each step in 

the aptasensor development and also to detect OTA. The charge transfer resistance (Rct) 

increases proportionally to the concentration of OTA in a linear range of 0.1–100 nM. 

This system shows also good reproducibility, sensitivity and selectivity. To the best of 

our knowledge, this sensitive aptasensor exhibits the lowest limit of detection (LoD = 

0.2 pM) reported so far for electrochemical detection of OTA. 
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4.2. Experimental section 

4.2.1. Reagents, solutions and apparatus 

HPSF (high purity salt free) purified 3’-aminated aptamer selective to OTA, previously 

reported by Cruz and Penner31 (5’-

GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACAAAAAAAAAA-NH2-3’) 

was purchased from Isogen Life Science (Spain).  

Ochratoxin A from Aspergillus ochraceus (C20H18ClNO6), zearalenone fungal 

mycotoxin (C18H22O5), potassium hexachloroiridate (IV) (K2IrCl6), sodium hydrogen 

citrate sesquihydrate (Na2C6H6O7·1.5H2O), sodium hydroxide (NaOH), sodium chloride 

(NaCl), sulphuric acid (H2SO4), ethanolamine (C2H7NO), thionine acetate salt 

(C12H9N3S.C2H4O2), potassium chloride (KCl), Trizma® hydrochloride 

(NH2C(CH2OH)3·HCl, EDTA disodium salt (C10H14N2Na2O8·2H2O) and CaCl2 

anhydrous were purchased from Sigma Aldrich (Spain). Potassium hexacyanoferrate 

(II)-(K4[Fe(CN)6]·3H2O) and potassium hexacyanoferrate (III)-K3[Fe(CN)6] were 

purchased from Panreac (Spain). 

The phosphate buffer saline solution (PBS) consisted of 0.1 M phosphate buffer, 1.37 M 

NaCl, 0.03 M KCl  (pH 6.5). Tris-EDTA (TE) buffer pH 8.0 was used for dissolving the 

aptamer and consisted in 0.1 M Trizma® and 0.001 M EDTA. Binding buffer at pH 7.0-

7.2 was used for OTA recognition consisted in 0.01 M Trizma®, 0.12 M NaCl, 0.005 M 

KCl and 0.02 M CaCl2. Milli-Q water, produced using a Milli-Q system (>18.2 Mcm-

1) from Millipore, was used for the preparation of all solutions. 

The stirrer used was a TS-100 Thermo shaker (BioSan, Latvia). Veriti™ 96-well 

Thermal Cycler (Applied Biosystems, USA) was used PCR experiments. The 

electrochemical transducers used were homemade screen-printed carbon electrodes 

(SPCEs) and the impedance measurements were performed in an Autolab 302 

potentiostat/galvanostat/ frequency-response analyzer PGST30, controlled by 

GPES/FRA Version 4.9 (Eco-chemie, The Neetherlands).  

4.2.2. Morphological Characterization 

The morphological characterization of IrO2 NPs was conducted in a Field Emission Gun 

Transmission Electronic Microscope Fei, model TecnaiTM G2F20 (Fei, USA). Scanning 

electronic micrographs of working surface area of modified SPCEs were conducted in a 

Field Emission Gun Scanning Electronic Microscope Fei, model QuantaTM 650 (Fei, 
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USA).  X-ray photoelectron spectroscopy (XPS) experiments were carried out in the 

Centres Científics i Tecnològics of the Universitat de Barcelona (CCiTUB) and were 

performed with a PHI 5500 Multitechnique System (Physical Electronics) with a 

monochromatic X-ray source (Aluminium K line of 1486.6 eV energy and 350 W), 

placed perpendicularly to the analyzer axis and calibrated using the 3d5/2 line of Ag with 

a full width at half maximum (FWHM) of 0.8 eV.  All measurements were made in an 

ultra-high vacuum (UHV) chamber pressure between 5x10-9 and 2x10-8 torr.  Binding 

energies were calibrated respect to the C 1s electron peak at 284.8 eV. 

Spectrophotometric measurements were performed using a Spectramax® M2E multi-

mode microplate reader (Molecular Devices Inc, UK). 

4.2.3. Methods 

4.2.3.1.  Screen-printed carbon electrodes  (SPCEs) fabrication 

The electrochemical transducers used were homemade screen-printed carbon electrodes 

(SPCEs) as stated in Experimental Section of Chapter 3. 

4.2.3.2. Synthesis and morphological characterization of iridium oxide 
nanoparticles (IrO2 NPs) 

IrO2 NPs 12 nm sized and stabilized by citrate, were prepared and characterized as 

previously described in Experimental Section of Chapter 3. 

4.2.3.3. Aptasensor development  

Firstly, SPCEs were activated after dropping 50µL of H2SO4 0.1M and applying a fixed 

current of 3 µA for 2 min. Then, they were washed with milliQ-water and PBS 0.1 M, 

pH 6.5. 

For thionine film electrodeposition onto the working electrode (WE) of SPCE, 50 µL of 

thionine salt 0.5 mM (in PBS 0.1M, pH 6.5) were dropped and potential cycling with a 

triangular wave (20 cycles between 0.1 and -0.55V versus the Ag/AgCl reference 

electrode at a 50 mV/s scan rate) was used. After thionine film electrodeposition the 

electrodes were washed with milli-Q water and let to be dried completely. Then, 8 µL of 

IrO2 NPs dispersion were deposited on the WE surface and allowed to be dried (around 

30-45 min). For removing the excess of nanoparticles over the surface, the SPCEs were 

washed with water and dried at room temperature. After this,  8 µL of 3’-amino aptamer 

5 µM in binding buffer, containing calcium for facilitating a proper recognition of OTA 
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by the aptamer,16 were deposited onto the modified WE and then incubated overnight at 

4ºC.  

Before immobilization, aptamers were denatured by heating at 95ºC for 5 minutes and 

then ice-cooled for 5 minutes. After incubation, the SPCE was washed with water and 8 

µL of aqueous solution of ethanolamine (EA) 10mM (used as blocking agent) were 

deposited onto working electrode surface and left for 90 minutes at room temperature. 

Unbounded EA was then removed by washing twice with binding buffer. Immediately, 

8 µL of OTA at different concentrations in binding buffer were deposited onto the WE 

and incubated for 90 min. The washed electrodes with milli-Q water were ready for 

immediate impedimetric measurements.  

4.2.3.4. Impedimetric measurements 

Impedimetric measurements were performed using an Autolab 302 

potentiostat/galvanostat/ frequency-response analyzer PGST30, controlled by 

GPES/FRA Version 4.9 (Eco-chemie, The Neetherlands). The measurements were done 

in a frequency range of 100 kHz-0.1 Hz, using a sinusoidal AC potential perturbation of 

0.01 V (rms) and DC potential of 0.24 V was also applied. All measurements were 

performed in an aqueous solution of 1 mM [Fe(CN)6]-3/-4 with 0.1 M KCl. 

 

4.3. Results and discussion 

4.3.1. Electropolimerization of thionine 

The electropolimerization of thionine is performed and monitored by cyclic 

voltammetry (See Figure 4.1).  
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Figure 4.1. Thionine electropolymerization cycles (from inner to outer) by cyclic voltammetry 
in a 0.1 M PBS solution containing 0.5 mM th ionine .  Other experimental con ditions a s 
described in the text. Chemical structure of thionine is shown as inset. 

 

Electrochemical behavior of thionine fil ms is highly influenced by the 

electropolimerization co nditions.32 In this work, 20 scans  were found to be suitable 

(current values reached saturation) to create a thionine film and to improve the electron 

transference. Cathodic (Epc) and anodic (Epa)  potential peaks are observed in the range 

of -0.05 to -0.25 V. The Epc slightly increased with increasing scan number, while Epa 

remained stable through the process. However, a peak appeared at +0.05 V in the anodic 

process. This peak current gradually increased with the cycle number, observing also a 

shoulder p eak at -0.1 V in  the ca thodic process during the th ionine 

electropolimerization. This suggests the formation of the polymer film onto the WE of 

SPCE. 

4.3.2. Impedimetric studies of the modified SPCE surface 

The aptasensor for OTA detection is prepared modifying the WE surface of SPCEs by 

electropolymerization of thi onine and adsorption of IrO 2 NPs via electrostatic 

interactions. Both modifications were conducted in order to im prove the electron 

transfer in the SPCEs. After these steps, immobilization of aptamer selective to OTA 

and blocking steps are carried out before the impedimetric OTA detection (Figure 4.2). 
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Figure 4.2. Schematic illu stration of the fabricatio n steps and working principle of  the 
developed impedimetric aptasensor for ochratoxin-A (OTA) detection. Experimental conditions 
as described in the text. 

 

The electrochemical characterization of the sensor surface at each fabrication step was 

conducted  thr ough EIS using  [Fe(CN)6]-3/-4 as redox probe.  Im pedance spectra 

(Nyquist pl ots) for each surface functionalizat ion ste p are  shown in Fig ure 4.3. The 

interface is modeled using Randle model modified with Warburg impedance (Zw) (see 

model in Figure 4.3 ). The Nyquist  p lots sh ow a semicircle in w hich diameter 

corresponds to  the charge-transfer resistance (Rct) and straight line corresponds to the  

Warburg- impedance (Zw).  Different Rct values are obtained for each fabrication step 

(see inset in Figure 4.3). It can be seen that  the Rct value of the bare SPCE (a curve) 

remarkably decr eases around one order of magnitude when conductive polyt hionine 

(PTH) films are deposited (b curve). After IrO2 NPs are adsorbed onto the SPCE/PTH, 

the Rct value increases ( c curve) due to the negative charge fro m the  cit rate groups 
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surrounding the IrO2 NPs. This negatively charged layer acts as an electrostatic barrier 

between SPCE/PTH and the redox probe. 

Once the aminated aptamer sel ective to OTA and ethanolamine  (blocking agen t) are 

attached onto the citrate groups of the IrO2 NPs adsorbed onto the electrode (d curve), 

the Rct increases due to the additional negative charge from the phosphate backbone of 

aptamers.16  Both, am inated ap tamer and ethanolamine are attached to citra te groups 

onto the IrO2 NPs through electrostatic interactions. In addition, in presence of 100 nM 

OTA the Rct significantly increases (e curve). This phenomena could be explained by 

the ionization of the phenolic and carboxylic moieties in OTA molecule at neutral pH33 

that increases  the negative charge onto the ele ctrode surf ace (see OTA molecular 

structure at Figure 4.2).  

  

 

Figure 4.3. Nyquist plots fo r each aptasensor ob tained after each fabrication step recorded in  
1.0 mM [Fe(CN)6]-3/-4 in 0.1 M KCl solution by applying bias potential of 0.200 V vs. pseudo 
Ag/AgCl  reference electrode and an AC amplitude of 10mV in a frequency range of 100 kHz to 
0.1 Hz: (a) Bare SPCE; (b) SPCE/PTH; (c) SPCE/PTH after its modification with IrO2 NPs; (d) 
the aptamer immobilization onto S PCE/PTH/IrO2 NPs followed by blockin g step by 
ethanolamine and (e) OTA interaction with the aptamer. Inset: Rct values corresponding to each 
fabrication step. Other experimental conditions as described in the text.  
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Prior to  OTA detection, the optimization of blocking step is performed so as to avoid 

non-specific adsorptions and thus improving the sensitivity of the assay. Two types of 

blocking ag ents are tested, ovalbumin (OVA) and etha nolamine (EA).  As shown  in 

Figure 4.4, in presence of OVA, the Rct value considerably increases since this protein 

is negatively char ged at neutral pH (i ts isoelectric point is aro und 4.834). In 

consequence, if the pH is above or below the isoelectric point, the charge of the protein 

will be  negative o r positive, res pectively. However, if a non-proteinaceous blocking 

agent such as EA is used, the electron transference is improved s ince no additional 

charge is added to the aptamer-modified e lectrode (see Figure 4.4). Additionally, EA 

helps to maintain straight the aptamers adsor bed on th e electrode surface since th e 

negative charge of the hydroxyl group of the EA repeals the negative charged phosphate 

backbone of the aptamers, while the amino group in the EA is attached to the remaining 

free carboxylic groups from the citrate-capped IrO2 NPs.  

 

 

Figure 4.4. Evaluation of th e effect of blocking agent s such as ovalbumin (OVA) and  
ethanolamine (EA) , for im proving the i mpedimetric responses. Ex perimental conditions as  
described in the text.  

 

The other  parameter considered for improving the OTA detection was the effect 

produced by the presence of  divalent cation s in the binding buffer, especially wi th 

calcium ion s (Ca+2) which greatly enhance the bindi ng between the OT A and the 

aptamer.31 Possibly, OTA for ms a com plex with Mg+2 or Ca +2 with the aid of th e 
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carboxyl and hydroxyl groups both present on the toxin, and this complex may enhance 

the binding to the aptamer.31 This hypothesis is supported by previously reported works 

describing th e influence of the concentration of [C a2+] in the binding buff er, which  

results optimum at 20 mM.16 

In addition, the role of the IrO2 NPs in the impedance response of this aptasensor is 

evaluated (see Figure 4.5A), following next equation: 

                   
(                     )

           
   Eq. 4.1 

In the presense of IrO2 NPs the impedance response is higher due to  the fact that the 

aptamer has more afinity to the citrate groups surrounding  IrO2 NPs than to the PTH. 

SEM im ages of bare SPCE and SPCE/PTH/IrO2NPs/OTA-aptamer are shown in 

Figures 4.5B and 4.5C, res pectively. The pre sence of IrO2 NPs adsor bed onto the 

electrode su rface as bri ght dots (Fig. 4.5 C inset ) using backscatter elec trons mode is 

observed, d ue to an enhance ment of the contrast between heavy and light elements 

present onto the electrode surface.  

 

Figure 4.5. (A) Nyquist p lots o f aptasensor in presence of 0 (a) and 50 nM (b  an d c)  o f 
OTA, when ap tasensor surface is modified ( c) or not (b ) with IrO2 NPs. Inset:  Effect o f 
IrO2 NPs i n the re sponse p ercentage of the aptasensor. SEM i mages of w orking electrode 
surface tak en using backscattered electrons mode fo r: (B) bare SPCE and (C) 
SPCE/PTH/IrO2NPs/OTA-aptamer modified electrode, including a magnified image as inset.  
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4.3.3. Impedimetric detection of OTA 

Once the aptasensor is optimized, diff erent OTA concentrations are in cubated for 90 

min. Experimental results show that Rct increases as the OTA concentration increases in 

the range of 0.1 to 100 nM (see Fi gure 4.6 ), du e to the extra negative char ge that is 

provided by OTA at neutral pH, as  stated before. This behavior is in agreement with 

other reports.16,18,33,35  

Figure 4.6. Calibration curve obtained by plotting the Rct values vs. Ln of OTA con centration 
in the range of 0.1 to 100 nM. Experimental conditions as described in the text.  

 

The li near regression equation was adjusted to Rct () = 332.75*C (nM) +  3162 (r= 

0.99) with an estimated LoD  of 0.2 pM, calculated as the concentration of to xin 

corresponding to three ti mes the standard de viation of the estimate. The rela tive 

standard deviation (RSD) of three measurements (n=3) is 10 % for 0.1 nM of OTA. 

 

This aptase nsor for OTA detection pre sents high analytical per formance in terms of 

linear range, sensitivity and LoD (Table 4.1). Moreover, to the best of our knowledge 

the ob tained LoD in this work is the lowest found  in the literature for OTA 

electrochemical detection. 
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Table 4.1. Comparison of lineal range and limit of detection of different label-free 

impedimetric aptasensors for OTA  

Transducer Linear 
Range (nM) LoD (nM) Reference 

Langmuir-Blodgett films of polyaniline 
(PANI)–stearic acid (SA) prepared on 

ITO coated glass plate. 
0.25-24.8 0.25 17 

Gold electrode surface 0.1-100 0.12-0.40 16 
Electrografted binary films via click 

chemistry onto SPCE 0.003-1.24 0.006 18 

Au electrode modified with AuNPs 
stabilized on hyper-branched polymer 

film  
0.1-100 0.02 35 

Au Electrode Modified with Ag 
Nanoparticles Decorated with 

Macrocyclic Ligand 
0.3-30 0.05 36 

SPCE modified with thionine and 
IrO2NPs 0-100 0.0002 this work 

 

4.3.4. Specificity of OTA aptasensor 

The specificity of the developed aptasensor is evaluated by the incubation of 50 nM of 

zearalenone (ZEA) during 90 min. ZEA was selected since it is reported to 

simultaneously coexist with OTA in plants and foods, in despite of being structurally 

different.37 As shown in Fig. 4.7, impedance responses corresponding to 0 (a), 50 nM of 

OTA (c) and 50 nM of ZEA (b) were evaluated. No significant difference in impedance 

response is observed before and after incubation of the aptasensors with ZEA (see inset 

of Figure 4.7). These results confirmed the specific OTA/aptamer complex formation.  
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Figure 4.7. Nyquist plots ob tained f or the control, ZEA and OTA. Inset: Rct values fo r the 
selectivity of the impedimetric OTA ap tasensor. Experimental conditions as de scribed in the 
text.  

 

 

Studies related on applications of the developed aptasensor in real samples are still in 

process at our laboratories. Certainly, the response of this device may be of interest for 

various diagnostics applications that require very low limits of detection in addition to a 

highly robust and cost/efficient system, especially for those to be used directly in field. 
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4.4. Conclusions 

 

A novel impedimetric aptasensor based on SPCE modified with conductive films of 

polythionine and citrate-capped IrO2 NPs has been developed. Electrochemical 

impedance spectroscopy studies were conducted in order to characterize each 

fabrication step of the aptasensor and also, for OTA detection. In addition, these studies 

reveal that SPCE/PTH/IrO2 NPs/aptamer sensor shows a linear range of 0.1 to 100 nM 

for OTA detection with a high reproducibility and selectivity. The developed aptasensor 

shows the lowest limit of detection (0.2 pM) found in the literature for OTA detection 

using electrochemical methods, which makes it useful for future applications in OTA 

analysis. 
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Summary 

 

 

Although lateral flow assays (LFA) are currently being used in some point-of-care 

applications (POC) they cannot still be extended to a broader range of analytes for 

which higher sensitivities and lower detection limits are required. To overcome such 

drawbacks, a simple and facile alternative based on the use of delay hydrophobic 

barriers fabricated by wax-printing so as to improve the LFA sensitivity is presented in 

this Chapter. Several wax pillars patterns are printed onto nitrocellulose membrane in 

order to produce delays as well as pseudo turbulences into the microcapillary flow. The 

effect of the proposed wax pillar modified devices are also mathematically simulated 

corroborating the experimental results obtained for the different patterns tested 

afterwards for detection of HIgG as model protein in a gold nanoparticle-based LFA. 

The effect of the introduction of such wax-printed pillars represents a sensitivity 

improvement of almost 3-folds in comparison to a conventional free-barrier LFA.  
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5.1. Introduction 

Constituted mainly by cellulose fibers, paper results very attractive for fabricating 

biosensors because of its low cost, flexibility and light weight making it useful for 

transport and storage. In addition, it has the capability to wick liquids via capillary 

action without use of external pumps and its biocompatibility makes it suitable for 

immobilizing biomolecules e.g. proteins.1 

Paper has gained much interest in fabrication of diagnostic devices due to the necessity 

to use low cost materials for a single use, simplifying the fabrication process. Paper-

based microfluidic is an emerging technology which uses the paper as substrate creating 

complex patterns of hydrophilic channels and hydrophobic barriers by using patterning 

techniques such as: photolithography,2 wax patterning,3,4 inkjet etching,5 flexographic 

printing6 and screen printing.7  

The first paper-based sensor can be considered the paper chromatography developed by 

Martin and Synge at the beginning of 1940’s.8 Fifteen years later, the first 

semiquantitative paper-based biosensor for detection of glucose in urine,9 became the 

commonest commercially available point-of-care (POC) lateral flow assay (LFA) 

device. Initially, the main application of LFAs was a pregnancy test10 while nowadays 

their applications is extended to a wide variety of analytes that include cancer 

biomarkers,11,12 DNA,13,14 toxins15,16 and metals.17,18 

LFAs are characterized by their simple use, rapid result, low cost, good specificity and 

long shelf life. However, they suffer analytical performance limitations, mainly due to 

sensitivity and reproducibility issues. In this context, many efforts have been developed 

in order to improve the LFA sensitivity using different alternatives as immuno-gold 

silver staining,19 dual gold nanoparticle (AuNP) conjugates20 and AuNP loaded with 

enzymes21. Beside AuNPs other labels such as fluorescent Eu(III) nanoparticles22 and 

quantum dots23 have been also reported. Changes on the paper architecture were also 

proposed for improving the performance of LFA.24  

The most important part of a LFA is the detection membrane which is made of cellulose 

nitrate or nitrocellulose (NC), a porous material where the capture reagents (e.g. 

antibodies) are immobilized due to a possible combination of electrostatic and 

hydrophobic forces.25  In fact, NC has been widely used  in blotting techniques thanks 

to its capacity of interact with proteins, DNA and RNA.26  Wax printing is a simple and 
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low cost patterning technique based on the melting of solid wax printed onto porous 

substrate, which has been used for fabricating paper-based microfluidics in NC 

membrane and its application in protein pattern and dot immunoassay.4 Recent reports 

have demonstrated the possibility to control the reagent transport by using novel and 

sensitive methods such as dissolvable barriers27,28 and bridges made of sugars,29 fluidic 

diodes and valves30 and tunable-delay shunts.31 Despite of their capability to improve 

the performance of paper-based devices which is related with their sensitivity, some of 

these methods are time consuming and require more reagents for fabricating of the 

devices.  

We present here a new strategy for improving the sensitivity of gold nanoparticle-based 

lateral flow assays by using barriers (pillars) deposited onto the nitrocellulose 

membrane by wax printing technique. Different pillar designs were printed, in order to 

create hydrophobic barriers that can cause flow delay. To check the efficiency of such 

pillars, we used membranes with relatively fast flow so as to obtain higher sensitivity 

and low detection limits. The controlled delays in microfluidics increase the binding 

time between the immunocomplex and the detection antibody, in addition to the 

generation of pseudo turbulences in the pillars zone that improves mixing between the 

analyte and the labeled antibody. This microfluidics delay in certain zones (incubation 

areas) combined with the generation of the pseudo turbulences directly affects the 

analytical performance of the LFA being transduced to a better sensitivity and detection 

limit.  
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5.2. Experimental section 

5.2.1. Reagents and apparatus 

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O, 99.9%), trisodium citrate 

(Na3C6H5O7·2H2O), phosphate buffer saline tablet (P4417), human IgG  from human 

serum (I2511), anti-human IgG (polyclonal antibody developed in goat; I1886) and 

anti-human IgG -chain specific-biotin (polyclonal antibody developed in goat; B1140) 

were purchased from Sigma-Aldrich (Spain). Anti-goat IgG (polyclonal antibody 

produced in chicken; ab86245) was purchased from Abcam (UK).   

All the materials used for the production of the LFIA strips were purchased from 

Millipore (Billerica, USA): sample and absorbent pads (CFSP001700), conjugate pad 

(GFCP00080000), detection pads (Hi-Flow Plus 75, SHF0750425 and Hi-Flow Plus 75, 

SHF2400425) and the backing card (HF000MC100). mQ water, produced using a Milli-

Q system (>18.2 M cm-1) purchased from Millipore was used for the preparation of all 

solutions. A thermostatic centrifuge (Sigma 2-16 PK, Fisher Bioblock Scientific, 

France) was used to purify the AuNP/antibody conjugates. A Xerox ColorQube 8570 

wax printer (Xerox Corporation, USA) was used for printing different wax designs.  A 

hot plate (VWR, USA) was used for heating and melting the wax ink. An IsoFlow 

reagent dispensing system (Imagene Technology, USA) was used to dispense the 

detection and control lines. A guillotine (Dahle 533, Germany) was used to cut the 

strips. The stirrer used was a TS-100 Thermo shaker (BioSan, Latvia). A strip reader 

(COZART — SpinReact, UK) was used for quantitative measurements. All the size 

measurements and shape observation of AuNPs were conducted in a Field Emission 

Gun Transmission Electronic Microscope Fei, model TecnaiTM G2F20 (Fei, USA). A 

spectrophotometer SpectraMax M2e  (Molecular Devices, UK) was used to record all 

UV-Vis spectra of AuNPs.  Scanning electronic micrographs of nitrocellulose 

membrane were conducted in a Field Emission Gun Scanning Electronic Microscope 

Fei, model QuantaTM 650 (Fei, USA).  A Leica DCM 3D dual core 3D measuring 

microscope (Leica Microsystems, Germany) was used for confocal images of 

nitrocellulose membrane. Image processing software, ImageJ (National Institute of 

Health, USA) was used for measuring the size of the wax pillars before and after 

melting step. 
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5.2.2. Methods 

5.2.2.1. Preparation of gold nanoparticles (AuNPs) 

Gold nanoparticles (AuNPs) 20 nm sized and stabilized by citrate, were prepared using 

the Turkevich’s method.32 Briefly, 50 mL aqueous solution of 0.1% HAuCl4 was heated 

to boiling and vigorously stirred in a 250 mL round-bottom flask; 1.25 mL of sodium 

citrate 1% were added quickly to this solution. Boiling was continued for additional 10 

min. The solution was cooled to room temperature with a continuous stirring. The 

colloids were stored in dark bottles at 4° C. All glassware used in this preparation was 

previously cleaned in aqua regia overnight and rinsed with double distilled H2O and 

reflux was used for all the procedure.  

5.2.2.2. AuNPs modification with antibodies  

AuNPs were modified with antibodies following a previously optimized procedure.33 

First, the pH of the AuNPs suspension was adjusted to pH 9 with 0.1 M borate buffer. 

Then, 100 µL of a 100 µg mL-1 anti-human IgG -chain specific-biotin aqueous solution 

were added to 1.5 mL of the AuNPs suspension.  The resulting solution was incubated 

for 20 min at 650 rpm. Then, 100 µL of 1 mg/mL BSA aqueous solution were added 

and the stirring was continued for other 20 min at 650 rpm. Finally, the solution was 

centrifuged at 14000 rpm and 4ºC for 20 min.  

The supernatant was removed and the pellet of AuNP/anti-Human IgG was re-

suspended in 500 µL of BB 2 mM pH 7.4, 10% sucrose.  

5.2.2.3. Preparation of the strips 

Once the pillar patterns have been designed with graphic design software (Corel Draw 

X4), the preparation of the modified detection pad consisted in three main steps: i) 

printing the pillars patterns onto the nitrocellulose (NC) membrane (Hi-Flow Plus 75, 

HF075) with a wax printer; ii) heating the NC membrane and melting the wax at 110ºC 

for 90 seconds by using the hot plate; and iii) dispensing antibodies onto the membrane. 

For this step, 1 mg/mL  solution of anti-Human IgG (whole molecule) and anti-Goat 

IgG were spotted onto the detection pad at dispensing rate of 0.05 µL/mm using an 

IsoFlow reagent dispensing system so as to form the test and control line, respectively. 

Then, the detection pad was dried at 37ºC for 1 h.  
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The sample pad was prepared by dipping into 10 mM PBS, 5% BSA and 0.05% 

Tween®-20 and drying at 60ºC for 2h. The conjugate pad was prepared dipping it into 

the previously prepared anti-Human IgG -chain specific-biotin/AuNP conjugate and 

drying under vacuum for 1 h. 

The different pads were sequentially laminated 2 mm with each other and pasted onto 

the adhesive backing card in the following order: detection, conjugation, sample and 

absorbent pads. Finally, the strips were cut 7 mm wide and used immediately. 

5.2.2.4. Lateral-flow assay procedure 

Sample solutions of 200 µL of different concentration Human IgG (HIgG) in PBS 10 

mM, pH 7.4, ranging from 5 ng/mL to 500 ng/mL were dispensed onto the sample pad 

and keeping for 15 min until the flow is stopped. Then 200 µL of PBS was dispensed in 

order to wash away the excess of AuNPs/antibody. After drying the lateral flow strips at 

room temperature, they were read with the strip reader so as to obtain the calibration 

curve for HIgG. PBS without analyte was considered as blank. All the measurements 

were carried out by triplicate. 

5.2.2.5. Mathematical simulations 

Flow in porous media can be studied by the use of the Navier-Stokes equations, which 

describe the movement of fluid substances, which represent the effect of the diffusing 

viscosity and the pressure. These equations coupled with the Brinkman equations, can 

be useful for modeling of the flows through certain porous media. The initial conditions 

for the simulation such as porosity and permeability of the membranes (in this case, a 

different kind of membrane was used) were the same as in a previous work reported in 

our group.24 These parameters were given by Millipore Corporation (porosity around 

83%, and the permeability 4.3x10-6 m2). On the other hand, the density and viscosity 

values at 25ºC (0.997 g/mL and 0.890 N.s/m2) used were the ones of the water as an 

approximation. The boundary conditions for the simulation were the geometry 

(changing the pillars distribution). The velocity was calculated from the volume of the 

liquid introduced into the membrane (200 µL) and the cross section area of the 

absorbent pad and the time necessary to absorb the respective volume (1.47 m/s).  
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5.3. Results and discussion 

5.3.1. Improvement of sensitivity of lateral flow assay by using wax delay 

barriers 

Lateral flow assays must allow rapid responses with good sensitivity. For this purpose, 

manufacturers have developed different membranes which satisfy these requirements. 

Capillary flow rate is a common parameter to classify the membranes on basis of the 

required time for the liquid to travel and fill completely a 4-cm length of membrane. In 

this work, nitrocellulose membranes Hi-Flow Plus 75 (HF075) and Hi-Flow Plus 240 

(HF240) provided by Millipore Corporation were used. The first one has a nominal flow 

rate of 75 s across 4 cm of membrane, and the last one has a higher nominal flow rate of 

240 seconds across the same length.32 Sensitivity in LFA is conditioned by various 

factors being crucial the performance of nitrocellulose membrane. 

For a fast liquid velocity membrane (HF075), the sensitivity is low due to two main 

factors: i) the liquid takes less time to travel a defined length and ii) the formation of the 

immunocomplex between the analyte and AuNP-labeled antibody at the conjugate pad, 

as well at test and control lines, is less effective since the flow rate is faster. In the case 

of a slow velocity membrane (HF240) the sensitivity is higher since the flow rate is 

slower and there is enough time for an effective formation of immunocomplex at the 

beginning of the strip and at test and control line. 

Based on that, we chose the faster membrane provided by Millipore (HF075) for its 

modification with wax pillars using the wax-printing technology so as to evaluate the 

effect (in terms of sensitivity and limit of detection) produced by these hydrophobic 

structures  that can act as obstacles for delaying the sample flow on a AuNP-based LFA 

(see Fig. 5.1). 
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Figure 5.1. Schematic representation of a lateral flow strip modified with wax pillars for protein 
detection based on the use of AuNP. (Inset) TEM image of AuNPs used for the lateral flow 
assay (LFA) development. 

Wax printing technology is used here to deposit wax on the surface of nitrocellulose, 

followed by a heating step for melting the wax pattern for its penetration through the 

pores of the membrane while maintaining the original design. The hydrophobic 

properties of the wax, make it suitable for the creation of barriers which can modulate 

the flow on membranes in a desirable way, e.g. for controlling the delivery time of 

reagents.33  

In the wax printing process, the nitrocellulose membrane to be printed passes between 

the pressure roller and the print drum of the printer, suffering changes due to the 

pressure. To evaluate these alterations, empirical calculations of permeability and 

scanning electron micrographs for membranes characterizations were carried out. 

In figure 5.2 transversal cuts of membranes with and without modifications produced 

just by applying heat and pressure are shown. When the membrane passes through the 

wax printer, a thickness reduction of around 30 µm is observed due to the compression 
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produced by the pressure roller and the drum of the printer (figure 5.2A-B). The results 

of the LFA performed for both approaches (figures 5.2C-2D) were compared so as to  

estimate th e effect of mechanical com pression of membrane in quantitative 

measurements (HIgG concentrations: 5, 50 and 500 ng/mL). 

 

Figure 5.2. Left: Scanning electron micrographs (SEM) of  transversal cuts : (A) unmodified   
and  (B) modified membrane HF075. Right: LFA for HIgG detection using (C) unmodified and 
(D) heat and pressure-modified membrane for a blank assay and for assays performed with 5, 50 
and 500 ng/mL of HIgG. 

 

Indeed, when the membrane is flattened the sensitivity of LFA increases due to the fact 

that the modified m embrane becam e thinner and this compression produces wider  

reagent lines making them easier to visualize a weak signal.  This is related to the fact 

that due to the spreading of reagents, the fluid afterwards penetrates the whole thickness 

of the membrane laterally moving producing wider lines due to less depth to contain the 

same volume of reagent.32  The limit of detection (LoD) using the strip reader (for all 

the LF formats described) was calculated as the concentration of HIgG corresponding to 

three times the standard deviation of the estimate, giving a value for the LF strips (with 

flattened membranes HF075) of 8.0 ng/mL of HIgG while by using membranes without 

any modification, this value is of 12 ng/mL. This suggests that only the compression of 

nitrocellulose membranes gives a 1.5-fold improvement in the sensitivity of the assay.  
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In traditional printing methods, the porosity plays an important role on the absorption of 

the ink by d ifferent paper substrates: high porosity papers absorb and spread more ink, 

while low porosity papers can prevent the penetration of the ink through their fibers.  In 

the wax printing process used in th is work, the wax penetrates on ly in to super ficial 

fibers of nitrocellulose. To ensure the presence of delay bar riers a long the whole 

thickness of the membrane, a melting process was conducted. Two nominal wax pillars 

of 0 .4 and 1.0 mm dia meters were measured before and after melting proc ess, and 

results showed that wax pillar diameters increased up to 20% regarding to the original 

printing size after melting step (see Fig. 5.3)

 

 

Figure 5.3. Wax printed pillars of (A) 0.4 and (B) 1.0 mm, before and after melting process. 

 

Once the melted wax enters through the fibers of membrane a later al spreading occurs 

and decreases the resolution of the printed pattern, which is affected by the porosity and 

thickness of m embrane.3 Although just one typ e of NC membrane was employed for 
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printing purposes (approximate pore size 12-17 µm), if a membrane with smaller pores 

is used, the increment after melting could be lower due to the higher packaging of 

nitrocellulose fibers that reduces the possibility of air passages and avoids the spread of 

the ink. The effect on the sensitivity caused by changing the wax pillar diameter was 

tested in quantitative measurements of HIgG. Results showed that the presence of wax 

pillars with small diameters (0.4 mm) reduced considerably the unspecific signals, 

showing strips with clear backgrounds and a better differentiation of intensities of test 

lines observed through the concentration range if compared with the modified 

membrane (see Fig. 5.4 A-B). Regarding to the sensitivity, the presence of small 

diameter wax pillars produces a slight increment of 1.2-fold respect to the modified 

membrane, which corresponds to a LoD of 6.6 ng/mL. This result indicates that wax 

pillars are acting as delay barriers of the fluid due to their hydrophobic nature allowing 

in this way, a suitable recognition between the analyte and the capture AuNP labeled 

antibody before arriving to test line. However, this size (0.4 mm) was not enough to 

increase even more the sensitivity of the assay. On the other hand, wax pillar of a bigger 

diameter (1.0 mm) was tested and experimental results showed that sensitivity was 

affected. This occurred because the pillars delayed the regular flow in such way that the 

time of the assay was substantially long making it useless for practical purposes; a 

considerable amount of AuNPs which could not reach properly to test and control lines 

remained along the membrane, showing a pink background; thus a high LoD of 15.6 

ng/mL was obtained (see Fig. 5.4C). It is worthy to note that the wax pillar size is an 

important parameter that affects the sensitivity in different ways and the proper choice 

for wax pillar size must be a compromise between the sensitivity and the time of the 

assay.  

For the remaining experiments, the wax pillars diameter chosen was 0.5 mm and the 

effect produced by different wax pillars arrangements on the microfluidic was tested.  

Four different patterns (“P1”, “P2”, “P3” and “P4”) as well as strips with and without 

modifications were tested for HIgG detection. Experimental results clearly showed the 

effect on the sensitivity of the assay produced by the wax pillars geometries (see Fig. 

5.5). 
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Figure 5.4. LF strips with heat and pressure modifications, HF075 mod (A); LF strips modified 
with different wax pillars diameters: 0.4 mm (B) and 1.0 mm (C). Effects on sensitivity of wax 
pillars diameters in LF quantitative measurement of HIgG (D). 

 

As stated before, an improvement of sens itivity is produced by: i)  mechanical 

compression of membrane and ii ) the presence of wax pillars of proper size.  Slightly 

increasing the diameter of the wax pillar up to 0.5 mm, it was possi ble to improve the 

sensitivity, especially for “P1” and “P2” patterns up to 1.7- and 2.6 -fold respect to 

modified and unmodified membrane, respectively. These results showed that sensitivity 

in LFA can be affected by presence of wax pillars, their diameters and also the spatial 

arrangements.  Mor eover, m athematical simulations were per formed to study these 

phenomena. For each patt ern, the flow  speed, vort icity and force around the pill ars, 

were calculated at the end of the pillars zone  and contr ol line. Al l these data are 

summarized in Table 5.1. 

Three different flow parameters were mathematically considered to correlate them with 

the experimental results. Mathematical simulations for HF075 were achieved as blank 

in orde r to  compare the differences observed in the mentioned parameters in the 

presence of several wax pillars patterns. According to the data in Table 5.1, the highest 

flow velocities at the end of wax pillars zone corresponds to patterns “P1” and “P2” 

which are compensated by the vorticity range (a physical magnitude that describes the 
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rotation of a fluid near to some point). While bigger is this range, higher is the rotation 

of the fluid. In addition, the pressures are higher for these two patterns. These results are 

consistent with the most sensitive modified LFA which are “P1” and “P2” patterns. 

 

Figure 5.5. (A) LF strips modified with different pattern of wax pillars. (B) Effect of the wax 
pillars in  L F quantitative measurement for different concentrations of  HIgG and th e 
corresponding LoDs (inset). (C) Flow speed simulations for modified and unmodified LF. (D) 
Simulated results of vorticity for modified and unmodified LF. 
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Table 5.1. Parameters measured with mathematical simulations for LFAs modified with wax 

pillars 

Pattern Average 

Velocity (x10-3 m/s) 

Vorticity (1/s) Average 

Pressure 

Force per unit of area (Pa) 

HF075 V1= 1.03 

V2= 1.03 

Vort1= (-1.4 to 1.4) 

Vort2= (-1.4 to 1.4) 

F1= 0 

F2= 0 

P1 V1= 1.60 

V2= 1.03 

Vort1= (-4.7 to 4.7) 

Vort2= (-1.4 to 1.4) 

F1= 2.5e-5 

F2= 0 

P2 V1= 1.40 

V2= 1.03 

Vort1= (-4.5 to 4.5) 

Vort2= (-1.4 to 1.4) 

F1= 2e-5 

F2= 0 

P3 V1= 1.03 

V2= 1.03 

Vort1= (-2.4 to 2.4) 

Vort2= (-1.4 to 1.4) 

F1= 3e-8 

F2= 0 

P4 V1= 0.18 

V2= 0.18 

Vort1= (-0.47 to 0.47) 

Vort2= (-0.25 to 0.25) 

F1= 3.6e-8 

F2= 0 

 

Making the same considerations for the remaining patterns, the “P3” resulted with 

higher flow velocities and vorticity values and low pressure compared with “P4”. 

However, the experimental results showed that LoD for “P4” (6.5 ng/mL) is better than 

the obtained for “P3” (8.2 ng/mL).  

With the purpose to confirm if the wax truly acts as a barrier across membrane, 

characterizations by using scanning electron and confocal microscopes were performed. 

A transversal cut of wax dots area in order to verify if the melted wax penetrates 

through the entire thickness of membrane was made as it is shown in figure 5.6A. Due 

to the density of the wax and membrane itself, it was difficult to characterize by SEM if 

the area of barriers was only covered with wax. Therefore it was necessary to 

characterize the area of barriers by using confocal technology. Figure 5.6B shows a 

surface roughness profile on the wax dots area and it is possible to observe different 

surface roughness values. This means that the melted wax (darker points) has filled the 

pores of the membrane creating a tridimensional structure (like a pillar) capable of 

obstructing the normal flow of the sample across the whole membrane thickness (Fig. 

5.6C). 
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Based on the previous experimental results and mathematical simulations, “P3” and 

“P4” wax patterns were discarded due to the fact that they showed a lower sensitivity 

compared to “P1” and “P2” and an accurate calibration curve was carried out (see 

Figure 5.5). In this experiment, unmodified and m odified m embranes (HF075 and 

HF240), whe re used to compare the effect produced by mechanical co mpression and 

also, the presence of the wax pillars on  LFA. As expected, unm odified HF075 

membrane presents less sensitivity as its capillary flow time is lower if compared with 

unmodified HF240 membrane. This means that sample flow needs shorter time interval 

to travel a defined dist ance on the m embrane, thus there is not enough time for 

formation of the immunocomplex and its sensitivity is affected. 

 

Figure 5.6. (A) SEM image for transversal cut of wax pillars area on a lateral flow strip. Inset 
corresponds to a membrane covered wi th me lted wax. (B) Su rface profile ro ughness of  LFA 
modified with wax pi llars. (C) Schema tic of  a transversal cut of pillars zone on nitrocellulose 
membrane. 

When the HF075 membrane suffered the mechanical compression by the roller and the 

print drum, detection lines became wider and its sensitivity increased as stated before. 
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LoD for modified HF075 membrane is comparable to the value obtained for the most 

sensitive unmodified membrane HF240. In addition, the selected patterns showed lower 

LoD regarding to the value obtained for the most sensitive membrane, HF240, produced 

by Millipore. The reproducibility of the responses (n=3) for a 100 ng/mL HIgG 

concentration was also studied, and relative standard deviation (RSD) and limits  of 

detection for different patterns and membranes can be found in the table 5.2. 

 

Table 5.2. Limit of detection and relative standard deviation using unmodified and modified 
LFA with wax pillars  

Lateral Flow Assays 
Limit of detection 

(ng/mL) 

Relative Standard Deviation 

(RSD) for 100 ng/mL 

Unmodified HF075  12.4 7.5 

Modified HF075  7.6 4.0 

Unmodified HF240  8.0 6.8 

P1 5.6 2.3 

P2a 4.5 2.2 

P2b 4.7 3.3 

 

Lateral flow assays with printed wax pillars resulted to be more sensitive and showed 

lower limits of detection than lateral flow assays without modifications. Moreover, all 

blank measurements gave a lower background signal compared with LFA without 

modifications.  

In order to verify which is the role of the location of wax pillars patterns in the 

sensitivity of LFA, two “P2” patterns have been studied: one near to the conjugate pad 

(P2a) and other one near to the test line (P2b). Results showed that there is not any 

significant difference on the value of the limit of detection if the wax pattern is located 

near or far away from the conjugate pad. This is attributable to the fact that the capillary 

flow rate is considerably faster at the beginning of the detection membrane and 

decreases exponentially as the liquid moves along it, until reaching a steady flow rate 

when the bed volume of membrane is saturated.32  Therefore, when the wax pillars area 

is located at the beginning of the membrane this is enough to improve the sensitivity of 
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LFA. In addition this contributes s ignificantly to delay the flow rat e leading to better 

limits of detection.  

Wax printing was used as patterning technique, in order to create delay barriers on LF 

devices that  lea d to increase on se nsitivity of the assays. Despite of the sensitivity 

improvements obtained by the developed devices, these are fast, easy to use, low-cost 

and their fabrication just includes an extra step of printing that takes  few  minutes, 

compared with other contr olling flu id methods pre viously reported, which are m ore 

sensitive but the fabrication are laborious and require additional reagents. 

 

 

Figure 5.7. Results of LFA assays for HIgG detection performed with (A) unmodified 
HF075; (B) m odified HF 075 and (C) un modified HF240 membranes.  (D), (E) , (F)  
correspond to the same membranes m odified with  P1, P2b, an d P2a patterns, 
respectively. (G) Quantitative e valuation of the performance of the ass ays performed 
with the different membranes. 
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In this context, our approach constitutes an important strategy for the sensitivity 

improvement on lateral flow assays using paper-based microfluidic techniques, that can 

be improved by other techniques such as  inkjet technology, which allows to print 

directly on the surface of nitrocellulose membrane by using a hydrophobic solution or 

ink capable to create well defined patterns without  have direct contact with it.34  

 

5.4. Conclusions 

We have presented a new and easy strategy for improving the sensitivity of a gold 

nanoparticle-based LFA by the deposition of hydrophobic barriers of wax printed at the 

detection pad of a LFA. These barriers act as obstacles delaying the regular flow on the 

strip by increasing the binding time between the analyte and the labeled antibody and 

therefore allowing an effective formation of immunocomplex. Different designs were 

evaluated and the optimized ones allowed improving of almost 3-folds the limit of 

detection compared with the non-modified membranes. Mathematical simulations 

corroborate the experimental results obtained for the different patterns. This approach is 

simpler than other previously reported strategies since is not time-consuming, is low-

cost, does not require the use of additional reagents for signal amplification or even 

changes on the configuration of LF strip. In consequence, the proposed strategy can be 

easily extended to any type of LFA design and  could expand the landscape to the use of 

LF designs with patterning techniques facilitating its use in point-of-care applications. 
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Summary 

 

In this Chapter, a novel triple-lines lateral-flow design with enhanced sensitivity for the 

sensitive detection of isothermal amplified Leishmania DNA is presented. DNA primers 

labeled with biotin and FITC for the isothermal amplification reaction are used. The 

enhanced methodology takes advantage of the use of gold nanoparticle tags (AuNPs) 

connected with polyclonal secondary antibodies which recognize anti-FITC antibodies. 

The polyclonal nature of the secondary antibodies allows their multiple connections 

with primary ones, giving rise to the enhancement of the AuNP signal. Furthermore, an 

endogenous control consisting in the amplification of the 18S rRNA gene is introduced 

so as to avoid false negatives. Using this strategy, up to 30 parasites/mL are detected 

being the detection limit comparable to other isothermal amplification techniques but 

with the advantage of being a simpler alternative with interest to be extended to several 

other DNA detection scenarios. 

  



Chapter 6 

134 
 

 



Chapter 6 
 

135 
 

6.1. Introduction 

Leishmaniasis is a vector-borne and poverty-related disease potentially fatal in humans 

and dogs which represents an important public health problem1–3. Two main 

Leishmania species are associated to several clinical signs:  cutaneous leishmaniasis 

which can be cured but leaves skin damages4 and visceral leishmaniasis which is mortal 

if is untreated5. According to the World Health Organization, an estimated of 12 million 

of persons are infected around the world and every year appears 1-2millons new cases.6 

More than 500.000 cases correspond to visceral leishmaniasis and the mortality 

estimated is 50.000 deaths per year.5,6 Canine Leishmaniasis (CanL) caused by 

Leishmania Infantum is transmitted by the bite of an insect vector, phlebotomine sand 

fly, which transmits the flagellated infective promastigote. The intracellular amastigote 

form is then developed and replicated in the mammal.7  

Different methods for the detection and diagnosis of CanL including parasitological8–10, 

serolological11,12 and molecular techniques13–18   have been reported. Polymerase chain 

reaction (PCR) method for the amplified detection of parasite DNA constitutes the main 

approach for CanL detection allowing a high sensitivity and specificity. However, the 

well-known limitations of the PCR related to the thermocycling make necessary the 

development of novel alternative methods for an early detection in order to apply a 

successful medical treatment. Isothermal amplification is an alternative approach to the 

traditional PCR which overcomes many of the complications related to the 

thermocycling since it is performed at a constant temperature thanks to the use of 

specific enzymes. Various isothermal amplification methods that depend on the 

enzymes and the temperature used have been developed. The variation called 

Recombinase Polymerase Amplification (RPA) commercialized by Twist 

(TwistDx’s®)19 employs recombinase enzymes which are capable of pairing 

oligonucleotide primers with homologous sequence in duplex DNA. Through this 

method, DNA synthesis is directed to defined points in a sample DNA. If the target 

sequence is indeed present, DNA amplification reaction is initiated; no other sample 

manipulation such as thermal or chemical melting is required. The reaction progresses 

rapidly and results in specific DNA amplification from just a few target copies to 

detectable levels typically within 5 - 10 minutes. Using labeled primers, the amplified 

product is double-labeled, opening the way to different detection methodologies. RPA 

technique has been used for amplifying DNA from bacteria20–22 and viruses23,24 
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followed in most cases by fluorescent detection20,21 which has the well-known 

limitations related to the use of fluorescent tags. 

In this context, lateral flow assays (LFA) appear as an invaluable tool which fulfills the 

requirements of an ASSURED biosensing system: affordable, sensitive, specific, user-

friendly, rapid and robust, equipment free and deliverable to end-users.25  Double-

labeled primers have been used for the final detection of RPA amplified HIV-virus 

using commercially available LFA strips.23 In the case of Leishmania, strips for specific 

CanL antigen (kR39)  are commercially available (InBiosInc®, CTK Biotec®, DiaMet 

IT®)  for detection of visceral leishmaniasis14,26–29 but there are not examples of 

detection of RPA amplified CanL DNA using LFA, which can enhance in a high extent 

the sensitivity of the antigen based detection. 

Due to the importance of LFA for field analysis, many efforts have been achieved in 

order to enhance their sensitivity, being of special interest those which take advantage 

of the tools offered by the nanotechnology. Recent reports showed the increase of 

sensitivity in LFA using dual gold nanoparticle conjugates30, gold nanoparticles loaded 

with enzymes31 and even simple changes on the paper architecture.32 

Given the importance of Leishmania DNA detection we offer a novel LFA design with 

enhanced sensitivity able to detect very low quantities of isothermal RPA amplified 

analyte. DNA primers labeled with biotin and FITC for the isothermal amplification 

reaction were used. The enhanced methodology takes advantage of the use of gold 

nanoparticle tags (AuNPs) connected with polyclonal secondary antibodies which 

recognize anti-FITC antibodies. The polyclonal nature of the secondary antibodies 

allowed their multiple connections with primary ones, giving rise to the enhancement of 

the AuNP signal. Furthermore, an endogenous control consisting in a third line in the 

LFA that corresponds to the amplification of the  18S rRNA gene was introduced so as 

to avoid false negatives. 
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6.2. Experimental section 

6.2.1. Reagents and apparatus 

A kit for isothermal amplification of DNA based on RPA method was purchased from 

TwistDx’s®. The suitable labeled primers for the amplification of Leishmania infantum 

kinetoplast DNA were purchased from Sigma Aldrich (Spain).  

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4•3H2O, 99.9%), trisodium citrate 

(Na3C6H5O7•2H2O) and Streptavidin from Streptomyces avidinii were purchased from 

Sigma-Aldrich (Spain). Anti-goat IgG (polyclonal antibody produced in chicken; 

ab86245) and anti-FITC IgG (polyclonal antibody produced in goat; ab19224) were 

purchased from Abcam (UK).  All the reagents used for the preparation of the different 

buffers were supplied by Sigma Aldrich (Spain):  

Boric acid (H3BO3, 99%) and sodium tetraborate decahydrate (B4NaO7.H2O, 99%) for 

the preparation of Borate buffer (BB); Sodium phosphate monobasic monohydrate 

(NaH2PO4.H2O, 99%) and sodium phosphate  dibasic (Na2HPO4, 99%) for the 

preparation of phosphate buffer (PB); Trizma® HCl (C4H11NO3, 99%) and sodium 

chloride (NaCl, 99.5%) for the preparation of tris buffer saline-tween (TBST); Tween®-

20 (C58H114O26), sucrose (C12H22O11, 99.5%), bovine serum albumin (BSA, 96%) and 

sodium dodecyl sulphate  (C12H25NaO4S, 98.5%) for the preparation of blocking 

buffers; Phosphate buffer saline tablet for the preparation of PBS buffer. 

All the materials used for the production of the LFIA strips were purchased from 

Millipore (Billerica, MA 08128, USA): sample and absorbent pads (CFSP001700), 

conjugate pad (GFCP00080000), detection pad (SHF1800425) and the backing card 

(HF000MC100). A guillotine Dahle 533 (Germany) was used to cut the strips. An 

IsoFlow reagent dispensing system (Imagene Technology, USA) was used to dispense 

the detection and control lines. A strip reader (COZART — SpinReact, UK) was used 

for quantitative measurements. mQ water, produced using a Milli-Q system (>18.2 

M/cm) purchased from Millipore (Sweden), was used for the preparation of all 

solutions. The stirrer used was a TS-100 Thermo shaker (BioSan, Latvia). A 

thermostatic centrifuge (Sigma 2-16 PK, Fisher Bioblock Scientific, France) was used 

to purify the AuNP/antibody conjugates. All the size measurements and shape 

observation of AuNPs were conducted in a Field Emission Gun Transmission Electronic 

Microscope, model TecnaiTM G2F20 (Fei, USA).  
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6.2.2. Methods 

6.2.2.1. Designs for RPA amplification of Leishmania infantum 
kinetoplast DNA  

Leishmania parasite was spiked on DNA samples extracted from dog blood. After that, 

Leishmania infantum kinetoplast DNAwas isothermal amplified using primers labeled 

with biotin and FITC (“positive” samples). Samples from dogs without spiked parasite 

(“blank” samples) were also amplified so as to evaluate the specificity of the method. 

For endogen control assays, an additional pair of primers that amplify the 18S rRNA 

gene (always present in both “positive” and “blank” samples), labeled in this case with 

FITC and digoxigenin was also used. 

6.2.2.2. Preparation of gold nanoparticles 

Gold nanoparticles (AuNP) 20 nm sized and stabilized by citrate, were prepared using 

the Turkevich’s method33 as previously described in Chapter 5.  

6.2.2.3. AuNPs modification with antibodies: preparation of the double 
antibody solution 

The conjugation of AuNPs with antibodies was performed according to the following 

procedure, previously optimized by our group.31 First of all, the pH of the AuNPs 

suspension was corrected to pH 9 with 0.1M borate buffer. Then, 100 µL of a 100 

µg/mL anti-goat IgG aqueous solution were added to 1.5 mL of the AuNPs suspension.  

The resulting solution was incubated for 20 min at 650 rpm. Then, 100 µL of 1 mg/mL 

BSA aqueous solution were added and the stirring was continued for other 20min at 650 

rpm. Finally, the solution was centrifuged at 14000 rpm and 4ºC.  

The supernatant was removed and the pellet of AuNP/anti-goat IgG was re-suspended 

in 300 µL of 3 µg/mL anti-FITC IgG solution in BB 2 mM pH 7.4, 10% sucrose. In this 

way, a suspension containing both anti-FITC IgG and AuNPs/anti-goat IgG was 

obtained, being immediately used for conjugate pad preparation. 
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6.2.2.4. Preparation of the strips 

1 mg/mL solution of anti-goat IgG and streptavidin in PB 10 mM, pH 7.4 were spotted 

onto the detection pad at dispensing rate of 0.05 µL/mm using an IsoFlow reagent 

dispensing system so as to form the control and test line, respectively. For the detection 

of the endogen control, an additional line with 1 mg/mL of anti-digoxigenin was also 

spotted. Then, the detection pad was dried at 37ºC for 1h. After that, the membrane was 

blocked using a 2% BSA aqueous solution for 5 minutes. Finally, the membrane was 

washed for 15 minutes using PB (5mM pH 7.4), 0.05% SDS and dried at 37ºC for 2h.  

The sample pad was prepared by dipping into 10mM PBS, 5% BSA and  0.05% 

Tween®-20 and drying at 60ºC for 2h. The conjugate pad was prepared dipping it into 

the previously prepared double antibody solution (anti-FITC IgG and AuNP/anti-goat 

IgG) and drying under vacuum for 1 h. 

The different pads were sequentially laminated 2 mm with each other and pasted onto 

the adhesive backing card in the following order: detection, conjugation, sample and 

absorbent pads. Finally, the strips were cut 7 mm wide and stored in dry conditions at 

4ºC until their use up to a week. 

 

6.2.2.5. Lateral-flow assay procedure 

Isothermal amplified Leishmania DNA sample solutions labeled with FITC and biotin  

were first diluted in Tris buffer saline 10mM Trizma®-HCl pH 7.6 and 0.05% Tween®-

20 (TBST) at different dilution factors. Typical assay consisted in mixing 10 µL of the 

diluted sample (different dilution factors in TBST were assayed: 1:100, 1:250: 1:500 

and 1:1250) with 200 µL of TBST, immersing the strip into this solution and keeping 

for 10 min until the flow is stopped. Then 200 μL of TBST were dispensed in order to 

wash away the excess of the double antibody solution. Three replicates of each sample 

were done and intensities of lines were read with the strip reader so as to obtain the 

corresponding calibration curve. 
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6.3. Results and discussion 

6.3.1. Principle of the enhanced detection 

The principle of the signal enhancement is based on an indirect ELISA. In a typical 

assay, after the analyte recognition by a capture antibody, the sandwich is completed 

with a label-free primary antibody. After that, an AuNP labeled polyclonal secondary 

antibody is used for the recognition of the primary one. The polyclonal nature of the 

secondary antibody makes possible the connection of a high number of labeled 

antibodies to each primary one, giving rise to an increase in the number of AuNP labels 

and consequently an enhancement in the analytical signal.33 

In our approach, the novel and simple strategy for the signal amplification is based on 

the immobilization on the conjugation pad of primary antibodies specific to the analyte 

and secondary antibodies labeled with AuNPs which recognize the primary ones. The 

secondary antibodies (chicken anti-goat IgG) were labeled with AuNPs which can 

recognize a primary one that acts as detection antibody (goat anti-FITC) forming a 

complex which was dispensed onto the conjugation pad. Two reagents were deposited 

on the nitrocellulose membrane: streptavidin and anti-goat IgG, forming the test line 

and the control line respectively. When the sample starts to flow though the strip, the 

primary antibody/secondary antibody complex is released, producing the capture of the 

isothermal amplified DNA through the tails labeled with FITC. While the sample keeps 

migrating though the membrane, the test line becomes visible due to the binding of 

streptavidin with the biotin present in the isothermal amplified DNA. The control line 

turns visible when the anti-species antibodies capture any excess of antibody labeled 

with gold nanoparticles (see Figure 6.1). 
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Figure 6.1. Scheme, not in scale, of the enhanced LFA based on the use of secondary antibodies 
for the detection of double labeled (FITC/biotin) isothermal amplified DNA.  
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6.3.2. Optimization of the enhanced lateral flow assay 

Different parameters affecting the analytical signal, including blocking steps, 

concentration of antibodies in the double antibody complex and running buffer were 

optimized. 

6.3.2.1. Blocking agent 

Nitrocellulose membranes have been traditionally blocked with different agents (e.g. 

proteins, surfactants or polymers) not only to avoid non-specific bindings of 

nanoparticles over the membrane34,35 but also to control the flow rate and stabilize test 

and  control line.36 The best conditions for blocking the membrane for each specific 

approach must be thoroughly optimized. In our case, a solution containing 2% BSA for 

preventing the non-specific adsorptions after dispensing the antibodies over the 

nitrocellulose membrane was found as suitable as blocking agent (Fig. 6.2). 

6.3.2.2. Running buffer 

The formation of antigen-antibody complex can be affected by matrix parameters such 

as pH, temperature and ionic strength.37 Tris buffer is well known for its capability of 

solubilize DNA so as to avoid its degradation, so three running buffers with different 

Tris concentrations and additives were tested, for positive and blank samples (Fig. 6.2). 

Results showed that when the ionic strength of running buffer increased, the test line 

became more intense, the sensitivity was improved and no unspecific signal in the test 

line for the blank sample was observed. Although when the ionic strength between 

buffers B and C was not significantly different, the presence of surfactant (Tween-20®) 

allowed a better flow of nanoparticles through the membrane avoiding non desirable 

adsorptions. Thus, the most suitable running buffer for this assay was found to be 

TrisHCl 50 mM, 150mM NaCl and 0.05% Tween-20®. These observations are in 

agreement with previously reported studies showing that  ionic strength of running 

buffer together with the presence of surfactant have an important influence of the 

background signal decreasing the non-specific bindings over the membrane.36,38,39 
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Figure 6.2. Optimization of   ru nning buffer for an  isot hermally amplified pr oduct diluted a t 
1:50. Buffers are: (A) 25 mM Tris, 150 mM NaCl, pH 7.6, (C) 50 mM Tris,  13 8mM NaCl, 
0.27mM KC l, 1% BSA and (D) 50mM Tris, 150 mM Na Cl, 0. 05% Tween-20. All th e 
membranes were previously blocked with 2% BSA. 

 

6.3.2.3. Concentration of primary antibody

Different concentrations of primary antibody for a fixed quantity of the conjugate of the 

secondary antibody/AuNPs were evaluated. As it  is shown in Figure 6.3, it  was found 

that the most suitable concentration of goat anti -FITC in the double antibody solut ion 

was 3 µg/mL . This can be probably due to th e fact that for higher concentrations of 

primary antibody, the primary Ab / secondary Ab ratio is close to 1:1 and consequently 

the AuNPs concentration in the test line is lower, as also schematized in Figure 6.3. 

 

Figure  6.3. Optimization of  pr imary antibody concentration in doub le antib ody-AuNP 
conjugate. Assays perfo rmed for an  isot hermal amplified pr oduct diluted at 1:50. Other 
conditions as detailed at the experimental section. 
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6.3.3. Semiquantitative assays: evaluation of the enhancement  

Preliminary tests were performed under the optimized conditions, for isothermal 

amplified DNA using the enhanced LFA strategy. The results were compared with those 

obtained using a direct LFA without using secondary antibodies and summarized in 

figure 6.4. In both cases, the concentrated amplified DNA was serially diluted so as to 

evaluate the ability of the sensing system to detect lower quantities of labeled product. 

A clear improvement in the sensitivity thanks to the use of secondary antibodies was 

noticed even with the naked eye. The obtained enhancement allows visual detection of  

isothermal amplified products diluted at a 1:500 factor, whereas with the direct assay 

only products diluted up to 1:250 are visualized. 

The advantages of the enhanced strategy are even more evident with the measurements 

of optical density performed with the scanner (Fig. 6.4B). It is important to point out 

that with this novel strategy not only the sensitivity is improved but also the lines are 

better defined, which is crucial for an adequate and reproducible reading by the scanner. 

Thanks to the optical density measurements, isothermal amplified products diluted up to 

a 1:1250 ratio can be detected. 

Finally, the enhanced strategy was used for the evaluation of isothermal amplified 

products prepared from samples containing different quantities of parasite. Values of 

intensity of test line were plotted vs. the logarithm of parasite concentrations (Fig. 6.5), 

resulting in a linear relationship in the range of 0.035 to 16 parasites per µL. A limit of 

detection of 32 parasites/mL (0.032 parasites/µL) was estimated as the analyte 

concentration giving a signal equal to the blank signal plus three times its standard 

deviation. The reproducibility of responses (n=3) for 1.6 parasites/µL was also studied, 

obtaining a relative standard deviation (RSD) of 4%. 
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Figure 6.4. (A) Pictu res of LFA strips after the assay perfo rmed for isot hermal amplified 
Leishmania DNA at different dilution ratios, using the enhanced and the direct strategy. (B) The 
corresponding intensity values obtained with the strip reader for both assays. 
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Figure 6.5. (A) Bar in tensity graphic for enhanced lateral flow assay. The lo garithmic 
relationship between the parasite concentration and the % of intensity in the test line is shown in 
the inset graphic. (B) Corresponding pictures of the LFA strips. 

 

Most of LFA for Leishmania detection are offered for qualitative tests only being few of 

them able  to achieve semi-quantitative analytical res ponse.15,27,40–42 Our AuNP based 

amplification approach results are quite similar to those obtained by  se mi-quantitative 

test using nucleic acid sequence based amplification (NASBA) and coupled to  

oligochromatography (OC) for Leishmania detecti on which  rea ch detection lim its o f 

0.01 parasites/L.42 However, our technique provides a valuable proof of concept due to 

the enhancement approach which is a universal methodology that can be applied for any 

LFA design. 
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6.3.4. Second test line for endogenous control 

Using the standard LFA design, a negative response (no signal in the detection line) can 

be due not only to the absence of the Leishmania in the sample but also to errors in the 

isothermal amplification procedure. In order to solve this, an endogenous control was 

also performed and introduced in the LFA design. It consists in introducing an 

additional pair of primers that amplify the 18S rRNA gene (always present in the 

sample), so this amplified product must be always present, for both positive and blank 

samples. These primers were labeled with FITC and digoxigenin as schematized in 

figure 6.6A. As result, in the positive samples both products (biotin-FITC and 

digoxigenin-FITC labeled) will be present while only the digoxigenin-FITC pair will be 

found in the blank samples. 

In order to detect both products, the LFA strip was slightly modified, adding an 

additional line in the detection pad, where anti-digoxigenin antibodies were 

immobilized. This line must be always visualized, even for blank samples, evidencing 

that the amplification procedure worked properly, as illustrated in figure 6.6B. 

The performance of the enhanced strategy for the assay containing the endogenous 

control was evaluated for amplified DNA serially diluted. As it is shown in figure 6.7 

(lower part), the additional test line is clearly visualized. Furthermore, the intensity of 

color in the control line remains constant while the corresponding ones to the two test 

lines decrease when the dilution factor is increased, demonstrating that the amplification 

procedure worked properly. 
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Figure 6.6.  (A) Sche me of  th e design of primers for th e simultaneous amplification of 
Leishmania DNA and 18S rNA gene (endogenous control). (B) Design of the LFA strips with 
the additional test line (TL2) for the endogenous control detection. 
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The res ults were also compared with the obtained using the direct assa y (without 

secondary antibodies; figure 6.7-upper part) observing again the advantageous effect of 

the enhanced strategy, ensuring now that false negatives are avoided. 

 

Figure 6.7.   Pictures of LFA strips after th e ass ay performed for isothermal amplified 
Leishmania DNA at di fferent dilution factors, containing the en dogenous con trol. The dire ct 
and the enhanced assays are also compared. TL1 corresponds to the test line while TL2 stands 
for the endogenous control. 

 

 

Finally, the enhanced strategy in combination with the endogenous control was applied  

for the evaluation of isothermal amplified products prepared from samples containing 

different quantities of parasite. A linear relationship between the parasite concentration 

and the intensity of the test line was obtained in the range 0.032 to 16 parasites/µL. A 

limit of detection of 30 parasites/mL (0.030 parasite/µL) was estimated, calculated as 

explained above (Fig. 6.8). This value is almost the same as the one obtained with only 
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one tes t line for Leishmania parasite detection, demonstrating that the addition of a  

second test line provides in the same lateral flow strip a control for checking the 

isothermal amplification and also a tool for Leishmania parasite detection with out 

affecting the sensitivity of the enhanced LFA. 

  

 

Figure 6.8. (A) Bar intensity graphic for enhanced lateral flow assay containing the endogenous 
control. The logarithmic relationship between the parasite concentration and the % of  intensity 
in the test line is shown in the inset graphic. (B) Corresponding pictures of the LFA strips. TL1 
corresponds to the test line while TL2 stands for the endogenous control. 
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6.4. Conclusions  

A novel design of Lateral Flow Assay (LFA) based on the use of secondary antibodies 

in the conjugation pad was successfully accomplished and applied for the detection of 

isothermal amplified Leishmania infantum kinetoplast DNA extracted from dog blood.  

This isothermal amplification approach overcomes many of the complications related to 

the thermocycling since it is performed at a constant temperature. The use of labeled 

primers allows to obtain double labeled  (biotin/FITC) products that can be detected 

using a lateral Flow Assay (LFA). Thanks to the use of secondary antibodies, the 

intensity of the signal in the test line and consequently the sensitivity of the assay is 

highly increased, allowing to detect up to 30 parasites/mL. 

Furthermore, an additional control, the so- called endogen control, was included so as to 

avoid false negatives. It was simply performed by adding an additional pair of primers 

that amplify the 18S rRNA gene (always present in the sample) labeled with FITC and 

digoxigenin and introducing an additional test line in the LFA strip, containing anti-

digoxigenin antibodies. This approach was successfully implemented, without losing 

the efficiency of the signal enhancement. The enhancement strategy proposed is a 

versatile and universal methodology that can be applied for any LFA design. It has also 

the advantage of the fact that the specific antibody against the analyte does not need to 

be directly labeled and it represents clear advantages in terms of technology cost.  
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7.1. Conclusions 

Novel and improved biosensing systems taking advantage of the optical, electrical and 

electrocatalytic properties of gold nanoparticles (AuNPs) and iridium oxide 

nanoparticles (IrO2 NPs) have been developed. These biosensing approaches have been 

developed on both plastic and paper-based platforms, showing an excellent performance 

in the point-of-care detection of protein biomarkers, DNA and toxins. 

 

Considering the detailed objectives described in Chapter 2 and the obtained results in 

Chapters 3, 4, 5 and 6, the conclusions are detailed as follows: 

 

Development of an iridium oxide-based electrochemical biosensor. 12 nm-sized IrO2 

NPs were successfully synthesized, characterized and used as novel electrocatalytic tags 

for immunosensing.  The stable NPs suspension exhibited a high catalytic effect 

towards the Water Oxidation Reaction (WOR), allowing their sensitive quantification at 

neutral pH in a simple chronoamperometric mode. This sensitive method was applied 

for the evaluation of Apolipoprotein (ApoE) Alzheimer disease biomarker in human 

plasma, following an immunoassay format using IrO2 NPs as advantageous tags. These 

tags are detected on screen-printed carbon electrodes (SPCEs) in the same buffer where 

the immunoreaction takes place, avoiding the addition of acidic and hazardous solutions 

(along with H2 bubbles formation, undesired in microfluidics) usually required for 

electrochemical detection. 

 

Label-free aptasensor based on iridium oxide-modified electrodes. A novel and highly 

sensitive aptamer-based sensing platform for ochratoxin A detection using a disposable 

and single-use SPCE was developed. Deposition of a redox dye, thionine, was 

successfully achieved on the working electrode surface of SPCE by 

electropolimerization, followed by the adsorption of IrO2 NPs. Then, aminated-aptamer 

selective to OTA was efficiently immobilized onto the citrate-capped IrO2 NPs 

adsorbed onto the electrode surface. Electrochemical impedance spectroscopy in the 

presence of ferri/ferrocyanide as redox probe, was used to characterize each step in the 

aptasensor development and for quantifying OTA. The increase in charge transfer 

resistance (Rct) values due to the specific aptamer–OTA interaction was proportional to 
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the concentration of OTA in a range of 0.1–100 nM showing also a good reproducibility 

and selectivity. This sensitive aptasensor exhibited a very low limit of detection (0.2 pM 

OTA) which can be with interest for its future application in real samples analysis. 

 

Enhanced gold nanoparticles-based lateral-flow device for protein detection using wax-

printed micropillars. A new and easy strategy for improving the sensitivity of a gold 

nanoparticle (AuNP)-based lateral flow assay (LFA) by the deposition of hydrophobic 

wax microbarriers printed at the detection pad was developed. These barriers act as 

obstacles delaying the regular flow on the strip by increasing the binding time between 

the analyte and the labeled antibody and therefore allowing an effective formation of 

immunocomplex. Different wax-printed pillars designs were evaluated and the 

optimized ones allowed to improve up to 3-folds the limit of detection compared with 

the non-modified membranes. Mathematical simulations corroborate the experimental 

results obtained for the different patterns. Although the limit of detection obtained was 

similar with other strategies reported in literature, this work offers a low-cost and 

simple strategy which could be improved and easily extended to any type of LFA 

desing. 

 

DNA detection using an enhanced gold nanoparticles/secondary antibody-based lateral 

flow. A novel LFA improvement based on the use of secondary antibodies in the 

conjugate pad was successfully accomplished and applied for the detection of 

isothermal amplified Leishmania infantum kinetoplast DNA extracted from dog blood.  

The use of labeled primers allows to obtain double labeled (biotin/FITC) products that 

can be detected using a LFA. Thanks to the use of secondary antibodies, the intensity of 

the signal in the test line and consequently the sensitivity of the assay was highly 

increased, allowing to detect up to 30 parasites/mL. Furthermore, an additional control, 

the so- called endogen control, was included so as to avoid false negatives. This 

approach was successfully implemented, without losing the efficiency of the signal 

enhancement. The enhancement strategy proposed is a versatile and universal 

methodology that can be applied for any LFA design. It has also the advantage of the 

fact that the specific antibody against the analyte does not need to be directly labeled 

and it represents clear advantages in terms of technology cost.  
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7.2. Future perspectives 

 

Nanotechnology has expanded the scope for the development of (bio)sensors thanks 

to the use of nanoparticles which exhibits unique properties, as well the integration of 

new nanomaterials and nanoelectronics for the development of simple, low cost and 

high throughput  devices. 

The application of electrocatalytic nanoparticles which can be detected by 

electrochemical systems in the same medium of the immunoreaction or without the use 

of additional and hazardous reagents may open the way to further applications in really 

integrated sensing systems, such as those based on lab-on-a-chip or lateral-flow 

platforms. In this regard, development of screen-printed paper-based electrodes has 

been recently reported as suitable alternative to other detection platforms1,2 . A full 

integration of simple and qualitative assessment offered by paper-based biosensors (e.g. 

lateral flow devices) with the sensitive detection of electrochemical devices can be 

expected in a near future. Particularly, IrO2 NPs are promising dual labels for their 

application in electrochemical/optical detection systems in future lateral flow 

biodetection platforms, due to their strong UV-Vis absorption and electrocatalytic 

properties. Moreover, thanks to their conductivity and biocompatibility, IrO2 NPs can 

be easily applied as excellent platforms for immobilization of biomolecules onto 

electrotransducing surfaces for developing of sensitive electrochemical biosensors. 

 On the other hand, in despite the fact that LFAs are excellent tools which fulfill 

the requirements for point-of-care testing, this sensing technology has disadvantages 

regarding to sensitivity issues. In this context, two novel and universal approaches were 

presented in order to overcome such drawbacks. Although the enhancement obtained by 

the LF strips modified with wax pillars was not remarkable compared with other reports 

strategies, clearly constitutes a simple, low cost and fast approach for improving the 

sensitivity of the assays. In addition, could be further improved by using other printing 

techniques such as inkjet printing technology that is a non-contact and provides a high 

resolution printing, suitable for sensing devices. The second enhancement strategy 

based on the use of secondary antibodies can be applied to any other analyte and labels 

offering in this way new improvements opportunities for various applications  
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Finally, the current work in progress in our laboratories focused on 

electrochemical evaluation of gold nanospheres and gold concave nanocubes (see 

Annex 1), may extend their application in electrochemical biosensing systems that 

employ NP catalytic properties while being used as labels for DNA, protein and cells 

sensing. 
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Annex A 

Electrochemical studies of spherical gold 

nanoparticles and gold concave nanocubes 



 

 

  

 

 

 

 

Summary 

The shape-controlled nanoparticle synthesis has gained importance during last years 

due to the wide range of fields where the anisotropic nanoparticles can be used, such as 

optical, (bio)sensing, catalysis and biomedical areas. Typical shape-controlled synthesis 

involves a two-step process, where small seeds are synthetized and then, larger structures 

with well-defined morphologies grown over these seeds. In this Annex, we study for the first 

time the size- and shape-effect on the electrohemical response of gold nanoparticles (AuNPS) 

using differential pulse voltammetry (DPV) on screen-printed carbon electrodes (SPCEs).  

Gold Nanospheres (AuNS) and concave nanocubes (AuNC) with sizes ranging from 20 to 50 

nm are evaluated. It is found that the high number of unsaturated atoms in the vertices and 

edges of the AuNC make them more electrocative than the AuNS, allowing to detect lower 

quantities of nanoparticles. These achievements are very interesting for further applications 

of the studied concave nanocubes as advantageous novel tags in electrochemical biosensing 

systems.  

 

 

 



 

 

A.1. Introduction 

Design and shape-control of noble metal nanoparticles have grown during the last 

years because of their unique size and shape-dependent properties at nanometric scale, such 

as localized surface plasmon resonance (LSPR) and surface-enhanced Raman scattering 

(SERS).1  In the particular case of gold nanoparticles (AuNPs), they are attractive not just for 

their outstanding properties as nanomaterial but also their biocompatibility, which make them 

useful in a wide range of biomedical applications.2–5 

AuNPs can be synthetized in different ways, but the most common method is by 

chemical or electrochemical reduction of Au (III) precursor. Chemical reduction can be 

achieved by: a) “in-situ” methods were the nucleation and growth occur in the same process, 

resulting mainly in spherical nanoparticles and b) the “seed-mediated growth” method in 

which the nucleation and growth occur in separated processes, resulting in shape-controlled 

nanoparticles.6,7 Briefly, the “seed-mediated growth” consists in formation of small seed 

particles as first step followed by  the seeds  addition to the “growth” solution which contains 

more gold ions together with stabilizing and reducing agents. In this step, newly reduced Au 

(0) grows onto the seed surface forming larger nanoparticles with a well-defined shape.6 

However, in order to produce high-quality and reproducibility of anisotropic nanoparticles, 

experimental conditions must be carefully chosen for seeds and growth solutions. Employing 

this method, AuNPs in a wide variety of morphologies such as: nanorods8, octahedra9, 

cubes,9,10 rhombic dodecahedra,9,11 obtuse triangular bypiramids,11 nanoprisms12 and concave 

cubes13 have been synthetized.  

Gold nanospheres (AuNS) have been extensively used as tags in electrochemical 

biosensing systems, thanks to their outstanding electroactive properties which allow their 

detection without previous nanoparticle dissolution in highly oxidative media.14–19 However, 

these properties have not been yet evaluated for different shaped AuNPs. 

In this context, Mirkin’s group13 described the synthesis and morphology study of 

gold concave cubes (AuNC), enclosed by 24 high-index facets {720} employing the seed-

mediated growth method. The authors reported the influence of the counter ion in the 

surfactant which produces a different morphology of the nanostructure, obtaining concave 

cubes by using cetyltrimethylammonium chloride (CTAC). Moreover, they showed a 

preliminary study about the catalytic performance of these nanostructures in a cyclic 

voltammetry indicating that concave cubes with {720} facets are more catalytic compared 



 

 

with the octahedral nanostructure with tightly {111} packed facets because of their lower 

oxidation peak. However, the direct voltammetric detection of AuNC, their size-effect and 

comparison with standard gold nanospheres (AuNS) have not been yet evaluated.  

In this work, we present for the first time a complete study about the above mentioned 

electrochemical evaluation of AuNC vs AuNS, showing promising results for further 

application in electrochemical biosensing systems. 

 

A.2. Experimental section 

A.2.1. Reagents and apparatus 

All the reagents used for preparation of concave gold nanocubes (AuNC) were purchased 

from Sigma-Aldrich (Spain): hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O, 

99.9%), silver nitrate (AgNO3, 99.9%), hydrochloric acid (HCl, 37%), L-ascorbic acid 

(C6H8O6, 98%) and cetyltrimethylammonium chloride solution (CTAC, 25%). Spherical gold 

nanoparticles of 20 and 50 nm were purchased from British Biocell (United Kingdom). 

Carbon (Electrodag 423SS), silver/silver chloride (Electrodag 6037SS) and blue insulating 

(Minico 7000) inks were used for fabricating screen-printed carbon electrodes (SPCEs) and 

purchased from Acheson Industries (The Netherlands). Autostat HT5 polyester sheet for 

using as electrode platform was purchased from McDermid Autotype (United Kingdom). All 

the size measurements and shape observation of AuNC were conducted in a Field Emission 

Gun Transmission Electronic Microscope Fei (TEM, model TecnaiTM G2F20, USA) and in a 

Field Emission Gun Scanning Electronic Microscope Fei (SEM, model QuantaTM 650, USA). 

A spectrophotometer SpectraMax M2e  (Molecular Devices, USA) was used to record the 

UV-Vis spectra of concave cubic and gold nanoparticles. A semi-automatic screen-printing 

machine DEK248 (DEK International, Switzerland) was used for fabricating the electrodes. 

A PGSTAT100 (Echo Chemie, The Netherlands) potentiostat/galvanostat was used for 

electrochemical measurements. The total amount of gold in the AuNC suspension was 

obtained by inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis at 

the Servei d’Anàlisi Química of the Universitat Autónoma de Barcelona (Spain).  Samples 

were diluted in aqua regia in a microwave digester (CEM Corporation, model MARSXpress, 

USA) and inserted in the ICP-OES spectrometer (Perkin-Elmer, model Optima 4300DV, 

USA) to obtain the total content of gold, expressed in mg/L. 



 

 

A.2.2. Methods 

A.2.2.1. Screen-printed carbon electrodes (SPCE) fabrication 

The electrochemical transducers used were homemade screen-printed carbon 

electrodes (SPCEs), consisting of three electrodes: working electrode (WE), reference 

electrode (RE) and counter electrode (CE). Briefly, a graphite layer was printed onto the 

polyester sheet, using the screen-printing machine with the stencil. After curing for 15 

minutes at 95ºC, an Ag/AgCl layer was printed and cured for 15 minutes at 95ºC. Finally, the 

insulating ink was printed and cured at 95ºC for 20 minutes. The full size of the sensor strip 

was 29 mm x 6.7 mm, and the WE diameter was 3 mm.  

A.2.2.2. Synthesis of gold concave nanocubes (AuNC) 

Gold concave nanocubes (AuNC) were prepared following a procedure previously 

reported by Mirkin’s group.13 The method consisted in a two-step seed-mediated growth 

process. First, seed solution was prepared adding 0.60 mL of cold and freshly prepared 0.01 

M NaBH4, to a solution that contained 0.25 mL of 0.01M HAuCl4, and 10 mL of 0.1 M 

CTAC. It was stirred for 1 minute and left undisturbed for two hours. The second step 

consisted in the growth solution which was prepared by the sequential addition of the 

following solutions: 0.50 mL of 0.01 M HAuCl4, 0.10 mL of 0.01 M AgNO3, 0.20 mL of 1 M 

HCl and 0.10 mL of 0.1 M ascorbic acid into 10 mL of 0.1 M CTAC. 

Preparation of 20 and 50 nm AuNC consisted in addition of 25 and 1 µL of seeds to 

the growth solution, respectively. The solutions were stirred for 1 minute and undisturbed 

overnight. 

A.2.2.3. Electrochemical measurements 

Each electrochemical measurement was performed dropping 50 µL of nanoparticles 

(AuNS or AuNC) suspension in 0.1 M HCl solution and leaving it adsorbing for 2 minutes 

onto the working electrode area.   

Electrochemical detection was conducted following a previously optimized 

procedure.16 Briefly, it consisted in applying a fix potential of +1.25 V (vs. Ag/AgCl) for 2 

minutes in order to oxidize the surface of AuNPs from gold (0) to gold (III) and immediately 

after this step, differential pulse voltammetry (DPV) was performed scanning from +1.25 to 

0.00 V (step potential 10 mV/s and modulation amplitude 50 mV). The cathodic peak of 



 

 

currents recorded at 0.37 V -corresponding to the reduction of gold (III) to gold (0)- was 

chosen as analytical signal. 

Background signals were recorded following the same electrochemical procedure but 

using an aliquot of 50 µL of 0.1 M HCl. 

 

A.3. Results and discussion 

A.3.1 Characterization of concave gold nanocubes (AuNC) 

TEM and SEM characterization were conducted in order to measure the size of AuNC 

and visualize their morphology. An extensive characterization of these nanocubes was 

reported by Mirkin and co-workers.13  The sizes of AuNC were determined by the length of 

their edges. Thus, it was possible to obtain AuNC of 20 ± 3 nm, 24 ± 3 nm, 32 ± 4 nm, 46 ± 8 

nm and 51 ± 7 nm. It was also observed that the bigger AuNC exhibited more defined edges 

and controlled morphology than the smaller ones (see Fig. 1). For AuNS, the sizes obtained 

for AuNS were 21 ± 3 and 48 ± 5 nm. 

It is well known that different factors such as the size, shape and surrounding medium 

properties have a strong effect on the maximum and bandwidth of surface plasmon band 

(SPB) which is theoretically described by Mie’s theory.20 In this context, characterization by 

UV-Vis for 20 and 50 nm AuNCs showed maximum of absorbance at different wavelengths 

for each particle. While smaller AuNC showed a maximum wavelength at 552 nm, bigger 

ones exhibited a red-shift up to 648 nm. This behavior is also observed for spherical gold 

nanoparticles.20  

  



 

Figure A.1. TEM micrographs corresponding to  AuNS of 20 and 50nm (a-b) and to  AuNC of 20 (c), 

24 (d), 32 (e), 46 (e) and 50 nm (f). Micrographs from c’ to e’ correspond to SEM analysis of AuNCs 

in the same range of sizes.   



 

Figure A.2. UV-Vis spectrum for AuNC ranging from 20 to 50 nm. 

 

A.3.2 Electrochemical studies of AuNC: size-effect evaluation 

Due to the non-commercial availability of AuN S in the wide range of siz es of th e 

obtained AuNC, 20nm and 50 nm sized nanoparticles were chosen for the comparative study 

of the size effect on the voltammetric signal. In addition, for electrochemical experiments, it 

was necessary to no rmalize the total amount of gold atom s in all gold nanoparticles (AuNS 

and AuNC) which was calculated by ICP-OES. 

Direct e lectrochemical dete ction has been rep orted by our group on graphite -epoxy 

composite  ele ctrodes21–23 and more rec ently, o n  screen-printed carbon ele ctrodes.24 This 

electrochemical detection consists mainly in two steps: 1) electrochemical oxidation step in  

which the outer superficial atoms on gold nanoparticles are oxidized releasing gold (III) ions 

and 2) electrochemical red uction of gold (II I) to gold (0),  recording th e analytical signal 

corresponding to the cathodic peak of current associated. 

The size-effect on the voltammetric response for the same amount of gold atoms was 

evaluated for different sized AuNC suspensions in the range between 20-50 nm (see Fig. 3).  

As expected, the current was lower as the size of AuNC increases since smaller nanocubes 

have more surface area, so more gold (III) is released on the oxidation step and consequently 

a higher peak current is observed when the electrochemical reduction step is performed. The 

same behavior was reported by our group24 for AuNS for 20-80 nm range. 



 

Figure A.3. A) Differential pulse voltammograms for AuNC suspensions of different sizes containing 

3.71x1016 Au atoms/mL. ( B) Summary of the relati onship between the analy tical sign al (absolute 

value of the cathodic peak current) and the AuNC size. 



A.3.4 Shape effect evaluation: nanocubes vs nanospheres 

A comparative study between AuNC and AuNS is shown in figure 4.  The decrease in 

the voltammetric signal when increasing th e nanoparticle siz e is dramatic in  the case of 

AuNC, as explained in the previous section. However, this decrease is not observed for the 

AuNS, where in fact a  slight increase in the signal is noticed. This contradictory behavi or 

observed for the AuNS could be att ributed to the Brownian motions which avoid a bett er 

response for smaller particles. In the case of the AuNC, the presence of much higher reactive 

surface atoms seems to counteract the adverse effect of such motions. 

 

Figure A.4. Comparative study of AuNC and AuNS of 20 and 50nm. 

 

Direct electrochemical detection of AuNPs requires an  efficient adso rption on th e 

surface of ele ctrode in orde r to ensure an appropriate analytical signa l. Due to the 

morphology of the AuNC, with high-index {720} facets, the surface atoms on the edges of 

nanocubes are easy to be oxidized because of their open atomic arrangement and their low 

coordinated atom s which act as  the catalytically active sites in the structure.13,25 In 

consequence, these atoms are able to produce more gold (III) ions during the oxidation step 

and as a result, a higher current peak is observed than for the similar sized AuNS which have 

{111} facets.  

 



 

 

A.4. Conclusions and perspectives 

Narrow sized concave gold nanocubes (AuNC) with sizes of 20 ± 3 nm, 24 ± 3 nm, 32 ± 

4 nm, 46 ± 8 nm and 51 ± 7 nm have been successfully prepared and characterized by UV-

Vis, TEM and SEM analysis. Electrochemical studies revealed that the high number of 

unsaturated atoms in the vertices and edges of the AuNC make them more electroactive than 

gold nanospheres (AuNS). This effect is so strong that counteract the Brownian motions 

which avoid a better response for small AuNS. 

Current work is focused on complementary studies related to High Resolution TEM 

analysis (HRTEM) and theoretical calculations that could provide additional information 

about the active surface atoms of AuNC and AuNS. The synthesis and evaluation of 

nanocubes with flat faces (in contrast with the concave ones) will be proposed. 

Due to the optical properties of noble metal nanoparticles, such as gold, coupled with 

their biocompatible properties, recent efforts have been addressed to combine the synthesis of 

new plasmonic nanostructures and their possible applications in biosensing field, specifically 

in point-of-care devices. Despite of the development of LSPR- and SERS-based biosensors in 

recent years and their incipient commercialization, there is still work to be done, especially 

because current applications are mainly focused in the properties of these nanomaterials and 

they are not built around a specific clinical application.  
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Alzheimer Disease Biomarker Detection Through
Electrocatalytic Water Oxidation Induced by Iridium
Oxide Nanoparticles
Lourdes Rivas,[a, b] Alfredo de la Escosura-MuÇiz,[a] Josefina Pons,[b] and Arben MerkoÅi*[a, c]

1 Introduction

Recent advances in materials science and, in particular, in
the nanomaterials field have opened the way to great ach-
ievements in immunosensing technology. Outstanding op-
tical and electrochemical properties of nanoparticle tags
have been extensively studied and applied for immuno-
sensing in the last years, offering excellent alternatives to
existing conventional strategies/assays with interest in dif-
ferent fields, being the early diagnostics based on sensi-
tive detection of protein biomarkers the most relevant
one [1–7]. Of special interest is the possibility to electro-
chemically detect NP tags, due to the inherent advantages
of the electrochemical techniques in terms of sensitivity,
selectivity, low cost and ease of use mode, together with
the possibility of miniaturization of the detection system
[8–10]. NPs such as gold NPs (AuNPs) and quantum dots
NPs (QDs) have been used as labels for protein biomark-
ers detection due to their excellent redox properties, elec-
trocatalytic activity toward several substrates and easy
preparation and bioconjugation capabilities [11,12]. How-
ever, these approaches often suffer the limitation related
to the need of acidic solutions either for the total dissolu-
tion of the NP tag followed by stripping voltammetric de-
tection [13–18] or as source of protons for further electro-
catalytic detection based on the hydrogen evolution reac-
tion (HER) [19]. The use of such acidic solutions, in addi-
tion to inherent security risks, represents an additional
step which not only increases the analysis time but also is
a crucial limitation in case of really integrated sensing

systems, such as those based on lab-on-a-chip or lateral-
flow platforms. Hydrogen bubbles formed during hydro-
gen gas evolution is another inconvenience for the inte-
gration of HER based biosensing systems in microfluidics
platforms. For these reasons, there is a demand for novel
NP tags easy to be detected in the same medium of the
immunoreaction, often saline buffers at neutral pH. In
this context we consider that NPs able to catalyze water
oxidation reaction (WOR) would be ideal candidates for
this purpose.

Electrochemical water splitting is composed of two
half-cells redox reactions which have been studied sepa-
rately [20]. While the HER proceeds in two-electron pro-
cess, the evolution of oxygen from water, WOR, is
a more complex endothermic process (E8=1.23 eV at

Abstract : Iridium oxide nanoparticles (IrO2 NPs) synthe-
sized following a previously reported chemical route are
presented as novel tags for immunosensing taking advant-
age of their electrocatalytic activity towards water oxida-
tion reaction (WOR). Cyclic voltammetry and chronoam-
perometry for the evaluation of the IrO2 NPs electrocata-
lytic activity towards WOR at neutral pH were used. The
chronoamperometric current recorded at a fixed potential
of +1.3 V constituted the analytical signal allowing the
quantification of IrO2 NPs at nM levels. Modification of
the surface of citrate-capped IrO2 NPs with anti-Apolipo-
protein E antibodies (aApoE) was successfully achieved
and the as-prepared conjugates were used for the electro-

catalytic detection of ApoE Alzheimer disease (AD) bio-
marker in a magnetosandwich immunoassay, reaching
a detection limit of 68 ng/mL. Human plasma of a patient
suffering AD was also evaluated, estimating an ApoE
concentration of 20 mg/mL which is in concordance with
the obtained in previously reported approaches. This
novel IrO2 NPs based electrocatalytic assay presents the
advantage of the signal generation in the same medium
where the immunoassay takes place (PBS, pH 7.4) avoid-
ing the use of additional reagents which also opens the
way to future integrated biosensing systems and platforms
with interest for other proteins as well as DNA and cells
analysis.
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pH 0.0) that involves four electrons and formation of an
oxygen-oxygen bond.

2H2O! O2þ4Hþ þ 4e� ð1Þ

In nature, the photosynthetic water oxidation is cata-
lyzed by a Mn complex in a membrane protein complex
located in photosynthetic organisms [21,22]. Due to its
importance, many studies have been carried out so as to
understand the mechanism of water splitting and oxygen
formation driven naturally [23]. Molecular complexes
based on Ru [24–26], Mn [27,28], Ir [29,30]; bulk metal
oxides of Co3O4 [31,32], RuO2 and IrO2[33] and more-
over, their nanoparticulated metal oxides [34–38] have
been studied in the pursuit of a synthetic catalyst capable
to effectively oxidize water. In this context, IrO2 is a very
attractive material to be considered thanks to its catalytic
activity, biocompatibility, low resistivity and outstanding
chemical and thermal stability which has been used for
applications in pH sensors [39,40] and neural stimulation
[41,42].

It is well known that nanomaterials exhibit a large sur-
face area that leads to an increase in their reactivity, com-
pared with the bulk material. Due to this property, the
catalytic activity of iridium oxide nanoparticles (IrO2

NPs, stabilized by citrate ions) towards water oxidation
reaction, has been tested under photochemical conditions
with strong oxidants showing a good catalytic perfor-
mance [34,35, 43]. Citrate capped IrO2 NPs showed a re-
markable catalytic activity toward the WOR when they
were self-assembled on an indium tin oxide (ITO) form-
ing an ester layer on the electrode [36].

All these noteworthy features make IrO2 NPs ideal
candidates for using in biosensing field. However, to the
best of our knowledge, neither the electrocatalytic activity
of IrO2 NPs in suspension nor their use as tags in biosens-
ing have not been yet evaluated. Their easy to be mea-
sured electrocatalytic properties at neutral pH opens the
way to their direct detection in the same medium where
the immunoreaction takes place (i.e. PBS buffer, pH 7.4),
overcoming the above mentioned limitations of other NP-
based electrochemical immunosensing systems.

In this work we explore the excellent electrocatalytic
activity of IrO2 NPs toward WOR and employ this as
a new signaling route in protein diagnostics. Magnetic
beads modified with antibodies are used as platforms of
the immunoassay which is applied for the detection of
Apolipoprotein E (ApoE), a well-established biomarker
of Alzheimer disease (AD) [44,45] which is one of the
most common cause of dementia. The use of this novel
label is expected to allow a simpler and user-friendlier
methodology for biomarkers detection and also to open
the way to future integrated biosensing systems and plat-
forms.

2 Experimental

2.1 Materials and Apparatus

Potassium hexachloroiridate (IV) (K2IrCl6), sodium hy-
drogen citrate sesquihydrate (Na2C6H6O7 · 1.5H2O),
sodium hydroxide (NaOH); N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC), N-hydroxy-
sulfosuccinimide sodium salt (sulfo-NHS), phosphate
buffer saline in tablet, 2-(N-morpholino)ethanesulfonic
acid (MES buffer), Tween 2, bovine serum albumin
(BSA), TMB and anti-human IgG-horseradish peroxidase
antibodies were purchased from Sigma Aldrich. Carbox-
yl-modified magnetic beads 2.8 mm sized (MBs) were pur-
chased from Dynal Biotech (Dynabeads M-270, Invitro-
gen). Capture and detection of monoclonal antibodies
anti-ApoE and purified standard ApoE solution were
purchased from Mabtech. mQ water, produced using
a Milli-Q system (>18.2 MWcm�1) purchased from Milli-
pore, was used for the preparation of all solutions. The
stirrer used was a TS-100 Thermo shaker (BioSan). A
thermostatic centrifuge (Sigma 2-16 PK, Fisher Bioblock
Scientific) was used to purify the iridium oxide nanoparti-
cles/antibody conjugates.

Human plasma samples of a patient suffering from Alz-
heimer disease were provided by the Institute of Neurolo-
gy of Ulm University (Germany).

The electrochemical transducers used were homemade
screen-printed carbon electrodes (SPCEs) and the meas-
urements were performed using a home-made methacry-
late cell connected to an Autolab 20 (Eco-Chemie). See
the detailed SPCE fabrication procedure at the Support-
ing Information.

2.2 Synthesis and Characterization of Iridium Oxide
Nanoparticles (IrO2 NPs)

The procedure for the synthesis of iridium oxide nanopar-
ticles is based on Harriman work [34]. Briefly, 30 mg of
K2IrCl6 were added to 50 mL aqueous solution of 3.8 mM
sodium hydrogen citrate. The resulting red-brown solu-
tion was adjusted to pH 7.5 using a 0.25 M NaOH and
then refluxed with constant stirring for 30 min. After this,
the solution changed its color to a light blue, it was
cooled at room temperature and the pH of the solution
was again adjusted to 7.5. Then, it was stirred and re-
fluxed for 30 min. These steps were repeated until obtain-
ing a constant value of pH 7.5. The solution was addition-
ally refluxed for 2 h with oxygen bubbling through the so-
lution to yield a deep blue suspension of IrO2 NPs (see
Figure S2 at the Supporting Information). All the experi-
ments were conducted with the as-prepared solution that
was stored at 4 8C.

The total amount of iridium in the NPs suspension was
obtained by analysis with inductively coupled plasma-op-
tical emission spectrometry (ICP-OES) at the Servei d�A-
n�lisi Qu�mica of the Universitat Aut�noma de Barcelona.
Samples were diluted in aqua regia in a microwave di-
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gester (CEM Corporation, model MARSXpress) and in-
serted in the ICP-OES spectrometer (Perkin-Elmer,
model Optima 4300DV) to obtain the total content of iri-
dium, expressed in mg/L.

All the sizing measurements and shape characterization
of IrO2 NPs were conducted in a Field Emission Gun
Transmission Electronic Microscope (Fei, model Tecnai
G2F20). For the sample preparation, 5 mL of the as-pre-
pared IrO2 NPs dispersion were dropped on a copper grid
and let to be dried all the night.

X-ray photoelectron spectroscopy (XPS) experiments
were carried out in the Centres Cient�fics I Tecnol�gics of
the Universitat de Barcelona (CCiTUB) and were per-
formed with a PHI 5500 Multitechnique System (Physical
Electronics) with a monochromatic X-ray source (Alumi-
nium Ka line of 1486.6 eV energy and 350 W), placed per-
pendicularly to the analyzer axis and calibrated using the
3d5/2 line of Ag with a full width at half maximum
(FWHM) of 0.8 eV. All measurements were made in an
ultra-high vacuum (UHV) chamber pressure between 5 �
10�9 and 2 �10�8 Torr. Binding energies were calibrated
respect to the C 1s electron peak at 284.8 eV.

2.3 Conjugation of IrO2 NPs to aApoE Antibodies

The aApoE antibodies immobilization on IrO2 NPs was
performed by direct random adsorption onto the NP sur-
face. Briefly, 100 mL of 100 mg/mL aApoE monoclonal an-
tibody (aApoE mAb) were added to 1.75 mL of IrO2

NPs suspension adjusted to pH 7. The resulting solution
was incubated for 20 min at 650 rpm. Then, 150 mL of
5 %w/v BSA aqueous solution were added and the stir-
ring was continued for other 20 min at 650 rpm. Finally,
the solution was centrifuged at 35000� g (4 8C) for
2 hours and 30 minutes. The supernatant was removed
and the pellet of IrO2 NP/aApoE mAb was re-suspended
in 200 mL of milliQ water.

The same experimental procedure was previously fol-
lowed for the conjugation of anti-human IgG-horseradish
peroxidase (aHIgG-HRP) antibodies to IrO2 NPs so as to
check the antibody immobilization on the NPs surface.
This study was performed by the addition of TMB solu-
tion (that acts as HRP substrate) to suspensions of IrO2

NPs conjugates at different pH values (pH 7, 8 and 9).
Typical change of color from colorless to blue was ob-
served when the reaction between the TMB and the HRP
labelling the antibodies took place, corresponding to the
generation of a cation free-radical as oxidation product.
The reaction was stopped by adding H2SO4, observing
a stronger coloration for the conjugates prepared at pH 7
(see Figure S3 in the Supporting Information), so these
conditions were chosen for the preparation of the conju-
gate between IrO2 NPs and the aApoE antibody.

2.4 Magnetosandwich Immunoassay for ApoE Capturing
and Labeling with IrO2 NPs

Carboxylated magnetic microbeads were functionalized
through the well-known EDC/sulfo-NHs chemistry. EDC
was pre-activated by mixing 133 mL of EDC (10 mg/mL)
with 25 mL of sulfo-NHS (100 mg/mL) for 10 min (both
solutions in 100 mM MES, pH 5). After that, 842 mL of
10 mM MES pH 5 were added forming Solution 1. 15 mL
of carboxylated magnetic beads were placed in an Eppen-
dorf tube, washed two times in MES buffer and reconsti-
tuted in 150 mL of the Solution 1. The mixture was incu-
bated at 37 8C for 30 min (700 rpm). Oriented antibody
immobilization was performed by adapting a procedure
previously optimized in our group [46]. Briefly, after
washing two times in MES buffer, 30 mL of a 300 mg/mL
monoclonal goat aApoE antibody solution and 120 mL of
10 mM MES, pH 5, were added to the microspheres and
incubated at 37 8C for 1 h (700 rpm). After washing two
times in MES buffer, 150 mL of 5% BSA (in MES buffer)
were added to the microspheres and incubated first at
25 8C for 20 min (700 rpm) and then at 4 8C overnight.

After washing two times in PBS-Tween buffer and
once in PBS buffer, 150 mL of recombinant ApoE stan-
dard in PBS buffer was added to the microspheres and in-
cubated at 25 8C for 20 min (700 rpm). After washing two
times in PBS-Tween buffer and once in PBS buffer,
150 mL of the previously synthesized IrO2 NPs/ aApoE
antibody were added to the microspheres and incubated
at 25 8C for 20 min (700 rpm). The magnetic conjugate
was washed four times in PBS-Tween 20 buffer, two times
in PBS, once in water and reconstituted in 150 mL of
0.1 M PBS.

In the case of the analysis of human plasma samples,
the same experimental procedure was followed, using
serial diluted plasma samples in PBS buffer instead of the
standard of ApoE.

2.5 Electrochemical Measurements

Each electrochemical measurement was performed after
dropping 50 mL of IrO2 NPs suspension in 0.1 M PBS
pH 7.4 freshly prepared onto the SPCE. Blank signals
were recorded following the same electrochemical proce-
dure but using an aliquot of buffer. Cyclic voltammetry
(CV) was carried out from �0.5 V to +1.3 V at 50 mV s�1

and chronoamperometry was performed at a fixed poten-
tial of +1.3 V during 300 s.

The electrochemical detection of ApoE captured
through the magnetosandwich immunoassay was evaluat-
ed through the water oxidation reaction. Briefly, 50 mL of
the immunocomplex suspension were placed on the sur-
face of the screen-printed carbon electrode (SPCE),
where a magnet was previously attached to polyester on
the reverse side of the working area. An oxidative poten-
tial of +1.3 V was applied during 300 s. The water oxida-
tion catalyzed by the IrO2 NPs tags was chronoampero-
metrically followed measuring the current generated
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during the time. The absolute value of the current at
250 s was chosen as the analytical signal. For all the ex-
periments, the measurements were made by triplicate at
room temperature.

3 Results and Discussion

3.1 Characterization of IrO2 NPs

Characterization of IrO2 NPs was conducted through dif-
ferent techniques such as UV-visible spectrophotometry
(UV-Vis), transmission electronic microscopy (TEM) and
X-ray photoelectron spectroscopy (XPS). Hydrolysis of
hexachloroiridate (IV) ion, [IrCl6]

2�, in neutral aqueous
solutions in the presence of citrate ions, results in forma-
tion of deep blue suspension of nanoparticles of
IrO2.xH2O[34] (for simplicity, they will be denoted as
IrO2). TEM micrographs reveal the homogeneous distri-
bution of IrO2 NPs (see Figure 1) and is worthy to note
the homogeneous size of observed agglomerates of 12.5�

2.5 nm composed by smaller nanoparticles of 1.5�0.3 nm.
This suggests that the initially formed small nanoparticles
quickly form bigger agglomerates. This behavior is in
agreement with previously reported studies [35,47].

UV-Vis spectrum of IrO2 NPs is shown in Figure 1B,
where a broad peak between 500–700 nm with maximum
at 590 nm, characteristic of Ir(IV) oxides and IrO2 NPs is
observed.[34]

XPS analyses were performed in order to confirm the
chemical composition of the synthesized IrO2 NPs (see
Figure 1C, left). By deconvoluting the XPS spectra, two
binding states for iridium are identified as 4f7/2 and 4f5/2

at 62.3 and 65.1 eV, respectively. These peaks are attribut-
ed to the 4+ oxidation state of iridium and they are simi-
lar to those of IrO2 nanorods (62.0 and 65.0 eV) and simi-
lar to IrO2 single crystal (which has values of 61.7 and
64.7 eV) [48]. Regarding the oxygen 1s signal, a main
peak at 531.6 and a small one at 533.7 eV were observed
as shown in Figure 1C (right). The former is similar to the
value found for IrO2 nanorods and IrO2 single crystal,

Fig. 1. Characterization of IrO2 NPs. (A) TEM micrographs, (B) UV-Vis spectrum, (C) XPS analysis: spectrum for Ir 4f line (left)
and O 1s line (right).
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both at 530.5 eV [48]. The broader feature at 533.7 eV
might be attributed to the oxygen-containing citrate coat-
ing these nanoparticles.

According to the mentioned characterization, especial-
ly with the XPS analyses, it is possible to conclude that
the deep-blue suspension synthesized corresponds to IrO2

nanoparticles.
The concentration of iridium oxide stock solution was

calculated to be around 35 nM using the concentration of
Ir obtained by ICP-OES (0.227 mg/mL; 1.18 mM) divided
by the number of atoms per particle (N) as stated in Sup-
porting Information.

3.2 Electrocatalytic Activity of IrO2 NPs Towards WOR

The electrocatalytic activity of IrO2 NPs towards water
oxidation reaction was first evaluated by cyclic voltamme-
try (CV) using screen-printed carbon electrodes (SPCE).

CV voltammograms were conducted in 0.1 M PBS
pH 7.4 and obtained by scanning from +0.1 to +1.3 V at
50 mV/s scan rate. The as-performed voltammograms for
different concentrations of IrO2 NPs in 0.1 M PBS are
shown in Figure 2A. The background curve (a) shows
that the oxidation of the medium�s oxygen starts at ap-
proximately +1.10 V. In the presence of the IrO2 NPs
(curves b–e) on the surface of the electrode, the potential
for water oxidation shifts (by up to 300 mV, depending on
the concentration of IrO2 NPs) toward less positive po-
tentials. Moreover, it can also be seen that, because of
the catalytic effect of the IrO2 NPs, a higher current is
generated (up to 70 mA higher, as evaluated for the po-
tential value of +1.3 V, depending on the concentration
of IrO2 NPs). A shift in the half-wave potential of the
WOR to less positive potentials from 1.1 V to up to
0.77 V (maximum shift of 332 mV) which is proportional
to the quantity of IrO2 NPs due to their catalytic effect
towards this reaction can also be observed in the same
figure.

The obtained results show that, for a fixed potential
(i.e., +1.3 V at which steady state currents values are ach-
ieved), the intensity of the current recorded in chronoam-
perometric mode during the stage of oxygen electro-oxi-
dation (Figure 2B) can be related to the presence (cur-
ves b’–e’) or absence (curve a’) of IrO2 NPs on the surface
of the SPCE. A proportional increase of the catalytic cur-
rent for increasing concentrations of IrO2 NPs (from 0.7
to 35 nM) was observed.

Regarding the fixed interval of time selected for the
current recording (analytical signal), it was observed that
for intervals shorter than 250 s the current profiles were
not reproducible. Looking at the behavior during the first
50 s, a rapid decrease in the anodic current was observed,
probably due to an initial rapid oxidation of water on the
surface of the IrO2 NPs catalyzers followed by a current
stabilization. This effect is more evident for higher IrO2

NPs concentrations (curves d’ and e’). The observed irre-
producibility during the 50–250 s range could be attribut-
ed to the fact that IrO2 NPs are still not accommodated

onto the electrode surface being still under Brownian mo-
tions (stabilization time). The current value was stable in
all cases after 250 s, so registering at this time interval
was chosen as analytical signal.

A logarithmic relationship between the analytical
signal and the concentration of IrO2 NPs in the range of
0.7–35 nM adjusted to the following equation:

Current ðmAÞ ¼ 3:15 ln½IrO2 NPs ðnMÞ� þ 8:13 ð2Þ

showing a good correlation (r=0.98) and a relative stan-
dard deviation of 5.6 % for 7 nM of IrO2 NPs (n=3). The
limit of detection was calculated as the concentration of
IrO2 NPs corresponding to three times the standard devi-
ation of the estimated, giving a value of 0.13 nM.

Fig. 2. Electrocatalytic activity of IrO2 NPs towards WOR. (A)
Cyclic voltammograms recorded from +0.1 to +1.3 V at a scan
rate of 50 mV/s for 0.1 M PBS (blank curve, a) and for increasing
concentrations of IrO2 NPs in 0.1 M PBS pH 7.4: (b) 0.7, (c) 1.8,
(d) 7 and (e) 35 nM. (B) Chronoamperograms recorded at
+1.3 V during 300 s using a 0.1 M PBS pH 7.4 (blank curve, a)
and the same IrO2 NPs concentrations as detailed above (b’–e’)
in 0.1 M PBS.
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3.3 Electrocatalytic Detection of ApoE Alzheimer
Disease Biomarker in Human Plasma

Magnetic beads were used as platforms of the immunoas-
says for ApoE detection, taking advantage of their well-
known characteristics for capturing/pre-concentrating the
analyte and minimizing matrix effects. Carboxylated mag-
netic beads were modified with aApoE antibody using
the EDC-sulfo-NHS coupling. First, EDC was used in
order to activate the carboxylic groups located on the sur-
face of magnetic beads. Then, addition of sulfo-NHS led
to formation of a stable sulfo-ester, which reacts with the

amine groups located in the antibody, allowing forming of
the aApoE modified magnetic beads (aApoE-MB).
Blocking with BSA is performed in order to avoid unspe-
cific absorptions onto the surface of the electrotransduc-
er. When ApoE is present in the sample, it is recognized
by the aApoE antibody forming the ApoE/aApoE-MB
complex.

Once the washing step is performed, the conjugate of
aApoE-IrO2 NPs is able to recognize the ApoE , forming
the magnetosandwich aApoE-IrO2 NPs/ApoE/aApoE-
MB, being the amount of IrO2 NPs proportional to the
ApoE concentration in the sample.
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Fig. 3. Schematics, not in scale, of: (A) experimental procedure of the magnetosandwich immunoassay using IrO2 NPs tags and (B)
electrochemical detection procedure based on the electrocatalytic water oxidation.
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Electrochemical detection of ApoE was carried out
using 50 mL of the immunocomplex suspension placed
onto the surface of the SPCE and taking advantage of the
electrocatalytic properties of IrO2 NPs towards WOR.
The catalytic behavior of the IrO2 NPs towards the oxida-
tion of water is conducted by chronoamperometry and
correlated to the amount of the ApoE in the sample. Fig-
ure 4A shows the chronoamperograms obtained for sam-
ples containing 0 (a) , 100 (b), 200 (c), 500 (d) and 1000
(e) ng/mL of ApoE. As expected, the catalytic current in-
creases when the concentration of ApoE increases. The
relationship between the concentration of ApoE in the
sample and the value of the analytical signal (current re-
corded at 250 s) is adjusted to a logarithmic curve, as
shown in Figure 4B. The curve exhibits a good correlation
(r=0.98) in the range of 100–1000 ng/mL, adjusted to the
following equation:

Current ðmAÞ ¼ 2:64 ½ApoE ðng=mLÞ��10:94 ð3Þ

The limit of detection, calculated as stated before, gives
a value of 68 ng/mL. The reproducibility of the responses

(n=3) for 500 ng/mL of ApoE shows a relative standard
deviation of 6 %.

Finally, a human plasma sample with an unknown con-
centration of ApoE was electrocatalytically analyzed. As
ApoE concentration in plasma typically ranges from 16
to 169 mg/mL [49], very small volumes of plasma were di-
luted in PBS buffer before analysis. A dilution of the
sample of 1 : 1000 was necessary to obtain a current
within the linear range of the method, obtaining a value
of 3.08�0.18 mA (n=3) for such a dilution. Extrapolating
this value from Equation 3, a concentration of ApoE of
20�2 mg/mL was estimated in the sample. Matrix effects
are not relevant in our assay due to two main factors.
First of all, possible interfering substances are highly di-
luted in the analyzed sample (1 :1000). Furthermore, and
more importantly, the use of magnetic bead platforms
modified with an specific antibody allow us to capture the
ApoE protein and then separate the magnetic bead/
ApoE complex from the matrix of the sample, thanks to
the use of a magnetic field. Magnetic beads are conven-
iently blocked before with BSA so as to avoid unspecific
absorptions. The final measurements are performed in
PBS buffer, so not background contributions are neither
found at the +1.3 V voltage applied.

The obtained results are in concordance with the above
mentioned expected data and also with those previously
obtained in our group using both microarray technology
[50] and electrochemical detection [51] based on commer-
cial Quantum Dot tags.

4 Conclusions

Iridium oxide nanoparticles (IrO2 NPs) of 12 nm size
were successfully synthesized, characterized and used as
novel electrocatalytic tags for immunosensing. The stable
NPs suspension exhibited a high catalytic effect towards
the Water Oxidation Reaction (WOR), allowing their
sensitive quantification at neutral pH in a simple chror-
oamperometric mode. This sensitive method was applied
for the evaluation of ApoE in human plasma following
an immunoassay format using IrO2 NPs as advantageous
tags, able to be detected in the same buffer where the im-
munoreaction takes place.

Both the IrO2 NPs tags and electrocatalytic detection
method present many advantages compared with previ-
ously reported ones based on quantum dots (QDs) or Hy-
drogen Evolution Reaction (HER) . On the one hand,
the NP synthesis procedure is simpler and cheaper than
i.e. the required for QDs preparation. Furthermore, the
chronoamperometric detection based on the WOR is
a simple, sensitive and quantitative methodology that can
be performed in the same medium of the immunoreac-
tion, avoiding the addition of acidic and hazardous solu-
tions, (along with H2 bubbles formation undesired in mi-
crofluidics), usually required for electrochemical detec-
tion of other NP tags (ex. AuNP using HER). These ad-
vantageous properties open the way to further applica-
tions in really integrated sensing systems, such as those

Fig. 4. (A) Chronoamperograms recorded in PBS 0.1 M pH 7.4
at a fixed potential of +1.3 V, for a control sample (blank curve,
a) and for samples containing 100 (b), 200 (c), 500 (d) and 1000
(e) ng/mL of ApoE. (B) Relationship between the ApoE con-
centration and the value of the analytical signal (catalytic current
recorded at 250 s). Samples correspond to the magnetosandwich
prepared as detailed in Experimental.
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based on lab-on-a-chip or lateral flow platforms. Moreover,
the UV-Vis absorption band observed at 590 nm (deep
blue color) of the IrO2 NPs suspension make these NPs ex-
cellent candidates for dual electrochemical/optical detec-
tion systems in future lateral flow biodetection platforms.

This novel methodology can be extended for the detec-
tion of other AD biomarkers (i.e. b-amyloid) representing
a simple, rapid and sensitive alternative for AD diagnos-
tics. Furthermore, it opens the way to future integrated
biosensing systems and platforms with interest for other
proteins as well as DNA and cells analysis.
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Improving sensitivity of gold nanoparticle-based
lateral flow assays by using wax-printed pillars as
delay barriers of microfluidics†

Lourdes Rivas,ab Mariana Medina-Sánchez,a Alfredo de la Escosura-Muñiza

and Arben Merkoçi*ac

Although lateral flow assays (LFAs) are currently being used in some point-of-care applications (POC), they

cannot still be extended to a broader range of analytes for which higher sensitivities and lower detection

limits are required. To overcome such drawbacks, we propose here a simple and facile alternative based

on the use of delay hydrophobic barriers fabricated by wax printing so as to improve LFA sensitivity. Several

wax pillar patterns were printed onto the nitrocellulose membrane in order to produce delays as well as

pseudoturbulence in the microcapillary flow. The effect of the proposed wax pillar-modified devices

was also mathematically simulated, corroborating the experimental results obtained for the different

patterns tested afterwards for detection of HIgG as model protein in a gold nanoparticle-based LFA. The

effect of the introduction of such wax-printed pillars was a sensitivity improvement of almost 3-fold

compared to the sensitivity of a conventional free-barrier LFA.
Introduction

Constituted mainly of cellulose fibers, paper is very attractive
for fabricating biosensors because of its low cost, flexibility
and light weight, which make it useful for transport and
storage. In addition, it has the capability to wick liquids
via capillary action without the use of external pumps and its
biocompatibility makes it suitable for immobilizing biomole-
cules, e.g. proteins.1

The use of paper for fabrication of diagnostic devices has
gained much interest due to the necessity to use low-cost
materials for single use, simplifying the fabrication process.
Paper-based microfluidics is an emerging technology which
uses paper as the substrate, creating complex patterns of
hydrophilic channels and hydrophobic barriers by using
patterning techniques such as photolithography,2 wax
patterning,3,4 inkjet etching,5 flexographic printing6 and
screen printing.7

The first paper-based sensor considered was the paper
chromatography developed by Martin and Synge at the
beginning of 1940s.8 Fifteen years later, the first semi-
quantitative paper-based biosensor for detection of glucose
in urine9 became the most common commercially available
point-of-care (POC) lateral flow assay (LFA) device. Initially,
the main application of LFAs was as a pregnancy test,10

while nowadays their applications is extended to a wide
variety of analytes that include cancer biomarkers,11,12

DNA,13,14 toxins15,16 and metals.17,18

LFAs are characterized by their simple use, rapid result,
low cost, good specificity and long shelf life. However, they
suffer from analytical performance limitations mainly due to
sensitivity and reproducibility issues. In this context,
many efforts have been made in order to improve LFA sensi-
tivity by using different alternatives such as immunogold
silver staining,19 dual gold nanoparticle (AuNP) conjugates20

and AuNP loaded with enzymes.21 Besides AuNPs, other
labels such as fluorescent EuĲIII) nanoparticles22 and quan-
tum dots23 have been also reported. Changes in the paper
architecture have also been proposed for improving the
performance of LFAs.24

The most important part of a LFA is the detection
membrane, which is made of cellulose nitrate or nitrocellu-
lose (NC), a porous material where the capture reagents
(e.g. antibodies) are immobilized due to a possible combina-
tion of electrostatic and hydrophobic forces.25 In fact, NC has
been widely used in blotting techniques due to its capacity to
interact with proteins, DNA and RNA.26 Wax printing is a
simple and low-cost patterning technique based on the
melting of solid wax printed onto the porous substrate, which
Lab Chip
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has been used for fabricating paper-based microfluidics
in the NC membrane and applied in protein patterning and
dot immunoassay.4 Recent reports have demonstrated the
possibility of controlling the reagent transport by using novel
and sensitive methods such as dissolvable barriers27,28 and
bridges made of sugars,29 fluidic diodes and valves30 and
tunable delay shunts.31 Despite their capability to improve
the performance of paper-based devices, which is related to
their sensitivity, some of these methods are time consuming
and require more reagents for fabricating the devices.

We present here a new strategy for improving the sensi-
tivity of gold nanoparticle-based lateral flow assays by using
barriers (pillars) deposited onto the nitrocellulose mem-
brane by a wax printing technique. Different pillar designs
were printed in order to create hydrophobic barriers that
can cause flow delay. To check the efficiency of such pillars,
we used membranes with relatively fast flow so as to obtain
higher sensitivity and low detection limits. The controlled
delays in microfluidics increase the binding time between
the immunocomplex and the detection antibody, in addition
to the generation of pseudoturbulence in the pillar zone
which improves mixing between the analyte and the labeled
antibody. This microfluidic delay in certain zones (incuba-
tion areas) combined with the generation of pseudo-
turbulence directly affects the analytical performance of the
LFA, resulting in a better sensitivity and detection limit.

Materials and methods
Chemicals and equipment

Hydrogen tetrachloroaurateĲIII) trihydrate ĲHAuCl4·3H2O, 99.9%),
trisodium citrate ĲNa3C6H5O7·2H2O), phosphate buffered
saline tablet (P4417), human IgG from human serum (I2511),
anti-human IgG (polyclonal antibody developed in goat;
I1886) and anti-human IgG (γ-chain specific)-biotin (poly-
clonal antibody developed in goat; B1140) were purchased
from Sigma-Aldrich (Spain). Anti-goat IgG (polyclonal anti-
body produced in chicken; ab86245) was purchased from
Abcam (UK).

All of the materials used for the production of the
LFA strips were purchased from Millipore (Billerica, USA):
sample and absorbent pads (CFSP001700), the conjugate
pad (GFCP00080000), detection pads (Hi-Flow Plus 75,
SHF0750425 and Hi-Flow Plus 75, SHF2400425) and the back-
ing card (HF000MC100). Milli-Q water, produced using a
Milli-Q system (>18.2 MΩ cm−1) purchased from Millipore,
was used for the preparation of all solutions. A thermostatic
centrifuge (Sigma 2-16PK, Fisher Bioblock Scientific, France)
was used to purify the AuNP/antibody conjugates. A Xerox
ColorQube 8570 wax printer (Xerox Corporation, USA)
was used for printing different wax designs. A hot plate
(VWR, USA) was used for heating and melting the wax ink.
An IsoFlow reagent dispensing system (Imagene Technology,
USA) was used to dispense the detection and control lines. A
guillotine (Dahle 533, Germany) was used to cut the strips.
The stirrer used was a TS-100 Thermo-Shaker (Biosan,
Lab Chip
Latvia). A strip reader (Cozart, SpinReact, UK) was used for
quantitative measurements. All of the size measurements
and shape observation of AuNPs were conducted using a FEI
Tecnai™ G2F20 field emission gun transmission electron
microscope (FEI, USA). A SpectraMax M2e spectrophotometer
(Molecular Devices, UK) was used to record all UV-Vis spectra
of AuNPs. Scanning electron micrographs of the nitrocellu-
lose membrane were obtained using a FEI Quanta™ 650 field
emission gun scanning electron microscope (FEI, USA). A
Leica DCM 3D dual core 3D measuring microscope (Leica
Microsystems, Germany) was used to obtain confocal images
of the nitrocellulose membrane. An image processing soft-
ware program, ImageJ (National Institutes of Health, USA),
was used for measuring the size of the wax pillars before and
after the melting step.

Preparation of gold nanoparticles (AuNPs)

Gold nanoparticles (AuNPs), 20 nm in size and stabilized by
citrate, were prepared using the Turkevich method.32 Briefly,
50 mL of aqueous solution of 0.1% HAuCl4 was heated to
boiling and vigorously stirred in a 250 mL round-bottom
flask; 1.25 mL of 1% sodium citrate was added quickly to this
solution. Boiling was continued for additional 10 min. The
solution was cooled to room temperature under continuous
stirring. The colloids were stored in dark bottles at 4° C. All
glassware used in this preparation was previously cleaned
with aqua regia overnight and rinsed with double distilled
H2O; reflux was used for all of the procedure.

AuNP modification with antibodies

AuNPs were modified with antibodies following a previously
optimized procedure.33 First, the pH of the AuNP suspension
was adjusted to pH 9 with 0.1 M borate buffer. Then, 100 μL
of 100 μg mL−1 anti-human IgG (γ-chain specific)-biotin
aqueous solution was added to 1.5 mL of the AuNP suspen-
sion. The resulting solution was incubated for 20 min at
650 rpm. Then, 100 μL of 1 mg mL−1 BSA aqueous solution
was added and stirring was continued for another 20 min at
650 rpm. Finally, the solution was centrifuged at 14 000 rpm
and 4 °C for 20 min.

The supernatant was removed and the pellet of AuNP/
anti-human IgG was resuspended in 500 μL of BB (2 mM, pH
7.4, 10% sucrose).

Preparation of the strips

Once the pillar patterns have been designed with graphic
design software (CorelDraw X4), the preparation of the
modified detection pad consisted of three main steps: i)
printing the pillar patterns onto the nitrocellulose (NC)
membrane (Hi-Flow Plus 75, HF075) with a wax printer; ii)
heating the NC membrane and melting the wax at 110 °C
for 90 seconds by using a hot plate; and iii) dispensing
antibodies onto the membrane. For this step, 1 mg mL−1

solution of anti-human IgG (whole molecule) and anti-goat
IgG was spotted onto the detection pad at a dispensing rate
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Schematic representation of a lateral flow strip modified with
wax pillars for protein detection based on the use of AuNPs. (Inset)
TEM image of AuNPs used for lateral flow assay (LFA) development.
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of 0.05 μL mm−1 using an IsoFlow reagent dispensing system
so as to form the test and control lines, respectively. Then,
the detection pad was dried at 37 °C for 1 h.

The sample pad was prepared by dipping into 10 mM PBS,
5% BSA and 0.05% Tween®-20 and drying at 60 °C for 2 h.
The conjugate pad was prepared by dipping it into the
previously prepared anti-human IgG (γ-chain specific)-biotin/
AuNP conjugate and drying under vacuum for 1 h.

The different pads were sequentially laminated 2 mm
from each other and pasted onto the adhesive backing card
in the following order: detection, conjugation, sample and
absorbent pads. Finally, the strips were cut 7 mm wide and
used immediately.

Lateral flow assay procedure

Sample solutions of 200 μL of different human IgG (HIgG)
concentrations in PBS (10 mM, pH 7.4), ranging from 5 ng
mL−1 to 500 ng mL−1, were dispensed onto the sample pad
and kept for 15 min until the flow was stopped. Then, 200 μL
of PBS was dispensed in order to wash away the excess AuNP/
antibody. After drying the lateral flow strips at room tempera-
ture, they were read with a strip reader so as to obtain
the calibration curve for HIgG. PBS without analyte was
considered as blank. All of the measurements were performed
in triplicate.

Mathematical simulations

Flow in porous media can be studied by the use of the
Navier–Stokes equations, which describe the movement of
fluid substances, which represent the effect of the diffusion
viscosity and the pressure. These equations coupled with the
Brinkman equations can be useful for modeling the flows
in certain porous media. The initial conditions for the simu-
lation such as porosity and permeability of the membranes
(in this case, a different kind of membrane was used) were
the same as in a previous study reported by our group.24

These parameters were given by Millipore Corporation
(porosity around 83% and the permeability 4.3 × 10−6 m2).
On the other hand, the density and viscosity values used at
25 °C (0.997 g mL−1 and 0.890 N s m−2, respectively) as an
approximation were those of water. The boundary conditions
for the simulation were the geometry (changing the pillar
distribution). The velocity was calculated from the volume
of the liquid introduced into the membrane (200 μL), the
cross-section area of the absorbent pad and the time neces-
sary to absorb the respective volume (1.47 m s−1).

Results and discussion
Improvement in sensitivity of the lateral flow assay by using
wax delay barriers

Lateral flow assays must allow rapid responses with good
sensitivity. For this purpose, manufacturers have developed
different membranes which satisfy these requirements. The
capillary flow rate is a common parameter to classify the
This journal is © The Royal Society of Chemistry 2014
membranes on the basis of the time required for the liquid
to travel and fill completely a 4 cm long membrane. In this
work, nitrocellulose membranes Hi-Flow Plus 75 (HF075) and
Hi-Flow Plus 240 (HF240), provided by Millipore Corporation,
were used. The former has a nominal flow rate of 75 s across
the 4 cm long membrane, and the latter has a higher nomi-
nal flow rate of 240 seconds across the same length.34 Sensi-
tivity of the LFA is conditioned by various factors which are
crucial to the performance of the nitrocellulose membrane.

For the fast liquid velocity membrane (HF075), the sensi-
tivity is low due to two main factors: i) the liquid takes less
time to travel across a defined length and ii) the formation
of the immunocomplex between the analyte and the AuNP-
labeled antibody at the conjugate pad, as well as at the test
and control lines, is less effective since the flow rate is
faster. In the case of the slow velocity membrane (HF240),
the sensitivity is higher since the flow rate is slower and
there is enough time for an effective formation of the
immunocomplex at the beginning of the strip and at the
test and control lines.

Based on this, we chose to modify the faster membrane
provided by Millipore (HF075) with wax pillars using the wax
printing technology so as to evaluate the effect (in terms of
sensitivity and limit of detection) produced by these hydro-
phobic structures that can act as obstacles delaying the sam-
ple flow in a AuNP-based LFA (see Fig. 1).

Wax printing technology is used here to deposit wax on
the surface of nitrocellulose, followed by a heating step to
melt the wax pattern in order for it to penetrate through the
pores of the membrane while maintaining the original
design. The hydrophobic properties of the wax make it
suitable for the creation of barriers which can modulate the
flow on membranes in a desirable way, e.g. for controlling
the delivery time of reagents.35

In the wax printing process, the nitrocellulose membrane
to be printed passes between the pressure roller and the print
drum of the printer, suffering from changes due to the
pressure. To evaluate these alterations, empirical calculations
Lab Chip
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of permeability and scanning electron micrographs for
membrane characterization were performed.

In Fig. 2, transversal cuts of membranes with and without
modifications produced just by applying heat and pressure
are shown. When the membrane passes through the wax
printer, a thickness reduction of around 30 μm is observed
due to the compression produced by the pressure roller and
the drum of the printer (Fig. 2A and B). The results of the
LFA performed for both approaches (Fig. 2C and D)
were compared so as to estimate the effect of mechanical
compression of the membrane on quantitative measurements
(HIgG concentrations: 5, 50 and 500 ng mL−1). Indeed, when
the membrane is flattened the sensitivity of the LFA increases
due to the fact that the modified membrane became thinner
and this compression produces wider reagent lines, making
it easier to visualize a weak signal. This is related to the
fact that due to the spreading of reagents, the fluid moving
laterally penetrates the whole thickness of the membrane,
producing wider lines due to less depth to contain the same
volume of the reagent.34 The limit of detection (LoD), deter-
mined using the strip reader (for all of the LF formats
described), was calculated as the concentration of HIgG
corresponding to three times the standard deviation of the
estimate, giving a value of 8.0 ng mL−1 of HIgG for the LF
strips (with flattened membranes HF075), while by using
membranes without any modification, this value is 12 ng
mL−1. This suggests that only the compression of nitrocellu-
lose membranes gives a 1.5-fold improvement in the sensitiv-
ity of the assay.

In traditional printing methods, porosity plays an impor-
tant role in the absorption of the ink by different paper sub-
strates: high-porosity papers absorb and spread more ink,
while low-porosity papers can prevent the penetration of
Lab Chip

Fig. 2 Left: scanning electron micrographs (SEM) of transversal cut
for HIgG detection using (C) unmodified and (D) heat and pressure-modifie
500 ng mL−1 HIgG.
the ink through their fibers. In the wax printing process used
in this work, the wax penetrates only into the superficial
fibers of nitrocellulose. To ensure the presence of delay bar-
riers along the whole thickness of the membrane, a melting
process was conducted. Two nominal wax pillars of 0.4
and 1.0 mm diameters were measured before and after the
melting process, and results showed that wax pillar diameters
increased up to 20% from the original printing size after the
melting step (see Fig. S1†). Once the melted wax enters
through the fibers of the membrane, lateral spreading occurs
and decreases the resolution of the printed pattern, which is
affected by the porosity and thickness of the membrane.3

Although just one type of NC membrane was employed for
printing purposes (approximate pore size 12–17 μm), if a
membrane with smaller pores is used, the increment after
melting could be lower due to the higher packing of nitrocel-
lulose fibers that reduces the possibility of air passages and
avoids the spread of ink. The effect of changing the wax
pillar diameter on the sensitivity was tested by quantitative
measurements of HIgG. Results showed that the presence of
wax pillars with small diameters (0.4 mm) reduced consider-
ably the unspecific signals, showing strips with clear back-
grounds, and a better differentiation of intensities of test
lines was observed over the concentration range when com-
pared with the modified membrane (see Fig. S2A–B†). In
regard to the sensitivity, the presence of small diameter wax
pillars produces a slight increment of 1.2-fold with respect to
the modified membrane, which corresponds to a LoD
of 6.6 ng mL−1. This result indicates that wax pillars act
as delay barriers of the fluid due to their hydrophobic nature
allowing, in this way, a suitable recognition between the ana-
lyte and the captured AuNP-labeled antibody before
arriving at the test line. However, this size (0.4 mm) was not
This journal is © The Royal Society of Chemistry 2014

s: (A) unmodified and (B) modified HF075 membrane. Right: LFA
d membrane for a blank assay and for assays performed with 5, 50 and
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enough to increase even more the sensitivity of the assay. On
the other hand, a wax pillar of a larger diameter (1.0 mm)
was tested and experimental results showed that sensitivity
was affected. This occurred because the pillars delayed
the regular flow in such a way that the time of the assay was
substantially long, making it useless for practical purposes;
a considerable amount of AuNPs which could not reach
properly the test and control lines remained along the mem-
brane, showing a pink background; thus a high LoD of
15.6 ng mL−1 was obtained (see Fig. S2C†). It is worth noting
that the wax pillar size is an important parameter that affects
the sensitivity in different ways and the proper choice of wax
pillar size must be a compromise between the sensitivity and
the time of the assay.

For the remaining experiments, the wax pillar diameter
chosen was 0.5 mm and the effect produced by different wax
pillar arrangements in the microfluidic device was tested.
Four different patterns (“P1”, “P2”, “P3” and “P4”) as well as
strips with and without modifications were tested for HIgG
detection. Experimental results clearly showed the effect
of the wax pillar geometries on the sensitivity of the assay
This journal is © The Royal Society of Chemistry 2014

Fig. 3 (A) LF strips modified with different patterns of wax pillars. (B) Effec
concentrations of HIgG and the corresponding LoD (inset). (C) Flow speed
vorticity for modified and unmodified LFs.
(see Fig. 3). As stated before, an improvement in sensitivity is
produced by: i) mechanical compression of the membrane
and ii) the presence of wax pillars of proper size. By slightly
increasing the diameter of the wax pillar up to 0.5 mm, it
was possible to improve the sensitivity, especially for “P1”
and “P2” patterns up to 1.7- and 2.6-fold with respect to
modified and unmodified membrane, respectively. These
results showed that sensitivity of the LFA can be affected by
the presence of wax pillars, their diameters and also their
spatial arrangements. Moreover, mathematical simulations
were performed to study these phenomena. For each pattern,
the flow speed, vorticity and force around the pillars were
calculated at the end of the pillar's zone and control lines. All
of these data are summarized in Table 1.

Three different flow parameters were mathematically
considered to correlate them with the experimental results.
Mathematical simulations for HF075 were performed and
chosen as blank in order to compare the differences observed
in the mentioned parameters in the presence of several wax
pillar patterns. According to the data in Table 1, the highest
flow velocities at the end of the wax pillar zone corresponds
Lab Chip

t of the wax pillars on the quantitative measurement of LF for different
simulations for modified and unmodified LFs. (D) Simulated results of

http://dx.doi.org/10.1039/c4lc00972j


Table 1 Parameters measured with mathematical simulations for LFAs modified with wax pillars

Pattern Average velocity (×10−3 m s−1) Vorticity (s−1) Average pressure force per unit of area (Pa)

HF075 V1 = 1.03 Vort1 = (−1.4 to 1.4) F1 = 0
V2 = 1.03 Vort2 = (−1.4 to 1.4) F2 = 0

P1 V1 = 1.60 Vort1 = (−4.7 to 4.7) F1 = 2.5 × 10−5

V2 = 1.03 Vort2 = (−1.4 to 1.4) F2 = 0
P2 V1 = 1.40 Vort1 = (−4.5 to 4.5) F1 = 2 × 10−5

V2 = 1.03 Vort2 = (−1.4 to 1.4) F2 = 0
P3 V1 = 1.03 Vort1 = (−2.4 to 2.4) F1 = 3 × 10−8

V2 = 1.03 Vort2 = (−1.4 to 1.4) F2 = 0
P4 V1 = 0.18 Vort1 = (−0.47 to 0.47) F1 = 3.6 × 10−8

V2 = 0.18 Vort2 = (−0.25 to 0.25) F2 = 0
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to patterns “P1” and “P2”, which are compensated for by the
vorticity range (a physical magnitude that describes the rota-
tion of a fluid near some point). When this range is wider,
the rotation of the fluid becomes faster. In addition, the pres-
sures are higher for these two patterns. These results are con-
sistent with the most sensitive modified LFA, which are “P1”
and “P2” patterns. Making the same considerations for the
remaining patterns, “P3” exhibited higher flow velocities and
vorticity values and lower pressure than “P4”. However, the
Lab Chip

Fig. 4 (A) SEM image for transversal cut of the wax pillar area on a lat
melted wax. (B) Surface profile roughness of LFA modified with wax p
nitrocellulose membrane.
experimental results showed that the LoD for “P4”
(6.5 ng mL−1) is better than that for “P3” (8.2 ng mL−1).

With the purpose of confirming if the wax truly acts as a
barrier across the membrane, characterization by using scan-
ning electron and confocal microscopes was performed.
A transversal cut of a wax-dotted area was made in order to
verify if the melted wax penetrates through the entire thick-
ness of the membrane, as shown in Fig. 4A. Due to the
density of the wax and the membrane itself, it was difficult to
This journal is © The Royal Society of Chemistry 2014

eral flow strip. The inset corresponds to a membrane covered with
illars. (C) Schematic of a transversal cut of the pillar zone on the

http://dx.doi.org/10.1039/c4lc00972j
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characterize by SEM if the area of barriers was only covered
with wax. Therefore, it was necessary to characterize the area
of barriers by using confocal technology. Fig. 4B shows the
surface roughness profile of the wax-dotted area and it is pos-
sible to observe different surface roughness values. This
means that the melted wax (darker points) has filled the
pores of the membrane, creating a tridimensional structure
(like a pillar) capable of obstructing the normal flow of the
sample across the whole membrane thickness (Fig. 4C).

Based on the previous experimental results and mathe-
matical simulations, “P3” and “P4” wax patterns were
discarded due to the fact that they showed lower sensitivity
than “P1” and “P2” and an accurate calibration curve was
done (see Fig. 5). In this experiment, unmodified and
This journal is © The Royal Society of Chemistry 2014

Fig. 5 Results of LFA for HIgG detection performed with (A) unmodified H
(E), and (F) correspond to the same membranes modified with P1, P2b, an
performed with the different membranes and the corresponding LoD (inset
modified membranes (HF075 and HF240) were used to com-
pare the effect produced by mechanical compression and
also the presence of the wax pillars in the LFA. As expected,
the unmodified HF075 membrane presents less sensitivity as
its capillary flow time is lower when compared with that of
the unmodified HF240 membrane. This means that sample
flow requires a shorter time interval to travel a defined dis-
tance across the membrane, thus there is not enough time
for formation of the immunocomplex and its sensitivity is
affected.

When the HF075 membrane experienced the mechanical
compression caused by the roller and the print drum, detec-
tion lines became wider and its sensitivity increased as stated
before. The LoD for the modified HF075 membrane is
Lab Chip

F075, (B) modified HF075 and (C) unmodified HF240 membranes. (D),
d P2a patterns, respectively. (G) Quantitative evaluation of the assays
).

http://dx.doi.org/10.1039/c4lc00972j
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comparable to the value obtained for the most sensitive
unmodified membrane HF240. In addition, the selected pat-
terns showed a lower LoD with respect to the value obtained
for the most sensitive membrane, HF240, produced by Milli-
pore. The reproducibility of the responses (n = 3) for a 100 ng
mL−1 HIgG concentration was also studied, and the relative
standard deviation (RSD) and limits of detection for different
patterns and membranes can be found in the ESI.†

Lateral flow assays with wax printed pillars were found to
be more sensitive and showed lower limits of detection than
lateral flow assays without modifications. Moreover, all blank
measurements gave a lower background signal compared
with those of LFA without modifications.

In order to verify the role of the location of wax pillar pat-
terns in the sensitivity of LFA, two “P2” patterns have been
studied: a pattern near to the conjugate pad (P2a) and
another pattern near to the test line (P2b). Results showed
that there is no significant difference in the value of the limit
of detection whether the wax pattern is located near or far
away from the conjugate pad. This is attributable to the fact
that the capillary flow rate is considerably faster at the begin-
ning of the detection membrane and decreases exponentially
as the liquid moves along it, until reaching a steady flow rate
when the bed volume of the membrane is saturated.34 There-
fore, placing the wax pillar area at the beginning of the mem-
brane is enough to improve the sensitivity of the LFA. In
addition, this contributes significantly to the delay of the
flow rate, leading to better limits of detection.

Wax printing was used as a patterning technique in order
to create delay barriers on LF devices that lead to increase in
sensitivity of the assays. Besides the sensitivity improvements
obtained in the developed devices, they are also fast, easy to
use, and low-cost and their fabrication just includes an extra
step of printing that takes a few minutes compared with
other controlling fluid methods previously reported, which
are more sensitive but the fabrication processes are laborious
and require additional reagents.

In this context, our approach constitutes an important
strategy for sensitivity improvement in lateral flow assays
using paper-based microfluidic techniques that can be
improved by other techniques such as inkjet technology,
which allows to print directly on the surface of the nitrocellu-
lose membrane by using a hydrophobic solution or an ink
capable of creating well-defined patterns without having
direct contact with it.36

Conclusion

We have presented a new and easy strategy for improving the
sensitivity of a gold nanoparticle-based LFA by the deposition
of hydrophobic barriers of wax printed at the detection pad
of a LFA. These barriers act as obstacles delaying the regular
flow on the strip by increasing the binding time between the
analyte and the labeled antibody and therefore allowing an
effective formation of the immunocomplex. Different designs
were evaluated and the optimized designs exhibited an
Lab Chip
improvement of almost 3-fold in the limit of detection com-
pared with the non-modified membranes. Mathematical sim-
ulations corroborate the experimental results obtained for
the different patterns. This approach is simpler than other
previously reported strategies since it is not time-consuming,
is low-cost and does not require the use of additional
reagents for signal amplification or even changes in the con-
figuration of the LF strip. As a result, the proposed strategy
can be easily extended to any type of LFA design and could
expand the scope for the use of LF designs with patterning
techniques, facilitating its use in point-of-care applications.
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