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"I am among those who think that science has great beauty. A scientist in his 

laboratory is not only a technician: he is also a child placed before natural 
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ALP Alkaline Phosphatase 

AgNPs Silver Nanoparticles  

A.U. Arbitrary Units 

AuNCs Gold Nanoclusters 

AuNPs  Gold Nanoparticles 

BSA  Bovine Serum Albumin 

BB  Borate Buffer 

BWAs Biowarfare Agents 

CdSe@ZnS QDs Cadmium Selenide/Zinc Sulfide Quantum Dots 

CEA Carcinoembryonic Antigen 

CFU Colony-forming Unit 

CL  Control Line 

CdTe QDs Cadmium Telluride Quantum Dots 

CNTs Carbon-nanotubes 

DC Direct Current 

DNA  Deoxyribonucleic Acid 

DTNB 5,5'-dithiobis-(2-nitrobenzoic acid) 

E Electric Field Strength 

E. coli Escherichia coli 

ELISA  Enzyme-linked Immunosorbent Assay 

et al.  et alia (and others) 

FDA Food and Drug Administration 

Fig.  Figure 

FOBS Fiber-optic Biosensors 
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FRET Förster Resonance Energy Transfer 

GAT Gold Aggregation Test 

GMP Good Manufacturing Practices 

G-QDs Graphene Quantum Dots 

HAuCl4 Tetrachloroauric (III) Acid 

H3BO3 Boric Acid 

hCG human Chorionic Gonadotropin 

HIgG  Human Immunoglobulin G 

HRP Horseradish Peroxidase 

ICP Inductively Coupled Plasma 

IgG Immunoglobulin G 

ISO International Organization of Standardization 

ITP Isotachophoresis 

IUPAC International Union of Pure and Applied 
Chemistry 

KCl Potassium Chloride 

KDa Kilodaltons (molecular weight) 

LDW Laser Direct Writing 

LED  Light-emitting Diode 

LFAs  Lateral Flow Assays 

LFIA Lateral Flow Immunoassay 

LOD Limit of Detection 

LOQ  Limit of Quantification 

𝜇 Particle Mobility 

miRNAs micro-RNA 
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MPQ Magnetic particle quantification 

MWCNTs Multi-walled Carbon Nanotubes 

MWCO Molecular Weight Cut-off 

NaCl Sodium Chloride 

NaOH Sodium Hydroxide  

NaH2PO4 Sodium Phosphate 

NIR Near-Infrared Radiation 

NPs Nanoparticles 

N-S-doped Nitrogen and Sulfur Doped  

OD Optical Density 

OTG On The Go 

OVA Ovalbumin 

PA Photoacoustic 

PB  Phosphate Buffer Non-saline 

PBS  Phosphate Buffer Saline 

PCL Polycaprolactone 

PCR  Polymerase Chain Reaction  

PEB Paper-based Electrophoretic Bioassay 

PES Polyester 

pH Power of Hydrogen 

P.L. Photoluminescence 

PoC  Point-of-Care 

POCTs Point-of-Care Tests  

PSA Prostate Specific Antigen 
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PVDF Polyvinylidene Fluoride 

QCM Quartz Crystal Microbalance 

QDs  Quantum Dots  

r  Correlation Coefficient 

R&D Research and Development 

RNA  Ribonucleic Acid  

RPA Recombinase Polymerase Amplification 

SAW Surface Acoustic wave 

SB Sodium Borate 

SD Standard Deviation 

SDS  Sodium Dodecyl Sulfate 

SELEX Systematic Evolution of Ligands by Exponential         
Enrichment 

SEM  Scanning Electron Microscopy 

SERS Surface-enhanced Raman Scattering 

SPR Surface Plasmon Resonance 

SSC Saline-Sodium Citrate 

ssDNA Single-stranded DNA 

TCA  Trichloroacetic Acid  

TCA Thermal Contrast Amplification 

TEM  Transmission Electron Microscopy 

TL  Test Line 

TMB 3,3’,5,5’-tetramethylbenzidine 

UCNPs  Upconverting Nanoparticles  
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USD United States Dollar 

UV  Ultraviolet 

WHO  World Health Organization 

Ø Diameter 

2D  2-dimensional 

3D  3-dimensional 
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This thesis is divided in five chapters followed by a general conclusions section. A brief 

explanation of each chapter is given below: 

Chapter 1. Introduction. This chapter starts with a general introduction to the concepts 

of biosensors and point-of-care biosensing. Then, the focus is given to one of the most 

successful point-of-care tests: the lateral flow assay. Key aspects of the assay such as 

components and reagents, fabrication and operation procedures are deeply covered (Fig. 

0.1). The chapter continues with an analysis of the challenges that LFA has been facing, 

concluding with a review of the most relevant LFA improvements reported within the 

last years. 

Fig. 0.1. Graphical abstract of the work: Parolo, C.; Sena-Torralba, A.; Bergua, J.F.; et 

al. “Development of a nanoparticle-based lateral flow immunoassay: detection of 

Human Immunoglobulin G as model target.” Accepted in Nature Protocols (2020). 

Figure courtesy of PhD. Ruslan Álvarez-Diduk. 

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

motivated this work. 

Chapter 3. Paper-based Electrophoretic Bioassay (PEB): biosensing in whole blood 

operating via smartphone. This chapter presents a new sensing platform that combines 

the key characteristics of a lateral flow assay (LFA), the most widely used point-of-care 
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test, with the sample treatment capabilities of electrophoresis. In particular, the ability 

of PEB to separate different types of particles and to detect human antibodies in 

untreated blood samples is demonstrated. Finally, in order to make the platform 

deployable at the point of care, PEB is coupled with a smartphone that controls the 

electrophoresis and reads the optical signal generated (Fig. 0.2).  

Fig. 0.2. Graphical abstract of the work: Sena-Torralba, A.; Álvarez-Diduk, R.; Parolo, 

C.; et al. “Paper-based Electrophoretic Bioassay: biosensing in whole	 blood	operating 

via smartphone.” Submitted to Science Advances (2020) and Sena-Torralba, A.; 

Álvarez-Diduk, R.; Merkoçi, A. “Bioensayo lateral-electroforético.” European patent 

request no EP19382648.4 (2019). Figure courtesy of PhD. Ruslan Álvarez-Diduk. 

Chapter 4. Lateral flow assay modified with time-delay wax barriers as a 

sensitivity and signal enhancement strategy. In this chapter is shown a simple and 

low-cost strategy to improve the analytical performance of LFAs. By the use of soluble 

wax barriers, the target and label nanoparticles are temporarily accumulated on top of 

the test line (TL). This extended internal incubation step promotes the formation of the 

immune-complex, generating a 2.8-fold sensitivity enhancement and up to 96% signal 

enhancement compared to the conventional LFA for Human IgG (H-IgG) detection 

(Fig. 0.3).   
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Fig. 0.3.  Graphical abstract of the work: Sena-Torralba, A.; Ba Ngo, D.; Parolo, C.; et 

al. “Lateral flow assay modified with time-delay wax barriers as a sensitivity and signal 

enhancement strategy.” Re-submitted to Biosensors and bioelectronics (2020). Figure 

courtesy of PhD. Ruslan Álvarez-Diduk. 

Chapter 5. Lab in a Tube: Point-of-Care detection of Escherichia coli. This chapter 

presents a sensitive point-of-care sensing platform consisting in a microtube and two 

pieces of glass fiber (commonly used as conjugate pad in lateral flow assay). The 

detection principle is based on Förster Resonance Energy Transfer using gold 

nanoclusters as signal reporter and gold nanoparticles conjugated with antibodies as a 

quencher (Fig. 0.4). The platform has been validated for the detection of Escherichia 

coli O157:H7 in river and tap water, proving a limit of detection as low as 4.0 CFU 

mL1. 
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Fig. 0.4.  Graphical abstract of the work: Amin, N.; Sena-Torralba, A.; Álvarez-Diduk, 

R.; et al. “Lab in a Tube: Point-of-Care detection of Escherichia coli.” Anal. Chem. 92 

(6), 4209-4216 (2020) – work related to Chapter 5. 

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

perspectives and work to be done are given in this section. 
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1.1. Biosensors 

1.1.1. Definition and historical background of biosensors 

It is imperative to start this thesis by defining the term biosensors and clarify the 

difference between chemical sensors and biosensors. As defined by the IUPAC 

biosensors are devices that use specific biochemical reactions mediated by isolated 

enzymes, immunosystems, tissues, organelles or whole cells to detect chemical 

compounds usually by electrical, thermal or optical signals.1 On the other hand, 

chemical sensors are defined as devices that transform chemical information, ranging 

from the concentration of a specific sample component to total composition analysis, 

into an analytically useful signal. Sensors are based on two basic components connected 

in series, a receptor and a transducer. In chemical sensors the receptor is a chemical 

(molecular) recognition system whereas in biosensors the receptor is of biological 

nature and the recognition system utilizes a biochemical mechanism.2,3 

Figure. 1.1. Schematic representation of the components in a biosensor. The 

bioreceptor is able to specifically recognize the target analyte. The transducer transfers 

the signal from the recognition system to an analytical signal.  Reprinted (adapted) with 

permission from Krejcova, L., Michalek, P., Merlos, R.M. et al. Nanoscale virus 

biosensors: state of the art. Nanobiosensors in Disease Diagnosis. 4, 47-66 (2015). 
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Importantly, chemical sensors used for monitoring of biological processes can’t be 

defined as biosensors if the receptor doesn’t incorporate a biological specificity-

conferring part.4  

Biosensors have been consequently developed after the discovery of novel functional 

materials and advances in biotechnology-related fields.5 The discovery of the enzyme 

immobilization in 1916 lead to the development of the first biosensor for glucose 

detection by Leland Clark Jr. in 1962. This technology enabled the development of the 

first commercial biosensor, which was developed by Yellow Spring instruments in 

1975.6,7 Moreover, the ability of labelling antibodies with enzymes (discovered in 1966) 

together with the development of functionalizable mictrotiter plates (in 1967) and the 

creation of the DU spectrophotometer (in 1940), triggered the elaboration of the 

enzyme-linked immunosorbent assay (ELISA) (in 1971).8-10 

Similarly, paper has been applied in analytical chemistry since 1800 with the 

development of litmus paper as a pH sensor by J.L. Gay Lussac.11 However, the use of 

paper for diagnostic applications started to emerge after the invention of paper 

chromatography by Martin and Synge in 1943.12 This was one more step towards the 

development of the first immunochromatographic assay for the detection of glucose in 

urine in 1956. Twenty years later, the FDA approved the early pregnancy test designed 

by Warner-Chilcott.13 In 2007 more complex microfluidic approaches were developed 

after the emergence of the patterning technology in paper.14 Since then, paper has 

become a promising platform for point-of-care applications due to its portable and on-

site-real time detection capabilities.15 In turn, nanotechnology has been growing 

exponentially since Norio Taniguchi first used its term in 1974. In the late 1990s almost 

all developed countries created nanotechnology initiatives, leading to the fabrication 

and discovery of novel nanomaterials and properties.16 The unique physico-chemical 

properties of the nanomaterials are of great interest in various fields including 

biosensing. Many kinds of nanomaterials have been gradually applied to biosensors so 

as to enhance the analytical sensitivity. Well known examples are the ultrasensitive 

plasmonic ELISA17 and the nanoparticle-based lateral flow assays.18,19  
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1.1.2. Properties and Types of biosensors  

The properties of a biosensor define its quality and ability to perform its function. These 

properties must be optimized during the development of the biosensors until achieving 

the best performance for the detection of the target analyte in the required environment. 

Selectivity is the most important feature of a biosensor, as it is the ability of a 

bioreceptor to detect a specific analyte in a complex sample.20 In this sense, the 

selection of a bioreceptor with the highest specificity is fundamental when designing a 

biosensor. Besides, sensitivity refers to the change of the response with regard to a 

change in the analyte concentration.21 A biosensor is expected to have a high sensitivity, 

which is high signal change related to the detection of low concentration of the target 

analyte. Differently to the selectivity, the sensitivity is mainly influenced by the 

transducer. In relation to the sensitivity, the biosensor’s resolution is the smallest 

detectable incremental change of an input parameter that can be detected in the output 

signal.22 Another important property of biosensors is the reproducibility, which is 

defined by the IUPAC as “the closeness of agreement between independent results 

obtained with the same method on identical test material under different conditions 

(different operators, different apparatus, different laboratories and/or after different 

intervals of time)”.23 The reproducibility of a biosensor is given by the precision and 

accuracy of its transducer and signal readout system. Moreover, the stability of a 

biosensor is an important feature to consider during its design as it can highly affect the 

precision and accuracy of the measure. Biosensors instability is defined as the signal 

drift caused by the ambient disturbance during a measurement.21 The instability of the 

biosensor can be influenced by the storage shelf life of the bioreceptor or other 

materials, the affinity of the bioreceptor or the matrix interferences after long incubation 

steps or continuous monitoring. Finally, linearity is the difference between the measured 

curve of a biosensor and the ideal curve.22  

1.1.2.1 Types of biosensors based upon the biorecognition mechanism 

Biosensors are commonly classified according to the biorecognition mechanism 

(enzymes, antibodies, nucleic acids, cells).24,25 Briefly, enzyme-based biosensors take 

advantage of enzymes as bioreceptors that catalyse the generation of a product upon the 

recognition of the desired molecule. The product is measured using a suitable 

transducer. The thickness of the enzyme layer, the enzyme immobilization method, pH 
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value, temperature and cofactor requirements can influence the performance of these 

types of biosensors.26 Biosensors that use antibodies as bioreceptors are known as 

immunosensors. They have as main attractive feature a high selectivity for the target 

antigen. Heterogeneous formats (also known as solid-phase immunoassays) in which 

the antibodies or antigens are immobilized in a solid support have been the most studied 

and reported.27,28 Nucleic acids-based biosensores take advantage of the strong base pair 

affinity between complementary nucleotide strands to use DNA and RNA as highly 

specific bioreceptors. The complementary sequence of the target is synthesized, labelled 

and used as probe for the detection of the target molecule. Furthermore, the use of 

aptamers as bioreceptors provides outstanding properties to the biosensors such as 

higher stability than antibodies and low cost fabrication. Aptamers are single-stranded 

DNA or RNA oligonucleotides that have the ability to fold into unique 3D structures 

upon the detection of a specific molecule. Aptamers are selected from randomized 

oligonucleotide libraries by SELEX (systematic evolution of ligands by exponential 

enrichment).29,30 Finally, the application of whole cells as bioreceptors in biosensing is 

of interest not only for the acquisition of analytical information but for the 

determination of functional information, such as the effect of a stimulus on a living 

organism. Cell’s can be employed as biosensors by the use of their membrane receptors 

as ligand recognisers. Also, bacteria bioluminescence has been widely applied as a 

detection method for toxic compounds. The main challenge of these type of biosensors 

is the handling and lifetime of the living organisms.31,32 

1.1.2.2 Types of biosensors based upon the signal transduction mode 

Biosensors can be classified according to the signal transduction mode, which can be 

optical, electrochemical, mass, magnetic, calorimetric or micromechanical. The 

electrochemical and the optical transduction methods are the most frequently used.  

1.1.2.2.1 Optical detection 

In optical detection the transduced signal is light. The measured signal can be either 

generated directly by the interaction of the target analyte with the transducer (label-free 

biosensors) or by the use of labels coupled to the bioreceptor (label-based biosensors).33 

Optical detection methods can be classified upon the signal response such as absorption, 

reflection, refraction, dispersion, colorimetry, fluorescence, chemiluminiscence and 
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phosphorescence.34 Surface Plasmon Resonance (SPR) is one of the most reported 

optical biosensors. It is a label-free detection method based upon the generation of 

plasmon waves on a dielectric surface interface. Bioreceptors are immobilized in the 

surface interface and the detection of the target analyte is recorded by variations in the 

propagation constant of the plasmon wave (interface refractive index). SPR provides 

fast, label-free and real-time biosensing, however it is noteworthy that any physical 

change that alters the refractive index will induce a response.26,35  Colorimetric 

biosensors are particularly attractive for its easy operation and rapid reading. The 

transduction method is based on the colour change related to the biorecognition of the 

target analyte. This can be visualized directly by naked eye or using dedicated readout 

systems. AuNPs are the most investigated colorimetric labels due to its low-cost, fast 

synthesis and simple functionalization either with protein-based or oligonucleotide 

bioreceptors.36 Chemiluminiscence biosensors are based on light emission resulting 

from a chemical reaction, most often an enzymatic reaction, although living organisms 

as in the case of bioluminescence can produce it naturally. In this type of biosensors the 

light emitted is correlated to the analyte concentration, however a photomultiplier is 

usually required for highly sensitive detections. Fluorescence biosensors consist in 

coupling fluorescence responsive molecule to the bioreceptor. Fluorescence is based on 

small and rapid photon emission after light absorption; therefore a short-wavelength 

light source is required to initiate the electronic transition in the molecule. This photo-

excitation source usually generates non-specific signal, contrary to chemiluminiscence 

in which the photons are produced in the dark. In this sense, chemiluminiscence 

provides a higher signal-to-noise ratio.34 Finally, fiber-optic biosensors use optical 

fibers for signal transduction, in which the light is transmitted from the fiber to the 

detector by total internal reflection. The bioreceptors are integrated in the optical fiber 

and recognize the target analyte. The concentration of target analyte is correlated to the 

absorbance at a given wavelength of light. Fiber-optic biosensors (FOBS) have as main 

advantages a superior light transmission delivery and resistance to electromagnetic 

disturbances.38  
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1.1.2.2.2 Electrochemical detection 

Electrochemical biosensors are a class of biosensors that work using an electrochemical 

transducer. The principle of this detection method is a production or consumption of 

ions or electrons upon the recognition of the target analyte by the immobilized 

bioreceptors. Consequently, a change in the electric current or potential can be 

recorded.39 The most common electrochemical transduction modes are amperometry or 

potentiometry. Amperometric biosensors are based on the measurement of current 

resulting from the oxidation or reduction of an electroactive species, maintaining a 

constant potential. Conversely, potentiometric biosensores measure the potential 

difference across an interface at zero-current flow. Amperometric biosensors are more 

suitable for mass production than potentiometric ones. Voltammetric biosensors use 

another type of electrochemical mode in which the current is measured as a function of 

the potential. Common voltammetry techniques include cyclic voltammetry, 

squarewave voltammetry and stripping voltammetry.4 Impedance spectroscopy is an 

electrochemical method in which the resistive and capacitive properties of a material are 

measured. It can be used in biosensing to monitor the binding event on an electrode 

avoiding interferences and with no mediator requirements.40 

1.1.2.2.3 Mechanical biosensors 

Mechanical biosensors employ mechanical methods for signal transduction. According 

to the physical processes involved in their operation, they can be categorized into 

surface-stress sensors and dynamic-mode sensors. The former measures the quasistatic 

deflection caused by the biorecognition of the target analyte in the cantilever. The latter 

is based on the non-quasistatic frequency oscillation when the biomolecules land on the 

cantilever.41 Another type of mechanical biosensors is mass-based or gravimetric 

biosensors, which produce a signal response related to a change in mass. They are 

commonly based on piezoelectric quartz crystals in the form of quartz crystal 

microbalance (QCM) or surface acoustic wave (SAW) devices. They are label-free, 

simple, fast and low-cost biosensing systems.42 Besides, calorimetric biosensors are 

based on the changes in the temperature of the sensing site due to biochemical reactions. 

Specificity is achieved by the immobilization of bioreceptors on the calorimeter. The 

biochemical reaction begins upon the detection of the target analyte, in which the 

amount of generated heat is proportional to the concentration of reactants and constant 
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rate of reaction.43 The temperature is recorded with a dedicated thermistor. The key 

advantages of calorimetric biosensors are that they don’t require frequent recalibration 

and avoid optical and electrochemical interferences of the sample.26 Moreover, 

magnetic biosensors use magnetic nanoparticles as signal transducers. This transduction 

mode presents several advantages as extremely high sensitivity, stability (compared to 

optical transducers) and low background noise.44 

1.1.3. Impact of nanotechnology in biosensors 

As defined by the European commission, nanotechnology is the term given to those 

areas of science and engineering where phenomena that take place at dimensions in the 

nanometre scale are utilised in the design, characterisation, production and application 

of materials, structures, devices and systems.45 The application of nanotechnology in 

biosensing has been beneficial for two main reasons; it has enabled size reduction of 

biosensors to the micro- or the nano- scale and it has led to the use of nanomaterials as 

signal transducers. The former makes possible the use of smaller sample volumes, lower 

assay costs and better signal-to-noise ratio, while the latter provides multi detection, 

enhanced sensitivities and detection limits for single molecule detection.46,47 

Nanomaterials are materials with dimensions between 1-100 nanometres. Their 

physicochemical properties are totally different from the same materials in the big scale. 

Various nanomaterials has been implemented as signal transducers, receptors or both.48 

Nanomaterials can be classified based on the number of dimensions reduced to the 

nanometer scale. These are thin films (one-dimension), carbon nanotubes, nanorods, 

silicon nanowires (two-dimensions), quantum dots, nanoparticles and liposomes (three-

dimensions). Their size, shape and other physicochemical properties can be modified in 

order to provide the biosensor with the required absorptive, emissive, and light-

scattering properties.49 Nanomaterials also stand out for their high surface-to-volume 

ratio that enables the immobilization of an enhanced amount of bioreceptor units. Also, 

the great disparity of immobilization methods available, provide the nanomaterials with 

versatile functionalizations.50 All in all, the implementation of nanotechnology opened 

along time ago new frontiers in biosensors. 
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1.1.4. Biosensors applications 

Biosensors have been applied in a wide range of fields due to their great versatility in 

terms of bioreceptors, materials and transduction modes. In the food processing 

industry, biosensors have emerged as an alternative to the laborious, expensive and 

time-consuming spectroscopy and chromatography assays used for food authentication 

and safety monitoring. Biosensors have been developed for the detection of pathogens, 

pesticides and additives in food.51–53 In the food industry, biosensors have also been 

applied to monitor fermentation processes due to their simple instrumentation and easy 

automation. For instance, the glucose biosensor has been successfully implemented in 

the saccharification process as an alternative to the traditional Fehiing’s method.24,54 In 

the medical field, biosensors have been applied for the precise control on blood glucose 

levels55, for the fast diagnosis of infectious diseases56,57 for the monitoring of disease 

biomarkers such as Prostate Specific Antigen (PSA) or Carcinoembryonic Antigen 

(CEA) for prostate and multiple cancer diseases, respectively.58,59 Biosensors are of 

interest also in the biodefense field so as to identify biowarfare agents (BWAs). BWAs 

are infectious microorganisms or toxins with the capability to harm or kill humans, 

common diseases caused by BWAs are anthrax, Smallpox and haemorrhagic fever.60 

Biosensors have also been applied for pollution monitoring in the environment.61,62 

1.1.4.1 Biosensors for nanotheranostic applications 

Theranostics (or theragnostics) refers to comprehensive effort that integrates diagnostic 

and therapy in a single system/platform.63 With the emergence of nanotechnology and 

nanomaterials, the concept of nanotheranostics was then introduced. Nanotheranostics is 

able to provide non-invasive imaging, targeting and therapy at the disease sites, without 

affecting surrounding healthy cells.63,64 Hence, the use of empirical treatment can be 

avoided (therapy given based on experience, usually without a prior definitive medical 

diagnosis and likely to cause infectious disease), greatly improve the prognoses and 

subsequently expedite clinician’s therapeutic decisions. Therefore, early diagnosis will 

increase the patient’s survival rate, and the optimized treatment will contribute to high 

therapeutic efficiency along with best safety profile.63,65 Furthermore, over-dosing of 

drugs and cost of treatment can be effectively reduced. Nanotheranostics will also 

enable real-time monitoring of the drug release and its biodistribution in patients.66  

 



40	 CHAPTER	1:	INTRODUCTION	
	
Generally, theranostic nanomaterials can be made up of different chemical constructs: 

targeting moiety (for specific cellular binding), therapeutic agents (for drug delivery), 

diagnostic agents (for non-invasive imaging), and polymer coating or matrix that 

imparts colloidal stability and provide functional groups for bio-conjugation.63,65 Some 

of the important advantages of nanomaterials are undoubtedly their small size and large 

functional surface area to volume ratio, in addition to interesting optical and electrical 

properties. These properties allow the diagnostic and therapeutic agent to be adsorbed, 

dissolved or covalently attached to the surface, to form nanoparticle-

drug/imaging/targeting complexes.67 The complex can subsequently signal (diagnostics) 

and deliver the agents to the cancer cells or other targeted sites to perform the 

therapy.68,69 Ideally, after the controlled release of encapsulated drug molecules, the 

residual nanoparticle will be safely degraded and excreted from the body.67 Recently, 

the application of nanomaterials with multiple physical imaging modalities and 

therapeutic capabilities has received increasing attention. There are several excellent 

review papers with similar topics made.70–75 The comprehensive comparison of the 

nanomaterials for theranostics of cancer, neurodegenerative, autoimmune and 

cardiovascular diseases has also been interestingly reported.  

1.2. Biosensors at the point-of-care and impact in society 

Point-of-care testing (POCT or bedside testing) is defined as medical diagnostic testing 

at or near the point of care, that is at the time and place of patient care.76,77 Settings 

where POCT is intended to be performed are the physician’s offices or other hospital 

units, ambulance stations, workplaces in general and homes, although it is also of 

interest for military purposes78 and space missions.79,80 Common clinical scenarios for 

the application of POCT is in family medicine as a support for decision making upon 

the best suited approach to follow or emergency units where the immediate diagnosis of 

stroke or sepsis is vital.81 In this sense POCT provides a fast diagnostic result at the time 

of patient consultation.82 Besides, POCT is highly intended for home applications in 

which the patient is the end-user. Governments expect POCT to reduce in the next years 

the costs related to health service and minimise the did-not-attend issues occurring in 

the health check programme.83 There are two well-known POC tests that have already 

been integrated into our daily lives, the pregnancy test84 and the blood glucose meter.85 

The most important factor that defines the success of these two POC tests is economic 
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efficiency, which is basically high-throughput fabrication at extremely low costs. This is 

achieved by combining a disposable sensing unit and a portable and inexpensive 

dedicated readout device. Crucially, apart from the cost requirements, the delivered 

results must be precise and in accordance with the international quality standards.5 In 

this sense, the world health organization (WHO) has established an acronym for the 

selection of POC tests, which must follow the ASSURED (affordable, sensitive, 

specific, user-friendly, rapid and robust, equipment-free and deliverable to end-users) 

criteria.86 Table 1.1. provides an example of the expected ASSURED specifications for 

a HIV POC test. 

Table 1.1. ASSURED characteristics and specifications for HIV point-of-care 

diagnostic devices.87 

Characteristic  Target Specification  

Affordable  Less than US$ 500 per machine, less than US$ 10 per 

test. 

Sensitivity, specificity  Lower limit of detection: 500 HIV RNA copies 

per mL, 350 CD4+ T-cells per µL. 

User-friendly  1-2 days of training, easy to use. 

Rapid and robust  < 30 minutes for diagnosis, 

>1 year at room temperature, high throughput. 

Equipment-free  Compact, battery powered, on-

site data analysis, easy disposal, easy sample handling, 

no cold chain. 

Deliverable  Portable, hand-held. 

Furthermore, there are some challenges, mainly technical (sensitivity, multi-analyte 

detection, real samples) and social barriers (acceptance in daily practice) that need to be 

overcome.5,88 

The global biosensors market was valued at approximately USD 21.2 billion in 2019 

and is estimated to grow up to USD 31.5 billion by 2024. This is due in part by 

continuous technological advances such as the biosensors miniaturization and the 

increasing demand of point-of-care tests. In fact, point-of-care tests are the fastest-

growing biosensors, with special interest in their application for cardiac biomarkers 
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detection as there is an expected growth demand of rapid diagnostic tests for 

cardiovascular diseases.89	

1.3. Nanoparticles-based lateral flow assay  

1.3.1. Introduction 

For the past 70 years the field of point-of-care biosensing has always had an undisputed 

leader: The lateral flow assays (LFAs),77,90 which has been employed for both, 

diagnostic91–95 and environmental applications.96,97 For the former ones, LFAs provide 

ASSURED (affordable, specific, sensitive, user-friendly, rapid and robust, equipment-

free, deliverable to end user) solutions98,86 for both, over-saturated healthcare systems in 

developed countries, and systems with limited resources in developing countries.99 For 

the latter ones, LFAs represent the ideal portable sensors for measurements of 

contaminants in the field.100,101 The concept at the base of any LFA is the capillary 

movement of the sample through different areas (pads) of the sensor (Figure 1.2).102 

Figure 1.2. Schematic representation of lateral flow strips fabrication and assay 

operation. The strips are prepared by first attaching the pads onto the backing card, then 

depositing the bioreceptors in test line (TL) and control line (CL) and finally cutting the 

backing card into strips. The assay is performed by drop casting of sample solution onto 

sample pad, which favors the release of the conjugate solution from conjugate pad and 

enables the generation of optical-based signal in TL and CL. Figure courtesy of PhD. 

Ruslan Álvarez-Diduk. 
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Thanks to the specific functions of each pad, the sample receives all the required 

treatments to finally produce a clear optical signal related to the presence or absence of 

the analyte of interest.103 This extremely simple sensor operation (one step) comes to 

the price of a complex fabrication optimization. This has become even more relevant in 

the last years, when the widespread of nanotechnology provided LFA developers with a 

big variety of possible optical labels (plasmonic nanoparticles, fluorescent 

nanoparticles, 2D materials)104–106  

1.3.2. Lateral flow assay operation 

Before going into fabrication details and specific considerations for different types of 

LFAs, it is important to describe how LFAs work (Figure 1.3). The classical LFA (also 

called immunochromatographic assay, dipstick assay or lateral flow strip) consists of 

four pads: sample, conjugate, detection and absorbent, which are attached to a sticky 

supporting card.107,102 In most cases the final user has just to add the sample and wait for 

the signal generation, although sometimes the addition of a washing buffer is also 

required. Having a look at what happens to the sample after its application, it is 

observed that it first encounters the sample pad, which assures that the characteristics of 

the sample match those required for an optimal detection (pH, ionic strength, purity and 

concentration of blocking agents). Secondly, the sample reaches the conjugate pad that 

releases upon wetting the labelled bioreceptor and allows for a first analyte/bioreceptor 

interaction. Thirdly, the sample goes through the detection pad, where the capture 

bioreceptor adsorbed on the pad binds to the now labelled analyte generating the 

classical coloured lines. In most LFAs there is a minimum of two lines: the test line, 

which indicates the presence or absence of the analyte; and the control line, which 

assures the correct operation of the LFA (by selectively capture of the labelled 

bioreceptor). Finally, the sample reaches the absorbent pad, which provides enough bed 

volume for the complete flow of the sample.   
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Figure 1.3. Schematic of the main components and operation of a typical LFA. A) A 

LFA is made of four main parts: the sample pad, the conjugate pad, the membrane and 

the absorbent pad. They are mounted on a laminated card. The membrane contains the 

bioreceptors with the printed test and control lines. The bottom part shows the operation 

of a LFA based on an immunosandwich recognition. B) The presence of the target in 

the sample produces the accumulation of nanoparticles on the test and control lines 

making the classical two red lines to appear. C) Instead the absence of the target makes 

the nanoparticles to accumulate just on the control line, giving a single coloured line 

output. Figure courtesy of PhD. Ruslan Álvarez-Diduk. 

Thus, in summary, a LFA strip is actually composed of six main components: sample 

pad, conjugate pad, membrane, absorbent pad, labels and bioreceptors. In the next 

sections, we will examine in detail the effects that each component has on the LFA, and 

discuss the key characteristics developers should consider when choosing the best 

materials and reagents.  
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1.3.3. Lateral flow assay fabrication 

In order to provide the final user with a single-step sensor, the developer of a LFA has 

to optimize and coordinate all the different components (pads, bioreceptors and label) to 

achieve the best possible sensing operation. In this section we will describe the standard 

procedures for the fabrication of the different pads, as well as important considerations 

to take into account for an appropriate optimization.    

1.3.3.1. Sample pad 

The main function of the sample pad is to prepare the sample for the optimal detection 

of the target further down the LFA strip. In order to achieve this, the sample pad has 

three main roles: filtering, buffering and controlling of the flow (Figure 1.4.). 

Depending on the type of sample, the sample pad can directly act as a filter (i.e. for dirty 

environmental samples that need the removal of big particles/detriments) or it may 

require dedicated filters to be attached on top of it (i.e. for biological fluids that require 

the separation of cells from the media).102,108,109 For the buffering of the sample, during 

the fabrication process, the sample pad is loaded with the appropriate buffer that get re-

solubilized as soon as the sample wet the pad. Finally, the sample pad also controls the 

initial flow of the sample conferring the appropriate speed and homogenous wetting of 

the conjugate pad.  

Overall the most used material for sample pads is cellulose, because of its low-price and 

high-volume loading capacity that allows the storage of an adequate amount of buffer. 

Other materials are: glass fiber (useful for unifying sample and conjugate pads), 

polyester (it can retain cells and proteins from whole blood)110 and other type of woven 

meshes (for an even distribution of the sample on the conjugate pad),111 but they are 

generally more expensive and/or have a smaller volume loading capacity, which 

decreases the buffering capabilities of the pad.   

During the fabrication process the sample pad first gets soaked in the desired buffer, 

then dried and finally mounted on the backing card. The drying temperature depends on 

the material and the composition of the buffer, overall we aim for a fast drying, which 

speeds up the fabrication process (around 60 °C), but if the buffer contains delicate 

biological materials it may require a lower temperature. Although the buffer 
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composition is highly dependent on the type of sample and analyte, we can find 

common types of reagents in the buffer recipe,112,113 such as salts to control the ionic 

strength (e.g. KCl, NaCl), acids/bases to control the pH (e.g. H3BO3, NaH2PO4), 

surfactants to facilitate the release and running of the label particles (e.g. Tween 20, 

Triton X-100) and blocking agents to assure a specific signal (e.g. BSA, OVA). 

1.3.3.2. Conjugate pad 

The main functions of the conjugate pad are to efficiently label the analyte and 

consistently transfer it to the detection pad. In order to achieve these goals, an ideal 

conjugate pad needs to comply with several requirements (Figure 1.4.). First, it should 

provide a consistent flow of the sample, meaning that it gets homogenously wetted (so 

all the label/bioreceptor conjugate is efficiently used) and it deposits the sample 

uniformly onto the detection pad. Second, it should have enough and consistent volume 

to contain the amount of conjugate required to achieve the desired sensing performance. 

Failing in complying with these two requirements would generate non-reproducible and 

non-sensitive LFA. Third, it should not modify the sample composition besides the 

incorporation of the conjugate. This means that it must not bind to the analyte of interest 

(which would affect the sensor sensitivity) and it must not contain any loosen materials 

that can contaminate the sample (chemicals or particles, which could produce non-

specific results). 

Figure 1.4. Lateral Flow assay pads. Sample pad, conjugate pad, detection pad and 

absorbent pad. Figure courtesy of PhD. Ruslan Álvarez-Diduk. 
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Finally, it should also have enough tensile strength to be easily handled during the 

fabrication process, as well as once incorporated in the final sensor.114 

There are three main materials commonly used as conjugate pads: glass-fiber, cellulose 

and polyester.  While the three of them have good low nonspecific binding, they differ 

mainly on the hold-up volume (minimum volume required to re-suspend all the content 

of the pad) they provide and their textile properties.115 Conjugate pads made of cellulose 

have a thickness varying between 300 and 1000 µm making them particularly weak 

when wet and having a very high hold-up volume. Instead, the most robust of the three 

materials, polyester conjugate pads, have the smallest and less consistent hold-up 

volume (due to a thickness of 100-300 µm). Finally, glass fiber conjugate pads with a 

thickness between 100 and 500 µm provide a good and consistent hold-up volume and; 

although weaker than polyester, can still provide decent handling, making them the 

most used type.114 

The optimization of the conjugate pad is probably the most delicate step in the all LFA 

production. It starts with the choice of the right label/bioreceptor conjugate solution, 

which must provide: i) enough label to produce a strong signal, ii) the appropriate buffer 

conditions to stabilize the conjugate during the fabrication and allow for the bioreceptor 

to recognize the analyte and iii) a fast conjugate re-solubilization to maximize the 

interaction time between bioreceptor and analyte before reaching the test line. This is 

generally achieved with a low ionic strength buffer114 (for the nanoparticle stabilization) 

containing high concentrations of sucrose (approx. 10%), which acts as a soluble linker 

between the nanoparticles and the conjugate pad.116 The application of the 

label/bioreceptor conjugate solution into the pad can be achieved by dipping, dropping 

or spraying. In automatized facilities the spraying is generally the most effective way, 

but in small laboratories dipping/dropping are viable alternatives. In any case, it is really 

important to obtain a uniform dispersion of the conjugate throughout the whole 

conjugate pad surface, in order to achieve reproducible results from sensor to sensor, as 

well as a uniform signal in the same LFA (if the pad has different conjugate densities it 

could produce a striped line).114,116 Another key step in the fabrication is the drying of 

the conjugate pad. Given the presence of bioreceptor and possibly unstable 

nanoparticles, the conjugate pad is generally dried in a vacuum chamber that ensures the 

preservation of the label/bioreceptor conjugate. Fundamental is also assuring the 
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complete drying, since failing in this could produce a syrup-like solution that would 

prevent the flow of the sample through the pad.  If a vacuum chamber is not available, 

the conjugate pad could also be dried at 37 °C. 

1.3.3.2.1. Nanomaterials used as labels 

The most common detection method is optical, and this is subdivided into colorimetric, 

fluorescent and luminescent. The label most widely used in diagnostic laboratories is 

gold nanoparticles (AuNPs), their high popularity is related to their biocompatibility 

and ease of conjugation to protein-based bioreceptors. This can be attached to the 

surface of the AuNPs by electrostatic absorption after incubation for at least 30 minutes 

under constant agitation conditions. However, this type of conjugation can only be 

achieved if the AuNPs are stabilized with citrate following the simple, fast and well-

established Turkevich method.117 Therefore, AuNPs are convenient labels for the 

preliminary development of a LFA, where the first thing to be checked is the binding 

ability of the biorecognition elements to the target analyte. They are also suitable in 

cases where cost-effectiveness is a critical issue or conditions in which high sensitivity 

is not required. Besides, highly fluorescent quantum dots (QDs) can be applied in order 

to achieve an enhancement in the sensitivity.118–121 QDs are characterized by their broad 

adsorption, narrow photoluminescence spectra, size-tunable emission and strong 

luminescence.122 However, QDs usually present photostability and high background 

signal issues which can be avoided by the use of upconverting nanoparticles (UCNPs). 

These are nanomaterials doped with lanthanide ions that present a unique anti-stokes 

optical property,123 which confers them a longer lifetime and high resistance to 

photobleaching. Moreover, the fact that this type of luminescence is not common in 

other nanomaterials, the detection based on UCNPs is characterized by a high signal-to-

noise ratio.124 Something to take into account when developing an UCNPs-based LFA is 

that they requiere a near-infrared (NIR) excitation wavelength, so a diode-laser can be 

used for the evaluation of the strips.  
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1.3.3.3. Detection pad 

The function of the detection pad is to generate a signal specific and sensitive enough to 

address the purpose of the sensor. In order to achieve it, the detection pad has to 

provide: i) a homogenous/constant flow of the sample (this includes enough porosity to 

enable the flow of big analytes, like cells),125 ii) binding properties that assure the 

localization and functionality of the capture bioreceptor,126 and iii) minimum 

background noise.127 A homogenous constant flow is essential for the reproducibility of 

the test. Detection pads that do not provide these properties can generate different levels 

of signal in the same strip (i.e. striped lines) or from sensor to sensor, besides increasing 

the background noise (the label could accumulate non-specifically in the areas with a 

slower flow). The binding properties of the detection pad define the type of capture 

reagents that can be used and play an important role in the sensitivity and specificity of 

the test. Overall there are two main types of binding mechanisms to attach the capture 

probe to the detection pad: electrostatic and hydrophobic. Electrostatic interactions can 

be found in nitrocellulose and charged-modified nylon membranes,128 while 

hydrophobic interactions are typical of polyvinylidene fluoride (PVDF) and 

polyethersulfone (PES).129 Independently on the mechanism, the binding between the 

membrane and the capture molecule must be irreversible and possibly oriented. The 

irreversibility of the binding is essential to generate a stable signal, since once the flow 

passes the bioreceptor/analyte/conjugate complex must stay in place to allow for the 

accumulation of the label.114 The orientation of the bioreceptor on the strip is also 

particularly important, given that the binding portion must be easily accessible to the 

moving target. Although there is generally not much room to play to orientate the 

capture molecules, generally the screening of different deposition pH or the use of 

spacer molecules could help to maximize the binding efficacy. Finally, the background 

noise that the membrane itself can generate must also be considered, especially for 

fluorescent applications.130 In fact, depending on the reagents used for the membrane 

fabrication or possible additives used post-fabrication (i.e. wax structures), the 

membrane itself can have a fluorescent signal, which can interfere with the signal 

coming from the label. 

Detection pads are generally classified depending on their flow speed since it plays a 

major role in the sensitivity of the test: the slower is the flow speed and the higher is the 
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sensitivity.131 In fact, a slower flow allows for a longer time for the immunoreaction 

between the target and the capture probe on the pad to happen, making a higher number 

of immune-complexes. We must point out though that a slower flow also makes the 

whole sensing slower (which could be a burden for applications that require a result as 

fast as possible) and a higher chance of background noise (a slower flow facilitate also 

non-specific interactions). The flow is also the defining characteristics of the names of 

commercial membranes. In fact, since the pore size is generally not homogenous 

(especially for nitrocellulose membranes), companies tend to define the membrane with 

a capillary flow rate that defines the time the liquid requires to cross 4 cm of 

nitrocellulose membrane.132,133 So for example a 180s/4cm membrane requires 180 

seconds for the liquid to cross a section of 4 cm.   

The fabrication of the detection pad must assure that the capture bioreceptor is 

homogenously distributed on the test line preserving its function and it could also 

involve a blocking step. The application of the capture bioreceptor onto the membrane 

can be achieved using contact or non-contact techniques. The former ones are generally 

cheaper and easier to optimize but can damage the membrane if the contact is too harsh; 

while the latter can provide higher precision and may require less amount of capture 

bioreceptor, but are more expensive and more difficult to optimize.134 The general rule 

is to deposit the capture bioreceptor in the smallest possible area, in order to achieve the 

maximum signal resolution. The capture bioreceptor solution must provide the 

conditions for an optimal binding and the maintaining of the bioreceptor functionality. 

This is generally achieved using a low ionic strength (especially for nitrocellulose 

membrane) and keeping the bioreceptor concentration high (in the case of expensive 

antibodies it is possible to add a second protein, such as BSA, to raise the overall 

protein concentration, in order to keep its structural integrity and preventing the 

adsorption of the antibodies onto the membrane). Some LFAs may require the use of 

additional blocking that can be achieved by dipping/spraying the detection pad in a 

solution with blocking agents (BSA, milk, etc), followed by their proper removal using 

one or more washing steps (they may include some detergents)135. As for the conjugate 

pad, the drying of the detection pad is very important since it must be done at a 

temperature that does not affect the functionality of the capture bioreceptor (not more 

than 37-40 °C).  

Detection	

Abs
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1.3.3.4. Bioreceptor selection 

A bioreceptor (typically proteins, antibody, DNA, RNA) to be effective in a LFA has to 

comply with three main characteristics: i) being stable, ii) having fast association 

kinetics and iii) having strong binding affinities. In LFA, the stability of the bioreceptor 

means that it has to keep its structure and functionality in a variety of environments 

(different temperatures, humidity %, pressures)136 and, above all, it has to maintain its 

function after a cycle of drying and rewetting. In regards to this, fast binding kinetics 

are essential as there are practically no incubation steps on the LFA and the bioreceptors 

have to bind to the target within seconds. These two are important characteristics to be 

considered when choosing antibodies as bioreceptors in LFA (Table 1.2.). In fact, most 

commercial antibodies are characterized with techniques such as Enzyme Linked 

Immunosorbent Assay (ELISA) and western blot, which include long incubation steps, 

typically in the order of hours. Finally, the binding between the bioreceptor and the 

target must also be strong to obtain a stable signal. In practice, most of the labelled 

target will pass through and travel to the detection zone in matter of seconds. 

Meanwhile, the flow still continues for minutes and acts as an internal washing step. If 

the binding was weak, signal losses are obtained over time once the concentration of the 

labelled-analyte in solution decreases.  

The choice of the proper bioreceptors is probably the most important step to achieving 

the required analytical sensitivity and specificity in a LFA. This is particularly 

challenging for the detection of protein targets given the large variety of possible 

bioreceptors (Table 3). Ideally, during the initial phases of a LFA development, several 

bioreceptors are screened using a combinatorial approach, where a single bioreceptor is 

tested both in the test line and conjugated to the label particle. Depending on the 

resources and facilities available, the use of standard techniques (such as ELISA, 

Surface Plasmon Resonance (SPR), Biolayer interferometry (BLI)137 and Isothermal 

Titration Calorimetry (ITC)) could speed up the screening of multiple bioreceptors. For 

example, ELISA can be used to evaluate dozens of antibody/antigen combinations to 

find those producing the most sensitive result in a relatively short amount of time. In 

this respect, the developer could minimize the duration of the incubation steps in order 

to eliminate the bioreceptors with slow binding kinetics. Moreover, SPR, BLI and ITC 

can provide useful information about the association and dissociation binding kinetics, 



52	 CHAPTER	1:	INTRODUCTION	
	
although they are more expensive techniques than ELISAs. Indeed, these techniques can 

help to identify and shortlist the most promising bioreceptors, however, they must be 

finally tested in a real LFA, in order to choose those that will be used in the final assay. 

Table 1.2. Common bioreceptors used in LFA for the detection of protein targets. 

BIORECEPTOR ADVANTAGES DISADVANTAGES CONSIDERATIONS 
Polyclonal 
antibodies 

• Cost-effective 
• Fast 

production 
• Multiple 

binding sites 

• Low specificity 
• Cross-reactivity 
• Variability 

between different 
batches 

Affinity purification of 
the serum required to 
minimize cross-
reactivity. 

Monoclonal 
antibodies 

• High 
specificity 

• Low batch-to-
batch 
variability. 

• Expensive 
• Long development 

process. 

For immune-sandwich 
assays antibodies 
binding to different 
epitopes must be 
chosen. 

Fragments • Less 
nonspecific 
binding 

• Cheaper than 
full length 
antibodies 

• Easier 
production 

• Low batch-to-
batch 
variability 

• Less stable than 
full length 
antibodies since 
they lack of Fc 
region 

Antibody against IgG 
Fc region cannot be 
used in control line. 

BSA should not be 
used as blocking agent, 
given its higher 
molecular weight (66 
kDa) compared to the 
fragments (<50 kDa). 

Nanobodies • Less 
nonspecific 
binding 

• Cheaper than 
full length 
antibodies 

• Easier 
production 

• Low batch-to-
batch 
variability 

• Production limited 
to Camelidae and 
Sharks species. 

 

BSA should not be 
used as blocking agent, 
given its higher 
molecular weight (66 
kDa) compared to 
nanobodies (15 kDa). 
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Table 1.2. Cont. Common bioreceptors used in LFA for the detection of protein targets. 

BIORECEPTOR ADVANTAGES DISADVANTAGES CONSIDERATIONS 

Aptamers138 • Cheaper than 
antibodies. 

• Ability to 
recognize any 
type of target 
analyte. 

• High stability 
• High batch-to- 

batch 

reproducibility 

Their binding 

activity is highly 

dependent on the 

ionic strength of the 

buffer. 

It is recommended to 
perform a 
denaturation and 
refold step before 
fabricating the LFA. 

 

 

1.3.3.5. Absorbent pad 

The absorbent pad is generally the less considered section of a LFA, although it plays a 

crucial role in its operation, such as controlling the volume of sample we can use.114 In 

the absence of the absorbent pad, once the liquid reaches the end of the detection pad, 

the flow stops and the liquid evaporates homogenously along the strip. This means that 

all the labels that did not reach the last part of the detection pad accumulate on the strip 

increasing the background noise. On contrary, the presence of an absorbent pad assures 

that all the label reaches the end of the strip.102 In fact, it is important to note that the 

label is not homogenously distributed in the whole sample volume, but just in the first 

part of the sample that reaches the conjugate pad and in the amount required for the 

complete release of the label-conjugate. Keeping this in mind, using an absorbent pad in 

a LFA allows for the use of more sample than the one required for the release of the 

label from the conjugate pad.139 This will allow that the final part of the sample acts as 

an inner washing step, removing non-specifically bound labels and thus decreasing the 

background noise. The absorbent pad does not require any special handling during the 

fabrication, and although its use is generally recommended, considerations such as its 

cost and its implementation in the sensor geometry should be done by the developer.    
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1.3.4. Types of lateral flow assays 

As any other biosensors LFA can integrate the three main types of sensing strategies: 

direct, competitive and non-competitive assays (Figure 1.5.). Their successful use in 

LFA requires the developer to consider important factors during the sensor design, 

fabrication and optimization.   

1.3.4.1. Direct assay 

A direct assay is the simplest one and consists in the use of a labelled bioreceptor that 

directly binds the target, which is generally attached to the detection pad (it can also 

work with a labelled target and the bioreceptor on the detection pad). This type of assay 

has none or very limited applications in real life situations, since the target needs to be 

labelled or adsorbed on the detection pad first (it is not feasible for a point-of-care 

sensor that the final user does it). Nonetheless it can still be useful for preliminary 

optimizations such bioreceptor/target binding studies or optimization of the competitor 

or bioreceptor deposition concentrations, especially for a competitive assay (see next 

paragraph). 

1.3.4.2. Competitive assay 

A competitive assay can be considered an evolution of a direct assay but with a use for 

real-life applications. We can find two main types of competitive formats: i) the target 

in the sample and a labelled-target (alternatively a molecule with less affinity for the 

bioreceptor than the target itself) in the strip compete for the capture bioreceptor on the 

test line,140,141 and ii) the target in the sample and the target on the test line compete for 

the labelled bioreceptor.100,142,143 A key characteristic of competitive assays is that to a 

higher target concentration corresponds a lower signal. Competitive assays are generally 

used for small target molecules that cannot be efficiently recognized by more than one 

bioreceptor (such as drugs and toxins), but they could also be adapted for big analytes. 

Since competitive assay are not affected by the hook effect (the detection and capture 

bioreceptors have all their binding sites occupied by single targets, preventing the 

sandwich formation), they are particularly useful for the detection of targets with 

extremely high concentrations.144 The development of competitive assays is quite long 

since it requires the optimization of labelled- and capture molecules concentrations. In 
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fact, a high concentration of labelled-molecule would produce a worse limit of detection 

(a higher concentration of target would be required to decrease the signal), while a low 

concentration could produce a very low signal (a faint line that could be mis-interpreted 

as no line).102,114 Similar situations happen for the concentration of the capture 

molecule, where a too low concentration would result in faint bands, while a too high 

concentration would decrease the sensitivity of the test. Another important 

consideration to do is that the developer of a competitive assay must verify that the 

bioreceptor can recognize the competitor molecule even after it is labelled or adsorbed 

on the detection pad (the use of a spacer-molecule could improve such recognition).  

1.3.4.3. Non-competitive assay 

A non-competitive (sandwich) assay is probably the most used strategy for the detection 

of mid-and big-size analytes (such as proteins, bacteria, cells) in LFAs. It consists in 

capturing the target molecule between a capture bioreceptor and a labelled-bioreceptor, 

producing a signal that increases proportionally with the amount of target in the 

sample.94,145,146 One key aspect for the development of this type of assays is the 

availability of bioreceptors that bind different portions of the target. For example, two 

different monoclonal antibodies or a labelled monoclonal antibody and a capture 

polyclonal antibody are the most secure ways to ensure the sandwich formation. In the 

case of particularly big targets, such as bacteria or cells, where the same antigen is 

repeated many times in the same target, the use of the same antibody (better if 

polyclonal) would also be a feasible option. As previously mentioned, sandwich assays 

are subjected to possible Hook effects in the case of extremely high target 

concentrations. If this happens, a simple solution would be to dilute the sample.144 The 

optimization of a sandwich assay is considerable easier than the one of a competitive 

one, since overall we aim for the highest capture bioreceptor concentration and the 

highest amount of labelled-bioreceptor (obviously keeping in mind the cost of both 

reagents). 
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Figure 1.5. Types of lateral flow assay. Direct, competitive and non-competitive. 

Figure courtesy of PhD. Ruslan Álvarez-Diduk. 

 

1.3.5. Assay Evaluation 

When thinking of LFA the first thing that comes to mind is the presence or absence of 

the line in a pregnancy test. This intuitive and qualitative analysis done by naked eye is 

the reason of LFA popularity. This type of sensing is ideal for the discrimination 

between the presence or absence of a particular condition, such as pregnancy.107 

Reading a LFA by naked eye would also allow for a semi-quantitative analysis in highly 

reproducible strips. This can be of use in two main scenarios: i) during the fabrication 

process when two or more analyte concentrations needs to be compared (so the colour 

of the corresponding lines should differ), and ii) for the detection of a defined target 

concentration threshold (a measurable line appears just if the concentration of analyte is 

at least at the threshold value). This last scenario is useful for the detection of 

biomarkers which are of interest just above a defined concentration, such as E. coli in 

urine. In the recent years the development of dedicated readers and then smartphones 

have permitted the quantitative analysis of LFA (Figure 1.6.).147–149  
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Figure 1.6. Lateral flow assay evaluation. The strips can be evaluated qualitatively by 

naked eye or and/or quantitatively using a lateral flow reader or a smartphone camera. 

Figure courtesy of PhD. Ruslan Álvarez-Diduk. 

In order to achieve quantification, the fabrication process must provide highly 

reproducible sensors (from batch to batch) and an accurate calibration curve to be used 

as standard. The use of a dedicated reader is still preferred to obtain accurate 

measurements, since it minimizes the effect of ambient light on the signal intensity (to 

obtain a proper quantitative result the measurement should be done using the same light 

conditions as the original calibrate, from here the need of a fully closed box with 

integrated light sources). Hybrid systems where a smartphone is coupled to a special 

support also provide excellent performances.135,150–152 

1.3.6. Other considerations 

In this section we will discuss two important aspects that any LFA developer should 

keep in mind during the design and fabrication of a new sensor. 
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1.3.6.1. Storage 

Being LFAs sensors to be deployed in the field (i.e. doctor office, countryside, home) 

their storage must ensure that their analytical performance remains intact over-time and 

in different environments.153 There are three main components that can affect the 

stability of a LFA: the detection pad, the bioreceptors and the label. First of all, 

nitrocellulose (the most used type of detection pad) has an expiration date, and this is as 

far as a LFA should be used.  Deteriorated nitrocellulose shows a yellowish colour, 

produces a sourly smell and might generate faint lines after performing the assay. To 

maximize its life-time, nitrocellulose should be stored in dry conditions protected from 

direct light (i.e. at least in a zipper bag with drying pearls).114,154 Regarding the stability 

of bioreceptors we need to distinguish between the stable DNA molecules (which 

includes also aptamers) from the delicate proteins (including antibodies). While the 

former do not require any special storage, the latter prefer dry and cool conditions 

(better if refrigerated but at least under 37-40 °C).155 Particularly delicate bioreceptors 

could require also the addition of stabilizers, such as sugars, proteins, agars and 

gelatins.156,157 Finally, the label stability also depends on the nature of the label itself: 

properly modified and dried particles in the glass fiber should not have any stability 

issues, while enzyme-based or dye-loaded particles labels may require refrigeration to 

preserve their activity.158 Overall LFA should not be frozen. 

1.3.6.3. Cost 

The estimation of the cost of a LFA depends on the development phase of that particular 

test: Research and development (R&D), factory, market. During the R&D phase most of 

the costs come from the bioreceptors used in the LFA. Generally, we can estimate the 

cost of a single LFA to be less than 1 USD. For instance, we can estimate the cost of the 

fabrication of a LF strip for the detection of the model protein Human Immunoglobulin 

G, using our group’s previous work as reference.159 This estimation is based on the 

product prices provided by Millipore (pads), Abcam (bioreceptors) and Sigma Aldrich 

(chemical reagents). Considering a 6 mm wide strip the pads and the backing card 

would cost: backing card $0.0080, nitrocellulose membrane $0.0204, glass fiber 0.0044 

$, cellulose (for both sample and absorbent pad) $0.0046. The printing of test and 

control bioreceptors at a concentration of 1 mg/mL using a dispense rate of 0.05 µL/mm 

would cost $0.0450. The cost of the gold nanoparticle/bioreceptor conjugate can be 
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divided into: gold salt $0.0621, salts for the synthesis and modification $0.0007, pad 

pretreatment $0.0031 and antibodies $0.1416. Finally, the pretreatment of the sample 

pad with the sample buffer cost $0.0047. Adding all up the cost of a single LFA costed 

us $0.3576  (excluding the dispenser, around 20000.00 $ the cheapest models, and of 

course the salary of personnel). It must be highlighted that from the final cost, 

approximately 19 cents are for the bioreceptors (54.29 %), 6 cents for the nanomaterial 

(17.14 %) and the rest for the paper and treatments (28.56 %). 

It is noteworthy that during the mass production in a factory the cost decreases to 

several LF strips for 0.01 USD, although this does not include equipment and its 

maintenance, the employees, insurances, taxes, quality controls and many other indirect 

costs. Finally, the market cost is the toughest one to estimate160. For the sake of 

comparison, we will use the cost of “Clearblue Rapid Detection Pregnancy Test”, which 

we can purchase for approximately 6 USD per test161. Although it could seem that there 

is a great benefit for the company and the seller, there are also even more indirect costs 

such as: wrapping (cassettes, bags, desiccants) and storage of the product, shipping, 

marketing, taxes, additional reagents and tools, plus the cost of R&D and clinical 

validation that need to be refunded.		

1.4. Towards next generation lateral flow assay  

1.4.1. Challenges to be solved 

The success of LFA comes from their simplicity, effectiveness and cost. For this reason, 

any improvement aiming to make them better should still keep those three 

characteristics. Taking this into account, we found three main areas that are trying to 

bring LFA to their next generation: boosting sensitivity, multiplexing and interfacing 

with smartphones.  

The use of smartphones for the analysis of LFA should not be limited to obtain 

quantitative results; instead thanks to their imaging, processing, storing and connectivity 

tools they should allow LFA to be defined as REASSURED sensors.98,86 This means 

that they will have/be: Real-time connectivity, Ease of specimen collection, Affordable 

by the end user, Sensitive with very few false-negatives, Specific with very few false-

positives, User-friendly possibly being single-step, Rapid/Robust to provide an accurate 
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diagnosis within the time of a doctor visit, Equipment-free not requiring dedicated 

equipment (smartphone are already widespread within the general population) and 

Delivered to those who need it.  

The multiplexing of lateral flow assays comes from a need that the current healthcare 

systems have, which is the simultaneous detection of different biomarkers. With the 

field moving towards precision and personalized medicine, the detection of a single 

biomarker is not enough anymore to give an accurate diagnosis.162,163 Nonetheless 

improving the number of analytes for a single LFA is not always as straightforward as 

increasing the number of test lines.164,165 This approach could work for limited 

multiplexing requirements, such as <5-10 analytes, in which case the amount of 

reagents and the ease of read-out would still be reasonable. We envisage that the use of 

single dots166 (instead of lines) per analyte and/or the use of multicolour 

nanoparticles167,168 in combination with smartphone readers could provide the high level 

of multiplexing required by personalized and precision medicine.  

Finally, improving the sensitivity of LFA would spread its use to many different 

applications, which are still relying in laboratory-based techniques.107 For protein 

targets, this could include the integration of more efficient pre-concentration 

pads170,171,131 or the use of nanoparticles with stronger plasmonic172 or fluorescent 

properties173,174 than those currently in use. For nucleic acid targets the development of 

an amplification pad based on isothermal amplification strategies175,176 would be a 

ground-breaking achievement in the field of point-of-care biosensors, if this can 

maintain the REASSURED standards.   

1.4.1.1. Sensitivity enhancement  

The reported strategies for sensitivity enhancement in LFA can be categorized 

according to improvements in the affinity of the bioreceptors, modulation of the flow 

dynamics or selection of superior signal transducers. This section is devoted to review 

the most relevant approaches within each category, emphasizing in their limitations and 

its feasibility.177 

The main reason for the poor sensitivity in LFA compared to other analytical techniques 

is the low binding rate between the capture reagents immobilized in TL and the labelled 

reagents. This is due to the capillary action that makes the binding reaction be transient. 
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In this sense, much research has been focused in changing the geometry of the strip or 

performing architecture modifications to the objective of increasing the reaction time 

between the bioreceptors and the target analyte. In this sense, Asiaei et al. have 

developed a strategy to enhance the sensitivity up to 40% for the detection of human 

chorionic gonadotropin (hCG) pregnancy biomarker by displacing the TL 12 mm from 

the LFA strip origin. They observed that both, bed volume and flow velocity decrease 

by increasing the distance of the TL from the beginning of the strip. The former directly 

controls the amount of antibody and antigen that can participate in the binding reaction 

in TL. The latter controls the biorecognition efficiency. 178 This approach outstands by 

its simplicity and substantial cost saving, as no extra reagents or further steps are 

required. However, further experiments should be performed in order to demonstrate the 

adequacy of the strategy with bigger target analytes such as bacteria, which its poor 

mobility along the detection membrane is highly reported.  

Another method to enhance the sensitivity by reducing the flow rate in LFA has been 

reported by the group of Prof. Pingguan-Murphy. They electrospun a 10% solution of 

Polycaprolactone (PCL) nanofibers onto the nitrocellulose membrane for 60 seconds in 

order to increase the flow time up to 17 seconds. The incorporation of PCL increases 

the hydrophobicity at the coated region, which in turn provides a flow rate reduction 

and an enhanced interaction of the biomolecules.179 Although this strategy proves a 10-

fold sensitivity enhancement for the detection of synthetic zika virus oligonucleotide, 

the cost of the electrospinning system and the reagents required should be taken into 

consideration. Moreover, a stability study of the electrospun nanofibers should be 

performed to determine the expiration time of the test, which is mainly due to the 

bioreceptors instability over time but also to the materials degradation. In this regard, 

Katis et al. reports a sensitivity enhancement strategy that enables the maintenance of 

the same materials in LFA, favouring the scale up manufacturing. They reduce the 

detection area (TL and CL zone) from 5 mm to 1 mm width by laser direct writing 

(LDW) a polymerised pattern on the nitrocellulose membrane. By narrowing the flow 

path, they achieve both, an increase in the flow time and a reagents concentration. This 

enables a 30-fold sensitivity enhancement for the detection of C-reactive protein 

compared to the assay with no constrictions. As suggested by the authors, LDW has the 

advantages of being low-cost and non-special laboratory requirements compared to 

other patterning techniques such as photolithography.180 However, this fabrication 
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method still requires extra equipment. In this sense, Prof. Feng Xu and co-workers have 

developed a non-complicated physical-chemical coupling method based on the addition 

of a dissolvable saline barrier on the nitrocellulose membrane, as a sensitivity 

enhancement strategy (Figure 1.7.).  

Figure 1.7. (A) Schematic representation of a sensitivity enhancement approach based 

on the introduction of dissolvable saline barriers in the nitrocellulose membrane. The 

barriers slow the flow rate and enhance the DNA hybridization efficiency due to the 

increment in Na+. Different (B) salt barrier patterns, (C) salt barrier sizes and (D) salt 

concentrations were evaluated in order to optimize the nucleotide-based LFA (NALFA). 

Reprinted (adapted) with permission from He, X. et al. Sensitivity Enhancement of 

Nucleic Acid Lateral Flow Assays through a Physical-Chemical Coupling Method: 

Dissoluble Saline Barriers. ACS Sensors 4, 1691–1700 (2019). Copyright (2019) 

American Chemical Society. 

The salt barrier allows a decrease of the flow velocity and an increase in the Na+ 

concentration during the binding reaction. It is extensively reported that the increase in 

salt concentration improves the association rate constant for the hybridization of nucleic 

acids. They report a 10-fold sensitivity enhancement for the detection of Hepatitis B 

virus when introducing a saline barrier based on SSC buffer 16X.181 This approach is 

simple and low-cost and doesn’t sacrifice much the assay time, however it is only useful 

for nucleic acid-based LFA since the change of the ionic strength of the assay buffers 

have a dramatic effect on the binding capabilities of protein-based bioreceptors.  Shen 
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and colleagues have reported another approach based on flow rate modulation for 

sensitivity enhancement in LFA. Similarly, Rivas et al. have proposed the introduction 

of wax pillars on the beginning of the nitrocellulose membrane to produce a flow delay 

and generate pseudo-turbulences in the capillary flow. With this simple and low-cost 

strategy they achieve a 3-fold sensitivity enhancement for H-IgG detection compared to 

the free-barrier LFA.146 Contrary to other laborious fluid control methods, the wax 

patterning of the nitrocellulose membrane requires a fast printing extra step. 

Alternatively to the introduction of barriers or spatial constrictions, Shen and colleagues 

have developed a paper-based assay in which the flow rate is controlled by centrifugal 

forces instead of by capillary action of the absorbent pad (Figure 1.8.). The authors 

claim that in the conventional LFA the sample pad absorbs and retains the sample, 

reducing the effective volume up to 40 µL. Also the capillary force generated by the 

absorbent pad governs the flow rate.  

Figure 1.8. Sensitivity enhancement approach based on the flow rate control by 

centrifugal forces. Schematic representation of (A) LFA strip, (B) centrifugal disc 

components and (C) disc chambers. Picture of (D) centrifugal assisted-LFA platform 

(E) set-up for smartphone-based quantification. Reprinted (adapted) with permission 

from Shen, M., Chen, Y., Zhu, Y., Zhao, M. & Xu, Y. Enhancing the Sensitivity of 

Lateral Flow Immunoassay by Centrifugation-Assisted Flow Control. Anal. Chem. 91, 

4814–4820 (2019). Copyright (2019) American Chemical Society. 
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Conversely, in the centrifugal assisted LFA a constant rotation speed is adjusted by a 

portable dedicated device. In this regard, 1500 rpm and 120 µL of sample where used 

for the detection of prostate specific antigen (PSA) in diluted human serum, showing a 

6.2-fold sensitivity enhancement compared to the conventional LFA.182 This innovative 

approach shows an interesting and simple way of modulating the physical parameters of 

the test, however the lack of a dedicated sample pad acting as a filter can limit its 

application with more complex samples such as whole blood. Also, the assay time (45 

minutes) is not adequate for POC applications, in which the results are expected in less 

than 30 minutes.  

Another way to enhance the sensitivity in LFA is by performing sample pre-

concentration strategies by using ultrafiltration, solid-phase extraction or 

isotachophoresis (ITP) within others. However, additional steps and extra reagents are 

usually required, which increase the time, costs and simplicity of the assay. In this 

context, Prof. Lee and co-workers have developed a LFA with a nafion-based an ICP 

pre-concentrator integrated in the conjugate pad. They have proved a 26% sensitivity 

enhancement for the detection of β-hCG by pre-concentrating the sample 15-fold for 8 

minutes using a portable 9 V battery.183 More effectively has been the pre-concentration 

approach reported by Ren and colleagues in which they achieved a 4000-times 

sensitivity enhancement for the detection of valosin-containing protein by applying 

magnetic focusing (Figure 1.9.).  

Figure 1.9. Schematic representation of a sensitivity enhancement approach based on 

sample pre-concentration by magnetic focusing. Reprinted (adapted) with permission 

from Ren, W., Mohammed, S. I., Wereley, S. & Irudayaraj, J. Magnetic Focus Lateral 

Flow Sensor for Detection of Cervical Cancer Biomarkers. Anal. Chem. 91, 2876–2884 

(2019). Copyright (2019) American Chemical Society. 
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The application of a magnetic field increases the number of magnetic particles up to 10-

fold in the detection zone. The higher concentration of target contributes to enhanced 

capture efficiency, which in turns improves the assay’s sensitivity.184 This strategy 

seems ideal apart from the fact that multiple washing steps are required. This makes the 

assay to be less user-friendly and more prone to error.  

Simpler than the pre-concentration strategies, the assay’s sensitivity can be improved by 

increasing the concentration of capture reagents in the TL so as to enhance the binding 

efficiency. This seems obvious in the first instance, however it is noteworthy that there 

is a limited protein binding capacity on the nitrocellulose membranes. In order to 

overcome this limitation, Pan and co-workers devised a way to increase the 

concentration of antibodies in the TL up to 2.2 mg/mL avoiding the enlargement of the 

TL area. They took advantage of the high surface-to-volume ratio of the AuNPs to 

conjugate a great amount of antibodies and fix them in the TL. In this way, they 

achieved a 100-fold sensitivity enhancement for the detection of C. sakazakii compared 

to the conventional LFA.185 This approach might seem ideal due to its simplicity, 

however it has two big limitations. On the one hand, the use of higher amounts of 

bioreceptors makes the assay more expensive and LFA has as main asset being a low-

cost alternative to conventional analytical tests. On the other hand, the signal 

appearance in TL before performing the assay can definitely hinder the interpretive 

capacity of the end-user, who is used to relate a signal change with the presence of the 

target analyte. Similarly, Parolo et al. reported a 8-fold limit of quantification 

enhancement for H-IgG detection by allowing the application of higher amount of 

sample volume on the strip, which implies more quantity of the target analyte. This was 

achieved by the enlargement of three times the width of the sample and conjugate pad 

compared to the conventional LFA. It is noteworthy that the enlargement of the sample 

pad produces an increase in the flow velocity, which is not beneficial in terms of 

binding kinetics. Therefore, the enlargement of the conjugate pad provides a bigger 

amount of conjugated bioreceptors and compensates the consequent increase in the flow 

speed. This strategy is simple and can be easily implemented for any application 

without the need of changing the fabrication method.186 However, it would have been 

interesting to report the sensitivity enhancement in terms of the curve slope rather than 

the LoQ improvement, so as to perform a more precise comparison between techniques. 
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Despite the flow control strategies, much research has been to find alternative signal 

transducers for the sensitivity enhancement in LFA. This includes carbon-nanotubes 

(CNTs), fluorescent nanoparticles, quantum dots, up-converting materials, among 

others. Sun et al. reported a 10-fold sensitivity enhancement for methamphetamine 

detection by using multi-walled carbon nanotubes (MWCNTs) instead of AuNPs. 

Firstly, CNTs posses more binding sites than AuNPs due to their greater surface area. 

This enables the functionalization of more bioreceptors per label, which in turn provides 

enhanced detection sensitivity.  Secondly, CNTs provide a black colour signal against 

the white background. This outstanding signal contrast is more suitable for image 

analysis.187 MWCNTs solve the instability limitations characteristic of the single-walled 

CNTs, however the preparation and conjugation of the MWCNTs remains more 

challenging than the one for AuNPs. QDs-based LFAs are widely reported as highly 

sensitive due to the narrow emission peak of the QDs and their elevated quantum 

yield.158 However, their use in PoC applications is limited due to the requirement of 

dedicated fluorescent readers. Nevertheless, portable solutions are being developed, 

such as the use of a phone-based fluorometer.188 In this sense, the use of UCNPs as 

fluorescent reporters in LFA enables ultralow detection limits and simpler reader 

instruments, as the excitation of the nanoparticles can be done with an affordable 

infrared laser diode.189 Although fluorescent-based LFAs are known to be highly 

sensitive, no reports have been found determining the achieved sensitivity enhancement 

compared to the common colloidal gold nanoparticles-based LFA. The published works 

just take into consideration the outstanding LoDs that allow the detection of tracer 

analytes.190–192  

Signal amplification is also a well-known strategy for sensitivity enhancement in LFA. 

There are several ways to perform signal amplification, although the most reported ones 

are AuNPs enlargement through silver staining and coating the AuNPs with enzymes or 

catalytic metals.193 The former has been applied for the detection of Troponin I by the 

integration of water-soluble hybrid nanofibers between the conjugate pad and the TL. 

Once the AuNPs bind at the TL, the silver enhancement reagents are released from the 

nanofibers and are reduced to metallic silver around the AuNPs. The darkening of TL 

enables a 10-fold sensitivity enhancement.194 The integration of the signal amplification 

reagents in the LFA strip is the most interesting of this approach, without sacrificing the 

assay time and simplicity of the test.  The latter has been performed with horseradish 
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peroxidase (HRP) and alkaline phosphatase (ALP). These are the traditionally used 

enzymes in ELISA due to their commercial availability, high stability and catalytic 

properties. Parolo et al. achieved one order of magnitude sensitivity enhancement for 

the detection of H-IgG by the conjugation of the AuNPs with anti-HIgG antibodies and 

HRP. Different substrates where evaluated, but 3,3’,5,5’-tetramethylbenzidine (TMB) 

resulted the best in terms of sensitivity achieved, low cost and its ready-to-use 

property.195 However, multiple washing steps where required, which reduces its 

applicability at the PoC. Moreover, it is reported that the presence of HRP inhibitors or 

interfering components in the real sample’s matrix reduces the HRP enhancement 

effectiveness. In this sense, Panferov and co-workers decorated the AuNPs with ALP 

and obtained a 10-fold sensitivity enhancement for the detection of potato virus X in 

leaf extracts. The authors claim that the enhanced LFA preserves the major advantages 

of the conventional LFA; 15 minutes assay-time, no additional equipment is required 

and no need of assay manipulation, as all the components are in a dry form.196 However, 

the substrate addition step is still required to perform the signal amplification. The 

signal amplification can also be performed by catalytic metals as in the case of 

conventional AuNPs coated with ultrathin Pt skins. The Pt shells have ultrahigh 

peroxidase-like catalytic activity and enable the generation of blue colour by the 

oxidation of TMB. This approach enables a 100 times sensitivity enhancement for the 

detection of PSA, due to the large molar extinction coefficient of the blue-coloured 

product generated in TL (Figure 1.10.). The authors also proved the strategy feasibility 

on human plasma samples, demonstrating that the complex matrix did not hinder the 

catalytic activity of the Pt shells.197  
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Figure 1.10. (A) Schematic representation of a sensitivity enhancement approach based 

on signal amplification using AuNPs decorated with ultrathin Pt skins. Blue colour is 

generated in TL upon oxidation of TMB catalysed by the Pt. (B) Picture of LFA strips 

for detection of PSA using conventional AuNPs, AuNPs decorated with Pt ultrathin 

skins (Au@Pt4L) and Au@Pt4L with TMB substrate. The latter condition enables the 

highest sensitivity (C) Calibration curves for the three conditions: AuNPs (in light red), 

Au@Pt4L (in dark red) and Au@Pt4L with TMB (in blue). The latter condition provides a 

curve with the highest slope. Reprinted (adapted) with permission from Gao, Z. et al. 

Platinum-Decorated Gold Nanoparticles with Dual Functionalities for Ultrasensitive 

Colorimetric in Vitro Diagnostics. Nano Lett. 17, 5572–5579 (2017). Copyright (2017) 

American Chemical Society. 

Other researchers have focused in increasing the signal-to-noise ratio as a strategy for 

sensitivity enhancement in LFA. Prof. Yager and colleagues have developed a simple 

quantitative framework to select low-fluorescence substrates. It is well known that most 

commercial porous membranes emit auto-fluorescence in the blue, yellow and green 

regions of the visible spectrum. They proved that the use of materials with lower auto-

fluorescence could help to enhance the sensitivity of the LFA.198 In addition, Li et al. 
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has reported a 1000-fold sensitivity improvement in the detection of bacteriophage λ-

DNA by the integration of a graphene oxide-based purification step in LFA. After the 

PCR amplification, the graphene oxide immobilized in the stacking pad is capable of 

removing the residual primers that compete with the amplicons for the binding sites in 

the TL (Figure 1.11.).  

Figure 1.11. Schematic representation of a sensitivity enhancement approach based on 

the increment of the signal-to-noise ratio. The graphene oxide is able to selectively 

remove the residual primers, which compete with the amplicons to bind to the TL. 

Reprinted (adapted) with permission from Li, S., Gu, Y., Lyu, Y., Jiang, Y. & Liu, P. 

Integrated Graphene Oxide Purification-Lateral Flow Test Strips (iGOP-LFTS) for 

Direct Detection of PCR Products with Enhanced Sensitivity and Specificity. Anal 

Chem. 89, 12137–12144 (2017). Copyright (2017) American Chemical Society. 

This is achieved due to the adsorption capability of the graphene oxide to single-

stranded DNA. Moreover, the possibility of false positive results is reduced due to the 

selective removal of the primer-dimers. This approach is easy-to-use and inexpensive, 

however, as suggested by the authors it would be ideal to also integrate the nucleic acid 

extraction and PCR amplification, so as to resolve the contamination issues of the 

current “open-tube” detection in the strip.199 

The use of alternative detection methods has been exploited for the sensitivity 

enhancement in LFA. For instance, Wang and co-workers have applied thermal contrast 

amplification (TCA) analysis, proving a 8-fold sensitivity enhancement for the detection 
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of influenza, malaria and C. difficile, compared to gold colorimetric visual signal.  

Matching the laser wavelength to the AuNPs plasmon resonance peak generates heat 

that is correlated to the AuNPs concentration in the TL. The main limitations of this 

approach is the current cost of the TCA reader (around $18000), the influence of the 

environmental temperature on the assay’s signal, which requires careful calibration and 

the appearance of false positive results (that did not occur with visual contrast).200 

Moreover, Zhao et al. have proved that by performing photoacoustic (PA) analysis of 

the LFA assay the sensitivity could be improved 100-fold in comparison to colorimetric 

measurements for the detection of Cryptococcal antigen (CrAg). The PA detection 

method includes three steps: the light absorption by the AuNPs, the conversion of the 

absorbed energy into heat and the heat-induced thermal expansion of the air that 

generates pressure oscillations. The advantages of performing PA analysis don’t just 

rely on the outstanding signal generation but also to the noise reduction, due to the 

different energy domains of the input and output signal. However, as discussed by the 

authors, this strategy is still limited by the high price of the PA detector and 

oscilloscope required to perform the PA analysis. They are currently working in the 

miniaturization and cost-reduction of the detection system, aiming for its application in 

resource-limited settings.201 Furthermore, Wang and colleagues have developed a 

surface-enhanced Raman scattering (SERS)-based LFA as a sensitivity enhancement 

strategy. They have designed Fe3O4@Ag magnetic nanoparticles loaded with DTNB 

dyes for dual magnetic sample pre-concentration SERS signal generation. With this 

strategy they have achieved a 2000-fold sensitivity enhancement for the detection of 

H1N1 and HAdV viruses, compared to the conventional AuNPs-based LFA (Figure 

1.12.).202 Although, the approach is versatile, highly sensitive and the signal 

quantification is performed with a portable SERS reader, the magnetic concentration 

step is not user-friendly. Moreover, it would be interesting to determine the sensitivity 

enhancement obtained individually with the SERS detection and the magnetic 

concentration, to evaluate the impact of the pre-concentration on the assay’s 

improvement. 
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Figure 1.12. Schematic representation of a sensitivity enhancement approach based on 

(A) Fe3O4@Ag magnetic nanoparticles loaded with DTNB dyes and (B) dual magnetic 

sample concentration and SERS detection of two respiratory viruses. Reprinted 

(adapted) with permission from Wang, C. et al. Magnetic SERS Strip for Sensitive and 

Simultaneous Detection of Respiratory Viruses. ACS Appl. Mater. Interfaces 11, 

19495–19505 (2019). Copyright (2019) American Chemical Society. 

Table 1.3. Comparison of the sensitivity enhancement strategies reported for LFA. 

	

	

Strategy Method/material Detection of Enhancement Comp. to Ref. 
Flow rate 
decrease 

Displacing the TL 
12 mm from origin 

hCG 2.5-fold Conv. LFA 178 

 
Flow rate 
decrease 

 Hydrophobic PCL 
nanofibers 

Synthetic zika 
virus 

10-fold Conv. LFA 179 

 
Flow rate 

decrease & 
reagents 

concentration 

Reduce detection 
area from 5 mm to 

1 mm 

C-reactive 
protein 

 

30-fold Conv. LFA 180 
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Table 1.3. Cont. Comparison of the sensitivity enhancement strategies reported for 
LFA. 

	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strategy Method/material Detection of Enhancement Comp. to Ref. 
Flow rate 

decrease & 
increase DNA 
hybrid. effi. 

Dissolvable saline 
barrier 

Hepatitis B 
virus 

10-fold Conv. LFA 181 

 

Flow rate 
decrease & 

Pseudo-
turbulence 
generation 

Wax pillars 

 

H-IgG 

 

3-fold Conv. LFA 146 

 

Flow control Centrifugal forces 

 

PSA 

 

6.2-fold 

 

Conv. LFA 182 

 
Sample pre-

concentration 
Nafion-based ICP 

 

β-hCG 

 

3.9-fold No  pre-
conc. 

183 

Sample pre-
concentration 

Magnetic focusing Valosin-
containing 

protein 

4000-fold No  pre-
conc. 

184 

 
Increase 

antibodies 
conc. 

Fixing conj. 
AuNPs in TL 

C. sakazakii 

 

100-fold Conv. LFA 185 

Increase 
sample 
volume 

3X width increase 
of sample and 

conj. pad 

H-IgG 

 

8-fold 

 

Conv. LFA 186 

 
Increase 

signal contrast 
MWCNTs 

 

Meth. 10-fold 

 

AuNPs-
LFA 

187 

 
Signal 

amplification 
Silver staining of 

AuNPs 

 

Troponin I 

 

10-fold AuNPs-
LFA 

194 

Signal 
amplification 

AuNPs coated 
with HRP 

H-IgG 

 

10-fold AuNPs-
LFA 

195 

Signal 
amplification 

AuNPs coated 
with ALP 

Potato virus X 10-fold AuNPs-
LFA 

196 

Signal 
amplification 

AuNPs coated 
with ultrathin Pt 

skins 

PSA 100-fold AuNPs-
LFA 

197 
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Table 1.3. Cont. Comparison of the sensitivity enhancement strategies reported for 
LFA. 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.1.2. Multiplexing  

Multiplexing strategies in LFA include the introduction of multiple test lines, the use of 

multiple strips, the application of signal transducers with different output signal 

domains or the combination of these approaches.  

1.4.1.2.1. Multiple test lines  

The simplest strategies are based on the immobilization of multiple TLs in series, 

although this limits the number of target analytes that can be detected. Zheng and 

colleagues have developed a LFA for the simultaneous detection of micro-RNA-21, -

155 and -210 cancer biomarkers in human serum. They have achieved this by the 

introduction of three TLs on different zones of the nitrocellulose membrane (Figure 

1.13.). In order to overcome cross-reactivity issues, the ssDNA probes where carefully 

designed and optimized for the specific detection of the miRNAs of interest.203  

Strategy Method/material Detection of Enhancement Comp. to Ref. 

Increase 
signal-to-
noise ratio 

Integration of a 
graphene oxide-

based purification 
step 

λ-DNA	

 

1000-fold	

 

Conv. LFA 199	

 

Alternative 
detection 
methods 

Thermal contrast 
amplification 

analysis 

Influenza, 
malaria & C. 

difficile	

 

8-fold	

 

AuNPs-
LFA 

200 

Alternative 
detection 
methods 

Photoacoustic 
analysis 

Cryptococcal 
antigen	

 

100-fold	

 

AuNPs-
LFA 

201	

 

Alternative 
detection 
methods 

Surface-enhanced 
Raman scattering	

 

H1N1 & 
HAdV viruses	

 

2000-fold	

 

AuNPs-
LFA 

202	
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Figure 1.13. Multiplexing strategy based on three TLs in series. (A) Pictures of 

conventional LFA strips for detection of one target analyte (miR-21). (B) Pictures of 

LFA strips for the detection of 3 target analytes (miR-21, miR-210 and miR-155). 

Reprinted (adapted) with permission from Zheng, W. et al. Lateral Flow Test for Visual 

Detection of Multiple MicroRNAs. Sens Actuators B Chem. 264, 320–326 (2018). 

Copyright (2019) American Chemical Society. 

 

Similarly, Crannell et at. have combined a Recombinase Polymerase Amplification 

(RPA) technique with a triple-TL LFA for the detection of DNA from Giardia, 

Cryptosporidium and Entamoeba parasites in stool samples. RPA enables the 

amplification of the different DNA targets, which are present at very low concentrations 

in real samples. The advantages of using RPA in comparison to other isothermal 

amplification platforms are that their enzymes don’t require refrigeration and that RPA 

is tolerant to inhibitors present in the sample.204 However, this strategy is limited by the 

fact that the RPA step is not integrated in the LFA strip, making the assay less user-

friendly and more prone-to-error. Moreover, one of the challenges when performing 

multiplex detection in LFA is to achieve a broad signal that can encompass 

concentrations in a wide range, especially when the working ranges of the target 

analytes differ in orders of magnitude. In this sense, Zhang and colleagues have 

proposed the use of SERS nanotags as transducers, since they are able to provide ultra-

sensitive signals and wide linear dynamic range. They have developed a triple-TL LFA 

using silver core and gold shell NPs loaded with Nile blue A dye (AgNBA@Au) as 
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labels, for the detection of Myo, cTnI and CK-MB cardiac biomarkers in human serum. 

By the use of SERS detection method, the assay was able to effectively cover the 

concentration of the three markers, which spans 6 orders of magnitude.205 However, the 

authors don’t give details on the cost and portability of the Raman microscope system 

used to evaluate the strips. It would be interesting to compare the fabrication procedure 

complexity and production-related costs of the SERS nanolabels to ones for 

conventional AuNPs. Furthermore, Lee and colleagues have developed a triple-TL LFA 

with a 100% clinical sensitivity and specificity for the detection of antibodies specific to 

HIV, HCV and HAV antigenic peptides in patient sera. They have achieved this by 

fixing in the TL proteinticle-based 3D probes, which display the antigenic peptides on 

the surface in a homogeneous orientation and conformation. This is an alternative to the 

direct fixation of the peptides on the TL that presents limitations such as uncontrolled 

orientation, clustering, inactivation or instability of the peptides, which can reduce the 

accuracy of the assay.206  

The main drawback of the multiplexing strategies based in the incorporation of several 

TLs in series is the limited length of the test strip, which restricts the amount of TLs and 

target analytes to be detected. Increasing the length of the test strip would support the 

fitting of more TLs, however this would make the assay more expensive as more 

quantity of reagents would be required. Moreover, taking in consideration the theory of 

Washburn, the assay time would increase exponentially as further is the TL from the 

sample pad.207 Therefore it is more reasonable to implement other strategies for the 

detection of higher amount of analytes without sacrifying the advantages of LFA. In this 

sense, Xu et al. proposes the combination of fluorescence colour and physical position 

in order to achieve the detection of up to 13 human papillomavirus types (16, 18, 31, 33, 

35, 39, 45, 51, 52, 56, 58, 59 & 68) in a single step.  They included 7 TLs, each one 

holding two different capture probes and they used two different labels FAM and ROX 

(Figure 1.14.). Interestingly, the specificity results showed no cross-reactivity among 

the different HPV types.208 Usually, cross-reactivity is one of the reasons of the low 

sensitivity of the multiplex LFA compared to the single-plex. In this sense, it is 

imperative to select the bioreceptors that lack of cross-reactivity when developing 

multiplex LFA, usually monoclonal antibodies, which are more specific than polyclonal 

antibodies, aptamers or molecular imprinted polymers.  
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Figure 1.14. Schematic representation of a multiplex LFA based on four TLs in series 

and two fluorophores (ROX and FAM) as signal transducers. Reprinted (adapted) with 

permission from Xu, Y. et al. Fluorescent probe-based lateral flow assay for multiplex 

nucleic acid detection. Anal Chem. 86, 5611–4 (2014). Copyright (2014) American 

Chemical Society. 

 

1.4.1.2.2. Multiple dots  

Alternatively to the use of detection lines, the capture reagents can be spotted in the 

nitrocellulose membrane. The reduced area of the spots/dots compared to the lines 

enables the fixation of more capture reagents and thus the detection of more target 

analytes in a single step. For instance, Gomez-Martinez and co-workers have developed 

a multiplex LFA for the detection of 7 DNA alleles (FY*01, FY*02, FY02N.01, 

GYPB*03, GYPB*04, JK*01 & JK*02) related to four blood group single nucleotide 

polymorphisms (SNPs). They achieved this by the manual spotting of 8 capture 

oligonucleotide probes in the nitrocellulose membrane (one spot corresponded to the 

control zone (Figure 1.15.). The alleles where previously amplified directly from the 

whole blood samples by LATE-PCR using biotin-labelled primers. Once the PCR 

product was drop-casted onto the sample pad, the amplified alleles where detected by 

anti-biotin antibodies conjugated to AuNPs.209 Although the approach is attractive in 

terms of direct detection using whole blood samples without the need of DNA 

extraction, there are two aspects to take into consideration.  
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Figure 1.15. Schematic representation of a multiplex LFA based on 8 detection dots 

and antibody-functionalized AuNPs for the detection of 7 DNA alleles. Reprinted 

(adapted) with permission from Gomez-Martinez, J. et al. Multiplex Lateral Flow Assay 

for Rapid Visual Blood Group Genotyping. Anal Chem. 90, 7502–7509 (2018). 

Copyright (2018) American Chemical Society. 

Firstly, the capture bioreceptors were deposited manually on the detection pad and this 

might provide lower reproducibility compared to the use of a dedicated reagent 

dispenser. Secondly, the use of anti-biotin antibodies as bioreceptors for all the 7 

amplified alleles might present cross-reactivity issues upon the generation of non-

specific biotinylated amplicons (produced by PCR contamination). More effectively, 

Taranova et al. succeeded in the deposition of up to 32 microarray spots in the 

nitrocellulose (NC) membrane. The membrane functionalization was performed with a 

steel pin able to precisely deposit 20 nL of the capture reagent in the NC. However, 

although 32 spots where deposited, the assay was applied for the detection of just 4 

analytes (morphine, amphetamine, methamphetamine and benzoylecgonine) in urine.210  

1.4.1.2.3. Multiple test lines/dots and labels  

The difficulty to interpret multiple spots with variable colour intensities can be 

overcome by the use of different coloured probes. In this sense, Lee and colleagues have 

developed a multiplex LFA based on red and blue latex beads for the detection of IgG 

and IgM related to Dengue (DENV) and Chikungunya (CHIKV). The blue and red latex 

beads are conjugated with anti-IgG and anti-IgM antibodies, respectively. In order to 

discriminate the pathogen specificity, two spatially separated TLs associated with 

DENV and CHIKV are dispensed in the nitrocellulose membrane. Therefore the 

developed LFA enables a 4-plex detection in which the appearance of purple colour in 
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either TL indicates the presence of both IgG and IgM pathogen-specific antibodies in 

the sample. The quantitative evaluation of the strips is performed with smartphone 

camera and an image analysis software. In this regard, the strips are analysed 

considering the hue (H) intensities, as this is more precise than RGB values.211 

Similarly, Anfossi et al. have employed AgNPs, spherical and desert-rose-like AuNPs 

with SPR peaks at 420, 525 and 620 nm, respectively, in order to developed a multiplex 

LFA for detection of casein, ovalbumin and hazelnut allergenic proteins in commercial 

biscuits. The LFA comprises three lines, each responsive for one allergen. The possible 

cross-reactivity of the monoclonal antibodies was evaluated by TEM and direct assays. 

Both confirmed the lack of interference between the selected monoclonal antibodies. 

Interestingly, the authors where required to increase the concentration of AgNPs in the 

conjugate pad compared to the used for the AuNPs. The reason was not related to the 

differences in affinity of the antibodies but to the lower extinction coefficient of the 

yellow coloured AgNPs. Therefore the optical density of the AgNPs was increased 

when preparing the mixture of conjugated labels. The most interesting aspect of this 

approach is the colour code used: cyan/casein, yellow/ovalbumin, magenta/hazelnut 

proteins, which simplifies the interpretation of the assay’s result by the non-experienced 

end-user.212 However, it would have been attractive to reduce the test detection areas 

from three to one by combining the analyte-specific capture reagents in a single TL.  

1.4.1.2.4. Multiple labels in single test line 

This has been reported by Yen and colleagues, who have took advantage of the size-

dependent optical properties of AgNPs to develop a multiplex LFA for the detection of 

dengue virus dengue virus (DENV) NS1 protein, Yellow fever virus (YFV) NS1 protein 

and Ebola virus (ZEBOV) glycoprotein. The three monoclonal capture antibodies where 

mixed at equal concentrations and deposited in a single TL and the conjugated pad was 

loaded with a mixture or antibody-functionalized orange, red and green AgNPs. In this 

sense, the presence of the three proteins in sample resulted in a brown colour signal in 

TL. Quantification analysis was performed using a smartphone camera followed by 

RGB analysis.168 The multiplexed detection in a single TL favours the miniaturization 

of the strip and the possibility to detect a higher amount of analytes by the incorporation 

of more detection lines or coloured labels. Similarly, Zhang et al. have developed a 

multiplex strategy based on the detection of CK-MB, cTnI and Myo cardiac biomarkers 

in a single TL. Instead of colorimetric AgNPs they used monoclonal antibodies-
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functionalized silver core and gold shell NPs loaded with Methylene blue (MB), Nile 

blue A (NBA) and Rhodamine 6G (R6 G) Raman dyes (Figure 1.16.). Performing the 

detection in a single TL resulted in several advantages, such as cost reduction and a 3-

fold lower detection time due to the requirement of a single SERS signal acquisition. In 

addition, the use of SERS detection method provided ultra-high sensitivity detection in 

clinical serum samples.213 

Figure 1.16. Schematic representation of a multiplex LFA based on SERS nanotags for 

the detection of three cardiac biomarkers (CK-MB, cTnI and Myo) in a single TL. 

Reprinted (adapted) with permission from Zhang, D. et al. Quantitative detection of 

multiplex cardiac biomarkers with encoded SERS nanotags on a single T line in lateral 

flow assay. Sensors Actuators B. Chem. 277, 502–509 (2018). Copyright (2018) 

ELSEVIER.  

 1.4.1.2.5. Multiple strips 

Multiplexing can also be extended to the compilation of several test strips within a 

single sample pad, as reported by Zhao and co-workers, who have developed a 

multiplex strategy based on 10-channel lateral flow assay for the detection of 10 

epidemic foodborne pathogens (E. coli O157:H7, S. paratyphi A, S. paratyphi B, S. 

paratyphi C, S. typhi, S. enteritidis, S. choleraesuis, V. cholera O1, V. cholera O139 

and V. parahaemolyticus) in food samples. Each conjugate pad was prepared with 

bacteria-specific monoclonal antibodies conjugated to up-converting phosphor 

nanoparticles. Specificity studies where performed, indicating the lack of interference 
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between the monoclonal antibodies. The approach showed 100% consistency with 

culture-based detection methods when evaluating 279 real food samples. However, the 

use of multiple strips for multiplexing assays has an important limitation regarding the 

requirement of higher sample volumes. In this case the authors drop-casted 700 µl of the 

sample onto the sample pad, which is more or less 7 times more amount of volume than 

the required in a single strip of conventional dimensions (6x0.05 cm).214 In addition, the 

strategies based on two-dimensional shaping, as the one reported previously, might have 

challenges when performing quantification. The wide distribution of the test zones is 

not compatible with the commercially available LFA readers. In this sense, Orlov and 

colleagues have developed a multiplexing strategy based on the use of three individual 

LFA strips that were interrogated by a single processor unit. Magnetic nanoparticles 

functionalized with monoclonal antibodies were used for the detection of botulinum 

neurotoxin (BoNT) types A, B and E in whole milk and juices (Figure 1.17.).  

Figure 1.17. Schematic representation of a multiplex LFA based on magnetic particle 

quantification of three botulinum neurotoxins using three strips interrogated 

simultaneously by a single processor unit. Reprinted (adapted) with permission from 

Orlov, A. V., Znoyko, S. L., Cherkasov, V. R., Nikitin, M. P. & Nikitin, P. I. Multiplex 

Biosensing Based on Highly Sensitive Magnetic Nanolabel Quantification: Rapid 

Detection of Botulinum Neurotoxins A, B, and E in Liquids. Anal Chem. 88, 10419–

10426 (2016). Copyright (2016) American Chemical Society. 
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The three strips were introduced in a cartridge that enables highly sensitive detection 

based on magnetic particle quantification (MPQ).215 The advantages of this technology 

compared to multiplexing strategies in single strip are the elimination of cross-reactivity 

issues and the ability to analyse opaque mediums. However, this approach still requires 

three-times more sample volume than the single-strip assay. Moreover, the price of the 

MPQ reader and the complexity of the results interpretation by the end-used must also 

be taken in consideration. 

Table 1.4. Comparison of the multiplexing strategies reported for LFA. 

Strategy  

  

Transducer  # anal.  Detection of  Sample  Ref.  

Multiple TLs  

  

AuNPs  3  miRNA -21, -155 & -
210  

Human serum
  

203  

Multiple TLs  

  

AuNPs  3  Giardia, Cryptosporidi
um &  

 Entamoeba  

Stool  204  

Multiple TLs  

  

AgNBA@Au SE
RS NPs  

3  Myo, cTn1 & CK-MB  Human serum
  

205  

Multiple TLs  

  

AuNPs  3  Anti-HIV, HCV and 
HAV antibodies  

Human serum
  

206  

Multiple TLs 
& 2 labels 

FAM & ROX 
fluorophores 

13 HPV (16, 18, 31, 33, 
35, 39, 45, 51, 52, 56, 

58, 59 & 68) 

Cervical swab 207 

Multiple dots AuNPs 7 DNA alleles (FY*01, 
FY*02, FY02N.01, 

GYPB*03, GYPB*04, 
JK*01 & JK*02) 

related to four blood 
group SNPs 

Whole blood 208 

Multiple dots AuNPs 4 Morphine, 
amphetamine, 

methamphetamine & 
benzoylecgonine 

Urine 209 

Multi TLs & 
2 labels 

Red and blue 
latex beads 

4 IgG and IgM specific 
to DENV and CHIKV 

Whole blood 211 

Multi TLs & 
3 labels 

AgNPs, 
spherical & 

desert rose-like 
AuNPs 

3 Casein, ovalbumin & 
hazelnut allergenic 

proteins 

Biscuits 212 
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Table 1.4. Cont. Comparison of the multiplexing strategies reported for LFA. 

Strategy  

  

Transducer  # anal.  Detection of  Sample  Ref.  

Single TL & 3 
labels 

Orange, red 
and green 

AgNPs 

3 DENV NS1 protein, 
YFV NS1 protein & 
ZEBOV glycoprotein 

- 168 

Single TL & 3 
labels 

AgNBA@Au, 
AgMB@Au & 
AgR6G@Au 

SERS nanotags 

3 CK-MB, cTnI & Myo 
cardiac biomarkers 

Human serum 213 

Multiple 
strips 

UCP 
nanoparticles 

10 E. coli O157:H7, S. 
paratyphi A, S. 
paratyphi B, S. 

paratyphi C, S. typhi, 
S. enteritidis, S. 
choleraesuis, V. 

cholera O1, V. cholera 
O139 & V. 

parahaemolyticus 

Food samples 214 

Multiple 
strips 

Magnetic 
nanolabels 

3 BoNT-A, -B, & -E Milk, Apple 
& Orange 

juices 

215 

1.4.1.3. Quantification at the point-of-care 

LFA has experienced a progression in the way to perform quantification, from bench 

top instruments towards point-of-care devices. Cozart Biosciences Ltd. has been one of 

the first companies to produce a device for LFA quantification, the Cozart RapiScan a 

hand-held instrument with integral reader and microcontroller. The device uses a 

complementary metal-oxide semiconductor (CMOS) sensor to capture the light signal 

from TL and convert it into electrical signal. The imaging array coupled to the 

microprocessor is able to interpret the shaded variations of the TL and provide an 

electronic measurement, which is related to the concentration of target analyte in the 

sample.101,186,195 However, a self-calibration must be performed using the system test 

cartridge.216 Moreover, the position of lines in the strip must not be varied since the 

image array system is fixed. Qiagen came up with ESE Quant benchtop lateral flow 

readers, which despite relying on a software PC to carry out the evaluation, it can 

precisely measure the absorbance at 520 nm for AuNPs-based LFA and the wavelength 

emission at 650/520 nm when using red and green fluorescent labels.217 Several 
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research articles have been published regarding the quantitative evaluation of LFA with 

ESE Quant reader.94,118,218  

It has been the development of the smartphone-based lateral flow readers that has 

allowed the quantitative evaluation of LFA in a point-of-care context.219 The 

smartphone has become part of our day-to-day; according to the Global system for 

Mobile Communications (GSMA) real time intelligence data, 66,53% of the world’s 

population own an smartphone.220 Smartphones are part of the daily life of citizens; they 

are taken everywhere and serve as a form of instant communication, breaking the 

geographical barriers. Currently, smartphones are miniaturized computers, with large 

random access memory, high speed CPU, sophisticated camera lenses and Wi-Fi 

network.149 Thus, it is not strange to think that smartphones can be the key for 

personalized medicine, particularly the outcome of an assay can quantitatively evaluated 

at any moment and time. Additionally, the end-user can store the results and eventually 

transfer them to the doctor for precise diagnosis.148,149  

In recent years, many reports have been published the possibility to perform quantitative 

evaluations of LFA with smartphones. For instance, Jung et al. have developed a 

smartphone-based colorimetric reader consisting in a 3D printed smartphone holder and 

a customized Android app for data analysis. The former contains a smartphone cradle 

that provides 3X amplification, a reflector that redirects an LED light onto the strip and 

diffuser used to spread the light all over the strip. The latter processes the image and 

creates a polynomial fitted curve. For unknown samples, the app estimates the 

concentration of target analyte by comparing the intensity value in TL to the calibration 

curve. The high-resolution smartphone camera (with CMOS sensor) together with the 

constant illumination during image acquisition enabled a consistent and repeatable 

imaging of the LFA strips. A LoD of 104 CFU/mL was achieved for the detection of E. 

coli O157:H7 in grounded beef without sample enrichment.221 Moreover, Quesada and 

co-workers have developed a smartphone-based quantification system for the detection 

of H-IgG using colorimetric LFA. Pictures of the strips were taken with the smartphone 

camera (Motorola “Moto Z”) and a 3D printed support was used to keep constant the 

distance between the smartphone and the strips. In this case, the light conditions were 

kept constant by taking the photographs in a controlled light environment. Finally, the 

images were analysed with Image J software in which the signal in TL was measured in 

grey scale and transformed into a numerical value.135 In addition, the same author has 
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proposed a simple way to improve the smartphone-based quantification in LFA by 

attaching commercial microscopic lenses to the smartphone camera (Figure 1.18.). The 

lenses provide high quality image amplification by increasing the number of pixels that 

can be recorded. In this regard they proved an interesting signal enhancement for H-IgG 

detection.159 

 Figure 1.18. Picture of the microscopic lenses attached to the smartphone camera, that 

were used to photograph the detection are of the colorimetric LFA strips. Reprinted 

(adapted) with permission from Quesada-González, D. et al. Signal enhancement on 

gold nanoparticle-based lateral flow tests using cellulose nanofibers. Biosens. 

Bioelectron. 141, 111407 (2019). Copyright (2019) ELSEVIER. 

Brangel et al. have exploited all properties that smartphone-based LFA quantification 

can provide at the POC. Besides of offering portable and rapid evaluation, the 

smartphones proved to be an interesting platform for surveillance screening and Ebola-

infected patient management in Uganda. They customized an Android app compatible 

with Samsung Galaxy S4 that enabled patient’s detail recording plus geotagging of the 

collected samples.91 Moreover, Miller and colleagues have proved that the performance 

of video analysis with smartphones can be a cost-effective and simple method to 

calculate the thermodynamic equilibrium dissociation constant KD of analyte and 

bioreceptor in LFA. The authors suggest that this strategy can overcome the barriers 

associated with quantitative analysis on LFA, such as colour inhomogeneity and 

reproducibility issues. The achieved KD showed excellent consistency with a reference 

benchtop interferometer.137 

Smartphone-based quantification has also been developed for luminescent LFAs. 

Danthanarayana and colleagues have fabricated a smartphone imaging system for the 

evaluation of a nanophosphors-based LFA for PSA and hCG detection. An iphone 5S 

was attached to a 3D printed holder that enabled the alignement of the LFA cartridge 

with the smartphone camera. An app was used to control the phone’s flash, which was 
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used to excite the luminiscent nanoparticles for 3 seconds. Then, the flash is switched 

off and the camera captured the image after a 100 milliseconds time-delay. The time-

gated imaging served as an strategy to decrease the background signal since it allowed 

the flash light to decay before image capture. Finally, the images were analysed with 

Image J software, resulting in the achievance of 0.1 ng/ml and 1 ng/ml LoD for PSA 

and hCG, respectively.222 Moreover, Liu et al. have developed a smartphone-based 

quantification reader for dual colorimetric and fluorescent LFAs. They fabricated a 3D 

printed cartridge (70 x 70 x 70 mm) using black photosensitive materails. The cartridge 

contained both white and UV LEDs as optical modules for visible light and 

fluorescence detection (Figure 1.19.). The capture images were analyzed with Android 

Studio app, in which the pixel value of the red channel was chosen for the fluorescence 

detection and the pixel value of average reverse green and blue channels were selected 

for visible light detection. The achieved LoQs proved to have good consistency with the 

sophisiticated and precise Liquid chromatography–mass spectrometry (LC-MS/MS).223 

Figure 1.19. Schematic representation of a 3D printed cartridge that contains all the 

optical apparatus for smartphone-based quantification of colorimetric and fluorescent 

LFA. Reprinted (adapted) with permission from Liu, Z. et al. A smartphone-based dual 

detection mode device integrated with two lateral flow immunoassays for multiplex 

mycotoxins in cereals. Biosens. Bioelectron. 158, 112178 (2020). Copyright (2020) 

ELSEVIER.	

Currently there are several commercial smartphone-based lateral flow readers, where a 

smartphone is integrated into the device.151 This is the case of SkanSmart and 

SkanEasy, developed by Skannex AS, in which the smartphone takes a picture of the 
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strip after scanning the barcode on the cassette. The barcode determines the camera 

parameters required for each assay. Moreover, the results are automatically stored and 

can be printed, emailed or exported in XML file.150 

1.4.1.3.1 Portable readers for alternative detection methods 

1.4.1.3.1.1 Magnetic detection 
 

Magnetic particle quantification (MPQ) offers several advantages over the traditional 

colorimetric evaluation, such as deep signal registrations (considering the labels present 

in the overall nitrocellulose membrane width), extremely wide dynamic linear range (up 

to 7 orders of magnitude) and insensitive to opaque samples. The use of portable and 

cost-effective MPQ readers offers robust near-patient quantification. Orlov et al. took 

advantage of an updated MPQ reader with zero drift of baseline and a 100-fold wider 

dynamic range to quantify the presence of PSA in blood samples (Figure 1.20.).  

 

Figure 1.20. Schematic representation of a magnetic particle quantification (MPQ)-

based LFA evaluated by a portable reader. Reprinted (adapted) with permission from 

Orlov, A. V., Bragina, V. A., Nikitin, M. P. & Nikitin, P. I. Rapid dry-reagent 

immunomagnetic biosensing platform based on volumetric detection of nanoparticles on 

3D structures. Biosens. Bioelectron. 79, 423–429 (2016). Copyright (2016) 

ELSEVIER. 
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The clinical relevant LoD and wide dynamic range achieved was superior to ELISA.224 

Besides, Orlov and colleagues have validated the same MPQ reader for multiplexing 

purposes. Three strips are introduced in a hollow polyethylene cartridge (95 mm long, 

4.5 mm inner diameter), which is inserted in the measuring coils of the MPQ reader. 

Each strip is fixed in different positions within the cartridge in order to avoid magnetic 

signal overlapping. The device was validated for the quantification of botulinum 

neurotoxin types A, B and E in milk, apple and orange juice, achieving interesting 

LoDs.215 It would be interesting to obtain more details regarding the price of the MPQ 

reader so as to evaluate the  feasibility of its application in POC scenarios. 

1.4.1.3.1.2 Thermal contrast detection 

Thermal contrast detection mode has been widely reported in recent years, proving great 

analytical sensitivity compared to the colorimetric detection in LFA. However, 

advances in the field where not accompanied by the development of portable and cost-

effective detection readers. The development of the first POC thermal contrast device 

by Qu and colleagues have open new possibilities for the application of this 

sophisticated detection mode in real scenarios. The device has a dimension of 133 x 108 

x 73 mm and has been fabricated with cost-effective surface mounted components. A 

laser diode provides a NIR light source and gold nanoprisms are used as light-to-heat 

transducers. The heat generation is detected by a semiconductor sensor (conduction 

mode) and infrared thermometer (radiation mode), with 16-bit (0.0078 °C) and 17 bit 

temperature resolution, respectively. A low-power operation motherboard is used to 

process the data. The analytical capability of the device has been validated for the 

quantification of hCG, showing a 12-fold improvement of the LoD compared to visual 

detection. The radiation mode proved to be the most sensitive but also the most affected 

by ambient temperature upon high concentrations of the target analyte. Thus, either 

sensing modes can be selected depending of the assay requirements.225  

1.4.1.3.1.3 Photoacoustic detection 

Photoacoustic (PA)-based detection relies on the PA effect, which consists in the 

generation of acoustic radiation caused by adsorption of light in matter. In LFA, a laser 

beam is focused on the labelled bioreceptors in test line and a dedicated reader records 

the generated acoustic waves. The great advantage of photoacoustic detection (PA) 
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mode over the conventional AuNPs-LFA colorimetric detection is the reduced systems 

noise, due to the different energy domains of the input and output signals. Thus, PA 

detection is not affected by the scattered light interferences of complex samples. One of 

the reasons why PA imaging has grown faster than PA detection is the lack of portable 

and cost-effective detection readers. In this sense, Zhang et al. have developed a 

miniaturized PA detection device (40 x 20 x 20 mm) consisting in a 520 nm laser as 

light source, a PA cell for sample introduction, microphone for sound collection and 

laptop as signal processing unit. The device has been validated for glucose detection in 

whole blood, in which starch-I2 is used as generate heat and produce acoustic waves. 

Despite being applied for glucose sensing, this PA reader has great potential to be used 

in LFA. However, in order to be totally useful at the POC some issues should be solved. 

Firstly, the laser takes 15 minutes to pre-heat and secondly, the assay is performed 

outside of the PA reader.  The integration of the assay performance and evaluation in a 

single step will definitely simplify the procedure, while the reduction of the assay time 

will allow a fast diagnosis.226  

 

1.4.1.3.1.4 SERS detection 
	

The major drawback of current SERS-LFA quantification is the readout time, which 

range from dozens of minutes to several hours. This is not compatible with POC 

applications. The reason is that the laser spots in Raman microscopes are micrometer-

sized and take seconds before they move to the next scanning position. In order to solve 

this limitation, Tran and colleagues have developed a portable SERS-LFA reader with a 

fiber optical probe able to scan 50 positions in 5 seconds. The key aspect is that the strip 

is scanned orthogonally to the line focus and that the motorized stage just takes 10 ms 

per step (Figure 1.21). The developed reader has proved several orders of magnitude 

shorter acquisition times compared to the expensive and bulky Raman microscopes. 

Moreover the method appeared to be 15 times more sensitive than the conventional 

AuNPs-based colorimetric detection of hCG.227 
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Figure 1.21. (A) Schematic representation of the reader set-up. (B) Picture of the 

optical fiber probe. (C) Picture of the laser diode. Reprinted (adapted) with permission 

from Tran, V., Walkenfort, B., König, M., Salehi, M. & Schlücker, S. Rapid, 

Quantitative, and Ultrasensitive Point-of-Care Testing: A Portable SERS Reader for 

Lateral Flow Assays in Clinical Chemistry. Angew. Chemie - Int. Ed. 58, 442–446 

(2019). 

 

1.4.1.3.1.4 Up-converting luminescence detection 

The current equipment for evaluating UCNPs-based LFA uses either dynamic scanning 

type or static imaging type. The former are less convenient for POC applications as they 

requiere computer software to perform the background correction and peak-area 

determination. The latter are more cost-effective, fast and portable. Thus, they are more 

convenient for real-time quantification. In order to overcome the issues related to the 

dynamic scanning, Zhang et al. have modified a commercial portable fluorescent reader 

(Niutaier, China) to function as up-conversion luminescence reader. The reader, which 

is small (30 x 30 x 15 cm3) and light (2 kg), has the software and electronics already 

integrated in the device. In order to achieve near-infrared excitation, the reader’s LEDs 

have been replaced by a 300 mW laser, which excites the UCNPs at 980 nm. This 
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system has been validated for the detection of triamcinolone acetonide in cream, masks 

and essence cosmetics, proving a fast and reliable quantification.228 Alternatively, Gong 

and co-workers have developed a smartphone-assisted static imaging quantification 

device. The reader is also very small (24 x 9.4 x 5.4 cm3) and ultra-light (0.9 kg). As 

observed in figure 1.22, the reader is composed of a compact infrared laser (exc. at 980 

nm), a dichroic mirror with 98% light transmission at 980 nm and an infrared filter with 

nearly 0 % transmittance at 980 nm. Moreover, the smartphone includes an analysis app 

that enables simple operation and easy result’s interpretation. The device has been 

validated for the detection nucleic acids, small proteins, heavy metal ions and bacteria, 

proving a great versatility. Furthermore the great correlation with the gold-standard 

methods makes this UCNPs-LFA reader very promising for commercialization.229 

Similarly, Jin and colleagues have developed a portable detection reader based on a 980 

nm laser that excites the test zone at a 45° angle. They have evaluated the UCNPs-LFA 

strips with both a CCD camera (Nikon) and a smartphone (and using Image J software), 

proving that the smartphone was not as sensitive as the camera but still had a good 

linear correlation for Ochratoxin A, mercury ions and Salmonella.230 

 

Figure 1.22. (A) Picture of a portable UCNPs-LFA reader with dimensions of 24 x 9.4 

x 5.4 cm3 and 0.9 Kg weight. (B) Schematic representation of the strips evaluation, in 

which the laser light is transmitted by the dichroic mirror at 45° to the detection zone. 

The smartphone camera captures the luminescence emission of the UCNPs present in 

test and control line, while the infrared filter blocks the laser’s residual light. Reprinted 

(adapted) with permission from Gong, Y. et al. A portable and universal upconversion 

nanoparticle-based lateral flow assay platform for point-of-care testing. Talanta 201, 

126–133 (2019). Copyright (2019) ELSEVIER. 
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1.4.2. Conclusions and future perspectives 

The reported sensitivity enhancement strategies are based on flow rate control, sample 

pre-concentration, increase of sample volume, use of signal transducers with higher 

extinction coefficient, signal amplification, increase of signal-to-noise ratio and use of 

more sensitive detection methods. It is difficult to select the best sensitivity 

enhancement strategy, as many factors must be considered apart from the sensitivity 

itself. For instance, the ideal strategy should provide the highest sensitivity 

enhancement without sacrifying the great advantages of LFA, as ease-of-use, cost-

effectiveness, rapidness and portability. We have used these criteria to infer which are 

the most promising strategies and how they should be further improved to solve their 

current limitations.  

Another important factor that must be considered when comparing the different 

approaches is the method used to calculate the sensitivity, as this varies between 

authors. Some of them evaluate the sensitivity improvement by comparing the achieved 

limit of detection while others consider the calibration curve slope. Despite of both 

being valid, it is not accurate to compare percentage sensitivity enhancements obtained 

using different criteria. 

It is noteworthy that the strategies related to the decrease in the flow rate are the most 

simple to implement. However they provide the worse sensitivity enhancements. 

Besides, sample pre-concentration by magnetic focusing has proved an outstanding 

sensitivity enhancement, but the requirement of several washing steps reduces the 

simplicity of LFA. Similarly, the enzyme and metal-catalytic signal amplification 

strategies are interesting but also requiere washing steps. Conversely, the silver staining 

approach for signal amplification is probably the finest as the reagents required for 

signal amplification are integrated in the strip. Thus, the simplicity and ease-of-use of 

LFA is maintained. Nevertheless, this strategy doesn’t allow as high sensitivity 

enhancement as the approaches related to the increase in the signal-to-noise ratio (1000-

fold) and the use of SERS detection mode (2000-fold). However, the former is only 

relevant for DNA detection and the latter includes a magnetic sample pre-concentration 

step. Moreover, the strategies that concern the use of alternative detection methods such 

as PA and TCA are without any doubt the most promising but are still limited by the 
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requirement of expensive and complex dedicated readers. Though, research is focus on 

solving this aspect by developing portable and cost-effective readers for these 

alternative detection modes. 

In relation to the reported multiplexing approaches, it is evident that the accommodation 

of multiple lines is the most direct approach but is limited to the detection of up to 3 

analytes. Alternatively, the use of dots/spots increases the number of detected analytes 

up to 7. Taranova et al. has been able to include 32 dots in the nitrocellulose membrane, 

but the reduced size of the dots difficult the result’s interpretation by the end user. In 

this sense, the use of different coloured labels appears as an interesting approach for 

multiplexing. The combination of different lines and 2 fluorophores has enabled the 

detection of 13 different target analytes. Besides, the multiplex detection in a single line 

is probably the most promising strategy. Although the authors have just reported the 

detection of 3 analytes, this can be exponentially increased upon the incorporation of 

more lines and labels. In this sense, the use of SERS nanolabels is of high interest as it 

enables both multiplexing and outstanding sensitivities. However, as discussed 

previously, the SERS dedicated reader must be first designed for POC applications. 

Moreover, it is noteworthy that all the reported approaches lack of cross-reactivity 

issues after being validated with real samples. Thus, the developed strategies are closer 

than ever to be implemented in the current health care systems.  

Furthermore, quantification at the point-of-care is possible by the use of smartphone-

based LFA readers. These have been developed for both colorimetric and fluorescence 

detection. It is encouraging to see that most of the reported devices have been fabricated 

with low-cost materials. Moreover, the apps used for data processing and interfacing 

has been customized with simple and cost-effective tools, such as Android studio. 

However, the quality of the image acquisition relies on the use sophisticated smartphone 

cameras, which unfortunately are not within everyone’s reach. Nevertheless, the 

telecommunications field is experiencing an incredible expansion that involves the 

implementation of more sophisticated cameras in low-cost smartphones. Additionally, 

the development of portable quantification readers for alternative detection modes is 

without doubt the breakthrough of this decade. It has been widely reported that SERS, 

TCA, PA and magnetic detection provide outstanding analytical sensitivities in LFA, 

reduced signal interferences in complex samples and the possibility to perform 
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multiplexing analysis. Thus, the development of portable quantification readers devoted 

to these detection modes has been the last piece of the puzzle to achieve the next 

generation lateral flow assay.  
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The main objective of the present Thesis is to learn in detail about optical biosensors 
applied at the point-of-care, particularly on nanoparticles-based LFAs. Study the state-
of-the-art of this technology, including the development and optimization procedures. 
This PhD thesis is focused in the development of low-cost and simple strategies that can 
solve the reported limitations of LFAs, such as low sensitivity and underperformance in 
complex samples.  

 

More in detail, the objectives of the Thesis can be summarized as following: 

• Study the integration of paper-based electrophoresis in LFA as a strategy for the 
sensitive detection of target analytes in complex samples, such as serum and 
whole blood.  

• Develop a paper-electrophoretic bioassay (PEB) operated with a 
smartphone. 

• Evaluate the electrophoretic mobility of QDs and AuNPs in PEB. 
• Validate PEB for detection of H-IgG in whole blood. 

 
• Develop a LFA modified with a time-delay wax barrier as a sensitivity and 

signal enhancement strategy. 
• Evaluate several barrier widths and Tween-20 concentrations in order to 

obtain different flow retention times. 
• Evaluate the sensitivity and signal enhancement achieved with the 

different conditions for the detection of H-IgG (as a proof-of-concept).  
 

• Take advantage of the glass fiber, commonly used as conjugate pad in LFA, to 
develop a simple and low-cost lab-on-a-tube platform for the detection of E. 
coli. 

• Develop a biosensing mechanism based on Förster Resonance Energy 
Transfer (FRET), being the AuNPs and AuNCs the energy acceptors 
and donors, respectively.  

• Validate the lab-on-a-tube platform for the detection of E.coli in river 
and tap water samples. 
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3.1. Introduction 

The ability to measure a specific biomarker within minutes and in the easiest possible 

way is crucial for a variety of healthcare-related scenarios, ranging from the daily 

measurement of glucose level to the monitoring of a pandemic.1,2 In this context 

laboratory-based technologies are not useful, considering that they require 

expensive/bulky equipment, long/multi-step protocols and qualified personnel.3,4 

Instead Point of Care (POC) tests represent a valid solution thank to their ease-of-use, 

speed, low cost and portability.5–7 In the realm of PoC technologies, Lateral Flow 

Assays (LFAs) stand out as the most widely used PoC sensors across many disciplines 

from environmental analysis to safety and diagnostics. Their success lies on their single 

step procedure (the user has just to apply the sample and in some cases a washing 

buffer) and their ability to provide a result within 10-15 minutes.8,9 The combination of 

their practicality with a low fabrication cost makes them a particularly attractive sensing 

platform for both developers and users. Indeed the simple operation of LFAs is one of 

their major advantages over other sensing technologies, but it also comes with a major 

drawback: the inability to perform efficient sample treatments. This limitation of LFAs 

precludes their use for more challenging applications, for example the detection of 

biomarkers at low concentrations in complex media.  

Most commercially available LFAs are either single-step (i.e. pregnancy tests) or 

double-step (i.e. serological tests) assays. The only sample treatment included in the 

former type of assays is the modification of the physical-chemical properties of the 

sample thanks to the use of a pre-stored buffer (i.e. a buffer dried into the sample pad, 

which is the region of the test where the sample is applied). This allows for the 

stabilization of the pH, ionic strength and viscosity of the sample, which may be enough 

for clear samples with low viscosity (i.e. urine) but it is not sufficient for more viscous 

and complex matrixes (i.e. serum/blood).10 Regarding the latter type of LFAs, they can 

include either a dilution step (prior the addition of the sample onto the sample pad) or a 

washing step (the addition of a washing buffer after the application of the sample).11,12 

In this case, LFAs can also work with blood and serum samples but it compromises 

their ease of use (i.e. the user has to dilute the sample or add a washing buffer at a fixed 

time) and possibly their sensitivity (the dilution of the sample implies a dilution of the 
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target analyte). Finally LFAs can also include reagents or materials that remove specific 

contaminants (for example antibodies for the removal of albumin or filters to remove 

blood cells), but this increases the complexity and cost of the fabrication.13    

Here we propose a novel sensing platform that allows the use of highly-concentrated 

blood samples, while keeping all the characteristics that make LFAs the most popular 

POC diagnostic technology. In particular we developed a paper-based electrophoretic 

bioassay (PEB) that uses the main components of LFAs but, instead of relying on the 

capillary force to move the sample, it uses electrophoresis. The use of a continuous and 

tuneable flow to move the sample easily overcomes the main issues observed when 

using blood samples in LFAs, like non-specific binding or the clogging of the strip. We 

validated the PEB using as test bed the detection of Human Immunoglobulin G (H-IgG) 

in untreated blood samples. Finally we demonstrated the applicability of PEB at the 

point of care using a smartphone-based system that controls the electrophoresis and 

quantify the optical signal (Figure 3.1.).   

Figure 3.1. Schematic representation of PEB device enclosed in a cassette. The cassette 

consists of two reservoirs for the insertion of the electrophoresis buffer, a reservoir for 

the addition of the sample and a window for the assay evaluation. The cassette is 

connected to the smartphone that serves together with the high voltage inverter and 

rectifier as a portable read-out system. Figure courtesy of PhD. Ruslan Álvarez-Diduk. 
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	3.2. Materials and methods 

3.2.1. Materials and reagents 

Polyclonal goat to H-IgG antibodies (I1886), IgG from human serum (I2511), Bovine 

serum albumin (A3294), Sucrose (84097), Phosphate buffered saline tablets (P4417), 

Tween-20 (P1379), Sodium tetraborate decahydrate (B9876), boric acid (B-7901-

500G), Citric acid (251275-500G), Hydrochloric acid, 37% (320331), L-Cysteine 

(168149-100G), tetrachloroauric (III) acid (520918-1G) and sodium citrate (1613859) 

were purchased from Sigma-Aldrich. Polyclonal chicken to goat IgG (ab86245) was 

purchased from Abcam. Sodium hydroxide (131687) was purchased from PanReac.  

MilliQ water was produced using Milli-Q system (>18.2MΩ*cm). Streptavidin-

functionalized CdSe@ZnS QDs (Q10121MP) were purchased from Thermofisher. 

CdTe QDs (Hydrophilic CdTe Quantum Dots Kit) were purchased from Plasma Chem.  

Nitrocellulose membranes (UniSart CN95, CN110 and CN150) were purchased from 

Sartorius Stedim. Cellulose membrane (CFSP001700) was purchased from Merck 

Millipore. Sample pad for whole blood (CytoSep) was purchased from Ahlstrom-

Munksjö. Glass fiber (Standard 14) was purchased from GE Healthcare. Laminated 

cards were purchased from (Kenosha). Adhesive copper tape (B018RDZ3HG) was 

purchased from Kraftex. Polylactic acid (PLA) filaments were purchased from BCN3D.  

Chicken Blood (In Sodium Citrate) (ABIN1044904) was purchased from antibodies-

online GmBH.  

3.2.2. Instruments 

3D-printer (Sigma R19) was purchased from BCN3D. Thermoshaker for microtubes 

(TS-100) was purchased from Biosan. Centrifuge (Allegra 64R) was purchased from 

Beckman Coulter. Reagent dispenser (IsoFlow reagent dispenser) was purchased from 

Imagene Technology. Programmable strip cutter (ZQ2002) was purchased from Kinbio. 

Oven (2001246) was purchased from P. Selecta.  Laboratory pump (N938.50KN.18) 

was purchased from KNF lab, Laboport. Vacuum Desiccator (550) was purchased from 

Karnell. pH meter (pH meter Basic 20+) was purchased from Crison. Teflon-equipped 

stainless-steel autoclave (TOPT-HT150) was purchased from Toption instrument co. 

Analytical balance (Readability: 0.001 g) was purchased from Ohaus Discovery. Milli-
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Q system (>18.2MΩcm-1) was purchased from Millipore. Samsung Galaxy S7 Edge 

was purchased from Samsung.  

3.2.3. PEB device design and fabrication 

A nitrocellulose membrane with size of 10 cm x 0,49 cm was used as platform for 

running the electrophoresis. Two adhesive copper electrodes were stacked at 0.5 cm 

from both ends of the strip. Moreover, reservoir pads (6 cm x 4 cm) of cellulose 

membrane were used instead of wells for the storage and gradual dispensing of the 

electrophoresis buffer. They were stacked over the adhesive copper electrodes towards 

the extremes of the strip. For the performance of the electrophoresis, the copper 

electrodes where connected to the battery system that contained all the electronics inside 

a 3D-printed PLA cartridge. For the evaluation of the QDs mobility, a cover was 

fabricated. The cover was made of polylactic acid and fabricated using a 3D printer. 

Two LEDs (365 nm excitation wavelength) and two white LEDs were introduced inside 

the device cover and connected by an OTG wire to a Smartphone (Figure 3.2.).  

Figure 3.2. Pictures of the cover of the device containing the LEDs. 
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3.2.4. Nitrocellulose membrane strip fabrication 

The nitrocellulose membranes used for the evaluation of the electrophoresis 

performance were CN95, CN110 and CN150. For the detection of H-IgG, CN95 

nitrocellulose membrane was used. Polyclonal goat to H-IgG antibodies were deposited 

in TL and polyclonal chicken to goat IgG antibodies in CL, using a bioreagent 

dispenser. The antibodies were dried for 2 hours at 37 °C. 

3.2.5. Evaluation of the electrophoresis performance 

Commercial streptavidin functionalized CdSe@ZnS QDs and CdTe QDs were used. 

The G-QDs were synthesized homemade following the procedure of Dong, et.al.14 The 

N-S-doped G-QDs were synthesized following the procedure reported by Dong, et.al.15 

The evaluation of the effect of the buffer pH on the electrophoretic mobility of the QDs 

was carried out drop-casting 1 mL of sodium borate buffer (10mM, pH 8) to the 

cellulose pads. The pH of the buffer was adjusted with boric acid and sodium 

hydroxide. The AuNPs were synthesized by the Turkevich method16 using a 25 mM 

solution of HAuCl4 and sodium citrate. The AuNPs were characterized by TEM and 

UV-Vis spectrum (see figure S9 and S10). They were conjugated with anti-HIgG 

following the experimental procedure already reported by the group.17 

3.2.6. Detection of H-IgG in SB buffer and whole blood 

1 mL of sodium borate buffer (10mM, pH 8) was drop-casted to the cellulose pads. 

Once the entire strip was embedded with the electrophoresis buffer, the electrodes 

corresponding to the positive and negative charged poles where connected to the 

battery. Next, 3 µL of the conjugated AuNPs were incubated with 3 µL of chicken 

whole blood samples for 30 seconds and drop-casted on 1 cm from the TL. The battery 

was connected and the electrophoresis was performed for 15 minutes. 

3.2.7. Evaluation of the PEB 

A picture of the strips was taken adjusting the camera parameters of the smartphone 

(ISO 160, A 1/10, Manual focus). The picture was evaluated using Image J software 

following the procedure reported by our group.18 The signal intensity was normalized 

following the equation: (TL - BG)/(CL - BG), were TL, CL and BG were the signal 
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intensities of test line, control line and background. The LoD was calculated as Optical 

density (LoD) = blank + 3 σ blank  (i.e. the corresponding value of blank sample plus 3 

times its standard deviation). The LoQ was calculated as Optical density (LoQ) = blank 

+ 10 σ blank.19  

3.2.8. Detection of H-IgG in whole blood using LFA 

The LFA strips were fabricated following the procedure already reported by our group.9 

CytoSep membrane was used as sample pad. The anti-HIgG functionalized AuNPs 

solution used in the conjugate pad was the same as the one used for the PEB 

experiments. The calibration curve for H-IgG was performed by spiking H-IgG (0 to 

10000 ng/mL) in PBS buffer (10 mM, pH 7.4). 100 µL of each solution were drop-

casted onto the sample pad. For the calibration curve of H-IgG in whole blood, a 

solution of chicken whole blood spiked with H-IgG (1 µg/ml) was prepared. The 

solution was diluted 2.4-fold and 5-fold using PBS buffer (10 mM, pH 7.4). 100 µL of 

the un-diluted and diluted whole blood samples were drop-casted onto the sample pad. 

Pictures of the strips were taken after 15 minutes using the smartphone and adjusting 

the same camera parameters as for the PEB evaluation. 

3.3. Results  

3.3.1. Concept 

Electrophoresis is a term that describes the migration of charged particles under the 

influence of an electric field. The system is based on two electrodes of opposite charge 

(cathode and anode) connected by a conductive medium (electrolyte). The charged 

particles are able to separate due to differences in their velocity (v), which depends on 

the particle’s mobility (𝜇) and the applied field strength (E) in such a way: 

𝑣 = 𝜇𝐸 

Moreover, the particle’s mobility (𝜇) is determined by their size, shape, and charge and 

by the temperature during the separation. The mobility is constant under defined 

electrophoretic conditions, which are characterized both by electrical parameters 

(current, voltage, power) and factors related to the electrophoresis medium (ionic 
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strength, pH value, viscosity and pore size). In this sense, the electrophoretic mobility 

(µ) can be expressed as: 

𝜇 =  
𝑞

6𝜋𝑟𝜂 

Where q is the charge on the particle, 𝜂 is the viscosity of the media and r is the 

hydrodynamic radius related to the size of the particle. This means that under defined 

electrophoretic conditions, small and highly charged molecules will move towards the 

electrode with the opposite charge faster than bulky and neutral ones. From the 

perspective of sample treatment, this allows for an active and precise separation of 

contaminants from the target molecule, dramatically reducing non-specific 

interactions.20–22 

Electrophoresis can be carried out either in free solution (capillary electrophoresis) or in 

a support medium (paper or gel). The former offers fast and high-resolution separation 

but requires great electric fields, which limits their application at the PoC. The latter are 

simpler, cheaper and enable facile visualization of the separation zone by direct 

staining. Within the types of support media, gel provides better resolution than paper 

but is more affected by heat generation, which causes variations in the particle’s 

migration rate and band’s distortion.2123 Contrary to free electrophoresis, the particle’s 

movement in support-medium-electrophoresis is a sum of electrophoretic and 

electroendosmotic mobility. Electroendosmosis is the movement of liquid towards 

anode or cathode depending on the type of support medium, potential gradient, 

electrolyte ionic strength and pH. Counterintuitively, this means that depending on the 

specific conditions we could even observe charged molecules moving towards the 

electrode with the same charge.24–26 

Importantly, unexpected particle’s mobility or band’s distortion is commonly observed 

upon heat generation during gel electrophoresis.27 This phenomenon is explained by 

Joule’s law and the generalized power equation:  

𝑃 =
   𝑉!

𝑅  

Where (P) is the power converted from electrical energy to thermal energy, (V) is the 

voltage applied and (R) is the resistance to current.28 Considering this equation, 
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electrical systems that exert higher resistance to current produce less heat. In this sense, 

paper electrophoresis is less prone to heat generation than agarose gel electrophoresis 

because nitrocellulose membrane has 109 –fold higher resistivity than agarose gel, and 

therefore it provides higher resistance to current.29,30  

The foundation of PEB is the field of paper electrophoresis, which, since 1950s, has 

been developing strategies for the examination of a variety of different samples, ranging 

from water to human serum. Most of those works aimed at the separation of target 

analytes (including inorganic salts, amino acids, enzymes and proteins) along a filter 

paper and their subsequent analysis, such as the measurement of their concentration 

and/or specific activity.27 Nonetheless those worked relied on complex and tedious 

techniques for the identification of the separated components, which are based on 

staining or immunoblotting. The former serves for an estimation of the molecular size 

of the components upon comparison with a ladder/marker. The latter provides a more 

specific determination of the separated components but it still requires several complex 

steps (membrane transferring, incubation with primary antibody, washing, incubation 

with secondary antibody, washing, signal revealing) and high volumes of antibodies. 

For the development of PEB, we took advantage of the sample treatment capabilities of 

paper-electrophoresis and merged them with the convenience of LFAs. The result is a 

diagnostic platform the can receive an undiluted drop of blood and produce an easy-to-

read optical signal in less than 15 minutes.  

3.3.2. Design and operation 

We designed the PEB device to assure its deployment at the point of care, so keeping 

the portability, usability and low cost of a LFA. For this reason, we employed the 

standard LFA materials: cellulose and nitrocellulose membranes. We used the former as 

buffer reservoirs to maintain the nitrocellulose constantly wet; while we used the latter 

as main platform for both carrying out the electrophoretic separation and the signal 

generation. We also used two sticky copper electrodes instead of applying the voltage 

directly on the nitrocellulose strip. Compared to crocodile clips or similar electrical 

connectors, the copper sticky tape provides a higher contact surface on the 

nitrocellulose strip. In addition, it is disposable and cheaper to be replaced once 

oxidized (electrical connectors tend to oxidize during electrophoresis).	Regarding the 
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reagents, we used antibodies as bioreceptors (printed on the nitrocellulose membrane as 

for normal LFA) and analyte, while we employed gold nanoparticles (AuNPs) and 

quantum dots (QDs) as labels. In order to perform the electrophoresis separation, we 

designed a miniaturized and portable power source as an alternative to the bulky and 

expensive power source used in conventional electrophoresis systems. We connected 

the smartphone battery to a Joule thief inverter and a rectifier (Figure 3.3.) to obtain a 

stable 200v DC. It is worth to mention that, although the low intensity of the output 

current may suggest its inadequacy to perform an electrophoresis, the high resistance of 

the system (several mega ohms) allows keeping a constant voltage in the device.  

Figure 3.3. Diagram of the components and connections in the electrophoretic device. 

The test is 22 x 4 cm (Figure 3.4.), weighs less than 200 grams and costs around 1 euro 

(excluding the power source, which costs approximately 10 euros). A detailed 

description of the fabrication of the PEB device is in the Materials and Methods section. 
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Figure 3.4. (A) Scheme of the device components and dimensions. The components are 

nitrocellulose membrane (white), adhesive cupper electrodes (orange), cellulose 

membrane (grey) and capture antibodies in TL and CL (blue). (B) Picture of the PEB 

strip. 

The operation of the sensor consists in few simple steps: 1) the two cellulose pads at the 

two extremities of the sensor are wet with the electrophoresis buffer, which contains the 

electrolytes enabling the electric bridge between the cathode and the anode. The high 

void volume of the two cellulose pads ensures the complete and homogenous wetting of 

the nitrocellulose membrane for the whole duration of the assay (15 min). 2) Once the 

nitrocellulose membrane is fully wet (approximately in 2 min from the addition of the 

electrophoresis buffer), the labelled sample (6 µL) is drop-casted onto the membrane. 3) 

The electrophoretic potential is applied moving the sample along the membrane and 

generating the optical read out. The full operation is schematized in Figure 3.5. It is 

important to note that the whole operation could be condensed into a single-step 

procedure for a commercial application by keeping the sensor wet in a sealed container 

and employing a conjugate pad on top of the nitrocellulose membrane.  
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Figure 3.5. Schematic representation of PEB strip and assay operation. PEB strip is 

composed of a nitrocellulose (NC) membrane strip functionalized with capture 

antibodies in TL and CL. (A) Two pieces of adhesive copper tape are stacked on both 

sides of the strip and serve as cathode and anode electrodes. Two pieces of cellulose 

membrane are stacked on both ends of the strip and serve as electrophoresis buffer 

reservoirs. The electrophoresis buffer is drop-casted on both cellulose pads and is 

gradually dispensed to the NC membrane. (B) The conjugate solution is mixed with the 

whole blood sample and it is drop-casted on the strip. (C) The sample moves by 

electrophoresis towards the detection zone. (D) The target analyte and the labeled 

antibodies are captured by the antibodies in TL and CL. The non-specific interfering 

components of the whole blood sample flow out of the detection zone enabling a clear 

visualization of the signal in TL and CL.  Figure courtesy of PhD. Ruslan Álvarez-

Diduk. 

3.3.4. Characterization of PEB as electrophoretic platform 

Given the complexity of paper-based electrophoresis, we first characterized how using 

different materials and reagents during the fabrication of the PEB would affect its 

electrophoretic behavior. We studied four main components: the moving particles, the 

pore-size of the nitrocellulose membrane, the applied voltage and the pH of the 

electrophoresis buffer.  
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The first elements we validated were how the size, shape and charge of nanoparticles 

affect their migration speed. Following the principles of electrophoresis, we expect that 

bigger and less charged particles would move slower than smaller and more charged 

ones, given a fixed pore size, electrophoretic buffer and applied potential. In order to 

validate this hypothesis, we used three different QDs: CdSe@ZnS QDs functionalized 

with streptavidin (Ø 20 nm, considering the streptavidin), CdTe QDs (Ø 5 nm) and G-

QDs (Ø 2.5 nm). We chose these three QDs, because they cover the size range of most 

proteins and their charge has been previously studied. G-QDs have a high negative 

charge due to the oxygen functional groups (C-OH, C=O and COOH)31; CdTe QDs also 

have a negative charge due to their functionalization with carboxyl groups.32 The 

streptavidin (pI ≈ 5) functionalization of the CdSe@ZnS QDs also confers them a 

negative surface charge at pH 8. . Their detailed characterization can be found in Figure 

3.6 A, B & C.  

For this experiment, we fixed the field strength using sodium borate buffer 10 mM at 

pH 8 and an operating voltage of 200 V and the CN150 nitrocellulose membrane. Since 

the buffer solution has a pH value lower than the pKa of the boric acid (pKa=9.24) the 

predominant concentration of positive charged ions makes the buffer move towards the 

cathode (negative electrode), and by electroendosmosis it drags also all the QDs. As 

expected we found a correlation between the size/charge and the migration speed. In 

particular the CdSe@ZnS QDs moved at an average speed of 0.32 cm/min towards the 

negative electrode due to their bigger size and the negative surface charge provided by 

the streptavidin (pI ≈ 5-6). Instead the G-QDs and CdTe QDs moved at an average 

speed of 0.37 and 0.72 cm/min, respectively, due to their smaller size and negative 

surface charge provided by the functional groups. 
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Figure 3.6. (A) Wavelength emission spectrum of the N-S-doped G-QDs (light blue), 

G-QDs (dark blue), CdTe QDs (orange) and CdSe@ZnS QDs (pink). (B) Wavelength 

excitation spectrum of the N-S-doped G-QDs (light blue), G-QDs (dark blue), CdTe 

QDs (orange) and CdSe@ZnS QDs (pink). (C) TEM images of (A) CdSe@ZnS QDs 

(B) CdTe QDs (C) G-QDs (D) N-S-doped G-QDs. 

The second parameter that we studied was the effect of different nitrocellulose 

membrane over the migration speed. For this study we used three different 

nitrocellulose membranes (CN95, CN110 and CN150) commonly used for the 

development of LFAs. In particular they provide three different capillary flow rates of 

95s/4cm, 110s/4cm and 150s/4cm, respectively for CN95, CN110 and CN150. The 

capillary flow rate represents that time required for the sample to cover 4 cm of the 

nitrocellulose membrane, and it is thus inversely related to the membrane pore size.  For 

example CN150 with a capillary flow rate of 150s/4cm has the smallest pore size of the 

three membranes tested in this work. Producers of nitrocellulose membrane tend not to 

give information on the pore size of the membranes as the polymeric structure dues not 

actually create pores but rather a sponge-like pathway.33 We refer the reader to the 
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Figure 3.7. for the SEM images of the three different membranes and to the estimation 

of their relative pore size.  

Figure 3.7. SEM images of (A) CN95 (B) CN110 (C) CN150 nitrocellulose 

membranes. 

Again the PEB device responded accordingly to the principles of electrophoresis. For 

this experiment, we used sodium borate buffer 10 mM at pH 8, an operating voltage of 

200 V and the same QDs. As expected the CN95 membrane produced 2.67-, 1.37- and 

2.30-fold faster migration speed of G-QDs, CdTe and CdSe@ZnS QDs, respectively, 

compared to CN150 membrane (Figure 3.8. A). 

The third parameter we tested was the applied voltage. The principles of electrophoresis 

states that under a uniform electric field, the field strength is directly proportional to the 

voltage applied and hence to the particle’s velocity. Therefore higher voltage produces a 

faster migration speed if the other parameters are fixed. From the engineering point of 

view of the sensor fabrication and design, this is a crucial parameter, since we need to 

be able to achieve a quick migration applying a low voltage in order to have a sensor 

deployable at the point of care. In Figure 3.8. B we show the behaviour of the voltage 

on the electrophoretic mobility at 100, 200 and 300V. For this experiment we used 

CN95 NC membrane. As expected, a higher voltage caused a faster movement of the 

QDs to the negative electrode. G-QDs, CdTe and CdSe QDs moved 2.86, 1.50 and 

1.54-times faster when applying 300V rather than 200V. However, higher voltages 

resulted in less reproducible velocities. The standard deviation of the velocity of G-

QDs, CdTe and CdSe QDs was 2.56, 3.55 and 6.60-times higher when applying 300V 

rather than 100V. The CdTe QDs moved the fastest, particularly they moved 1.3-times 

A 
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faster than the GQDs when applying 300V. Instead the CdSe QDs followed the same 

trend as in figure 3A and moved the slowest to the negative electrode. 

Finally, to evaluate the effect of the pH on the particle mobility direction and speed, we 

tested SB buffer (10 mM) at three different pH values (8, 9 and 10). Given the 

principles of electrophoresis, the particle’s rate and direction of movement is influenced 

by the electrophoretic and electroendosmotic mobility. Variations in the pH have a 

drastic effect on both forces. In the former the pH determines the magnitude and sign of 

particle’s surface charge, while in the latter the pH determines the rate and direction of 

movement of the electrolyte solution. Being able to tune not only the speed but also the 

direction of the flow is paramount to achieve a complete sample treatment. In fact just 

by changing the pH of the electrophoresis buffer we could separate the target analyte 

form other compounds. For this experiment we challenged the PEB device with G-QDs 

since their surface functional groups are deprotonated when the pH value is higher than 

7.34 This means that the G-QDs have higher negative surface charge upon pH values 

higher than 7. However, we observed that at pH 8, the G-QDs moved towards the 

negative electrode, at pH 9 they slightly moved and at pH 10 they moved towards the 

positive electrode (Figure 3.8. C, D). This means that the mobility of the G-QDs was 

mostly influenced by the electroendosmotic mobility: at pH 8 the pH value of the buffer 

was lower than the pKa of the boric acid (pKa = 9.24) and therefore the predominant 

ions in the electrolyte solution were positively charged. The buffer dragged the G-QDs 

to the negative electrode.  At pH 9 the pH value of the buffer was nearly equal to the 

pKa of the boric acid (pKa = 9.24), therefore there were no predominant charged ions in 

the electrolyte solution and the G-QDs had enough negative surface charge to slightly 

move towards the positive electrode. Conversely, at pH 10 the predominant ions in the 

electrolyte were negatively charged, thus the buffer dragged the G-QDs towards the 

positive electrode. Once again the PEB device showed the ability to properly perform 

electrophoresis.  
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Figure 3.8. Electrophoresis performance evaluation. A) The effect of the nitrocellulose 

membrane pore size on the electrophoretic mobility of different QDs. Nitrocellulose 

membranes CN95, CN110 and CN150 were selected due to their big, medium and small 

pore size, respectively. B) Evaluation of the voltage effect applied on the 

electrophoresis mobility using the same QDs. C) Effect of the pH value on the 

electrophoretic mobility. D) GQDs image at different pH values before applying the 

voltage 0 min (i) and after 1 min of voltage (ii). 

3.3.5. Separation of quantum dots with the PEB device 

After demonstrating that the PEB device was following the principles of electrophoresis 

using simple homogenous buffer solutions, we verified that it could actually separate 

different particles from a heterogeneous sample. In order to this, we used two different 

solutions: one containing N-S-doped G-QDs and CdSe@ZnS QDs (at 25 nM), while the 

other containing CdTe QDs and CdSe@ZnS QDs (both at 25 nM). The choice of these 

two couples of QDs gives relevant information on the influence of the surface charge 

and size on the particle’s mobility. For instance, in the previous section we observed 
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that the G-QDs moved faster to the cathode than the CdSe@ZnS QDs, mainly due to 

their big difference in size (2.5 nm and 20 nm, respectively). However, we wanted to 

check if this phenomenon could be conversed by manipulating the surface charge of the 

G-QDs. In this sense we doped the G-QDs with nitrogen and sulphur functional groups 

to increase their negative surface charge, which provides repulsion to the cathode.  It is 

reported that the N-S-doped G-QDs have a more negative ζ-potential value than the G-

QDs (-31.6 mV and -20 mV, respectively).3733 The system set up included the use of the 

SB buffer at pH 8, a potential of 200V and the CN150 nitrocellulose membrane. Again, 

the system responded as expected. The N-S-doped G-QDs moved slower than the 

CdSe@ZnS QDs to the negative electrode despite of their smaller size, indicating that 

the CdSe@ZnS QDs have less negative surface charges than the N-S-doped G-QDs 

(Fig. 3.9. A). Instead for the second mixture, the smaller CdTe QDs (diameter 5 nm) 

moved faster than the bigger CdSe@ZnS QDs (Fig. 3.9. B), which is similar to what we 

observed in Fig. 3.8. A. Crucially, in both cases we achieved the complete separation of 

the different QDs in the respective solutions in 10 min. This result supports the ability 

of the PEB device to carry out sample treatment for the separation of both particles with 

different sizes and different charges.   
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Figure 3.9. Separation of QDs by electrophoresis. A) N-S-doped G-QDs are mixed with 

CdSe@ZnS QDs and drop-casted in the centre of the nitrocellulose membrane strip that 

is immersed in electrophoresis buffer pH 8. After running the electrophoresis for 10 

minutes, the CdSe@ZnS QDs (pink) moves to the left side of the strip (negative 

electrode) separating from the N-S-doped G-QDs (blue), which have slightly moved to 

the left side. B) CdTe QDs are mixed with CdSe@ZnS QDs and drop-casted in the 

centre of the nitrocellulose membrane strip that is immersed in electrophoresis buffer 

pH 8. After running the electrophoresis for 10 minutes, CdSe@ZnS QDs (orange) have 

moved faster to the left side (negative electrode) separating from the CdSe@ZnS QDs 

(red), which have slightly moved to the left side. 

 

3.3.6. PEB optimization for gold nanoparticles 

Supported by the ability of the PEB device to separate different types of QDs, we 

decided to test its ability to move also AuNPs. Aiming at the development of a POC 

platform, the use of AuNPs (the most used label in LFA) is fundamental to translate the 

device from the benchtop to the market, since they provide a cost effective synthesis, a 

straightforward functionalization and the naked-eye visualization.38–40 The AuNPs we 
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used had a spherical shape and a diameter of around 15 ± 2 nm and a ζ-potential value 

of around -38.3 mV41 (the reader can find a complete characterization of the AuNPs in 

Figure 3.10. A & B.  

 

Figure 3.10. A) TEM image of the synthesized AuNPs. The AuNPs are homogeneously 

distributed, spherically shaped and with a diameter of around 15 nm. B) Optical spectra 

of the AuNPs (black) and the antibody-functionalized AuNPs (red). The AuNPs have 

the maximum absorbance peak at 520 nm that shifts to the right upon the surface 

functionalization with antibodies and BSA.	

 

In particular, we evaluated the mobility of both citrate-capped AuNPs and AuNPs 

functionalized with BSA and goat IgG (which are the detection reagents used in the 

final application). The system set up consisted in the use of a CN150 NC membrane, 10 

mM SB buffer pH 8 and a potential of 200 V. As expected the citrate-capped AuNPs 

had a higher mobility compared to the bio-functionalized AuNPs. The electrophoretic 

velocity decreased 1.25, 1.38 and 1.51-fold upon the functionalization with BSA, BSA 

+ anti-HIgG and BSA + anti-HIgG + H-IgG (target molecule), respectively. This 

behaviour is due to two main factors: the increase of the hydrodynamic diameter of the 

AuNPs (BSA has an approx. diameter of 3 nm, while IgG of 10 nm)42 and the increase 

in negative surface charge (BSA and IgG have pIs of 4.8 and 7.5-8.3 respectively). As 

expected, we observed that the AuNPs moved to the negative electrode due to the 

movement of the buffer towards the cathode, related to electroendosmosis (Figure 

3.11.).24–26 

A B 
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Figure 3.11. Electrophoretic velocity (cm min-1) of naked AuNPs and AuNPs 

functionalized with BSA, BSA and antibody against H-IgG and BSA, anti-HIgG and H-

IgG (see inset). 

 

3.3.7. PEB optimization for blood samples 

As we previously described the type of nitrocellulose membrane used can dramatically 

affect the performance of the PEB device. For this reason, we tested the ability of 

CN95, CN110 and CN150 membranes to move whole blood while applying a potential 

of 200 V in the SB buffer at pH 8. Similarly to what it is reported in other works, we 

observed that the flow rate was greater at the anode and decreased towards the 

cathode.31 This effect is related to the equilibrium reached between the electro-

endosmotic force and the osmotic pressure, two opposite forces leading to the 

accumulation of liquid nearby the cathode. This means that while the applied potential 

induces the movement of the electrolyte solution towards the cathode, the accumulation 

of the electrolyte solution at the cathode creates an osmotic pressure towards the anode, 

until reaching equilibrium of forces. The result is that the sample stops moving after 15 

minutes. We observed that CN95 was the only NC membrane capable of washing out 

the blood from the detection zone in 15 minutes (see figure 3.12.). This observation is 
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according with the electrokinetic theory, stating that bigger pores produces a faster 

mobility.43 Therefore this NC membrane was used in the next experiments.  

	

	

Figure 3.12. Pictures of the PEB assay for H-IgG detection in whole blood using (I) 

CN95, (II) CN110 and (III) CN150 NC membranes after 10 and 15 minutes. CN95 

proved to be the only NC membrane capable of washing out the blood from the 

detection zone in 15 minutes. 

Another important parameter that we optimized before performing the calibration curve 

for H-IgG detection in whole blood was the incubation time between the conjugated 

AuNPs and the whole blood samples. In this end, we performed the assay for the 

detection of H-IgG using the previously spiked whole blood samples and the same 

electrophoresis conditions, but evaluating different incubation times (15, 30, 60 and 180 

s). We quantified the signal in TL following the procedure explained in the 

experimental section and we used this information to select the best incubation time. 

The incubation for 30 seconds enabled the appearance of the highest signal in TL, while 

higher incubation times proved to reduce the singal intensity in TL (see Figure 3.13.). 

However, there where not much differences in singal between 30 and 60 seconds, so 

these should not challenge the ease-of-use of the PEB device upon non-specialized end-

users. 

(I) 

(II) 

(III) 

10	min 15	min 
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Figure 3.13. Comparison of the singal intensity in TL when incubation the conjugate 

solution and the whole blood sample for 15, 30, 60 and 180 s. Inset of the PEB pictures 

after performing the assay, showing the TL and CL. 

	

3.3.8. Detection of H-IgG in whole blood 

As final step toward demonstrating the applicability of PEB device as point of care 

diagnostic platform, we employed it for the detection of a biomarker in whole blood 

samples. As test bed, we used a model system previously optimized in our lab, the 

detection of human IgG. The choice of this analyte has two main reasons: 1) it provides 

a convenient comparison to LFAs developed in our lab and 2) the detection of H-IgG in 

blood represents a real clinical scenario, as showed by the recent pandemic.1,44 In order 

to facilitate the interpretation of the results and limiting the sample-to-sample variation, 

we spiked chicken whole blood with H-IgG, in this way we removed the variability lead 

by endogenous concentration of human IgG in human blood. Detailed experimental 

procedure can be found in the Material and Methods section.  

Before moving to whole blood samples, we characterized the analytical performance of 

the PEB device and compared it with the one of LFAs using buffered solutions spiked 
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with H-IgG. For this, we first performed a calibration curve in LFA covering the range 

from 0 to 1000 ng/mL for H-IgG concentration (values above 1000 ng/mL are usually 

not of clinical relevance) (Figure 3.14.). 

Figure 3.14. Calibration curve in LFA covering the range from 0.1 to 1000 ng/mL of 

H-IgG in buffer media. The curve equation was (Optical density = 0.0065 [H-IgG (ng 

mL-1)]0.4459 r2 = 0.98). Inset of LFA pictures taken after performing the assay.  

 

We then performed a calibration curve in PEB covering the same range of H-IgG 

(Figure 3.15. A). The LoD and LoQ achieved in LFA were 265.56 and 1876.94 ng/mL; 

while the ones for PEB were 489.78 and 856.09 ng/mL, respectively. Besides showing a 

higher LoD, PEB proved a 2.2-fold lower LoQ and a 4.5-fold higher sensitivity than 

LFA when comparing the curve slopes. Finally, supported by the positive results 

obtained with buffer solutions we used the same range of concentrations but using 

whole blood (Figure 3.15 A). PEB device produced a specific and sensitive response 

(LoD = 284.52 ng/mL and LoQ = 441.07 ng/mL). It is noteworthy that PEB showed 

lower LoD and LoQ when detecting H-IgG in whole blood than in buffer medium. The 
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reason behind this is that the materials and electrophoretic conditions used in PEB have 

been specifically optimized to achieve the highest sensitivity when analyzing whole 

blood samples. Conversely, buffer medium samples flow 1.83-fold faster than whole 

blood samples when using the optimized conditions for whole blood (see figure 3.12. 

and 3.13.). This has an impact on the assay’s sensitivity, which is highly affected by the 

flow rate.45  

	

 Figure 3.15. Calibration curve for H-IgG detection. A) Calibration curve with PEB in 

buffer media (black) and whole blood (red), covering the range from 0 to 1000 ng/mL. 

The curve equations PEB in buffer and whole blood were (Optical density = 2E-07 [H-

IgG (ng mL-1)]2.0248 r2 = 0.98) and (Optical density = 1E-06 [H-IgG (ng mL-1)]1.7807 r2 = 

0.98), respectively. B) Correlation between the signals obtained in PEB when 

performing the calibration curve (0 to 1000 ng/mL) in buffer and whole blood (r2 = 

0.99). C) Pictures of PEB strips after performing the calibration curve (0 to 1000 

ng/mL) in buffer and whole blood. D) Pictures of LFA strips after the detection of H-

IgG (1000 ng/mL) in (i) undiluted whole blood (ii) 2.4-fold diluted and (iii) 5-fold 

diluted whole blood. Inset picture showing a zoom in on the detection area.  
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Therefore, the use of a smaller pore size NC membrane or the application of a lower 

voltage should be sufficient to increase the LOD and LOQ of the assay in buffer media. 

However, this is not the objective of the present work, which is intended to develop an 

analytical device for whole blood samples. Moreover, on one side the use of whole 

blood without H-IgG did not generate a signal on the test line, showing the absence of 

non-specific interactions even in the presence of such complex media. On the other side 

the PEB responded accordingly to the increase in H-IgG concentration (Figure 3.15 C). 

It is remarkable that LFA failed in producing a reading signal due to the lack of 

movement by the blood sample (Figure 3.15 D). 

3.4.	Discussion	and	conclusion	

Looking at the principles governing the PEB function, we observed three main forces 

affecting the movement of particles within the paper-based electrophoretic platform: 

electroendosmosis, electrophoresis and osmosis.  First, we observed that the mobility of 

QDs was influenced by electroendosmosis, since all QDs moved towards the cathode 

(in electrolytic cells the cathode is negatively charged), despite of their negative surface 

charge. We verified this hypothesis by changing the pH of the electrophoresis buffer: 

when the pH was lower than the pKa of the boric acid (pKa = 9.24) the movement of 

the electrolytes towards the cathode represented the major force of the system, dragging 

also the negative particles towards the cathode. Instead, for pH close to the boric acid 

pKa, the absence of the electrolytes movement made the electrophoresis the main force, 

directing the negatively charged nanoparticles towards the anode. Obviously for pH 

higher than the pKa both the electrophoretic and electroendosmosis forces were moving 

the particles towards the anode. Then, we observed the influence of electrophoresis in 

the PEB function, since factors such as particle size, particle surface charge, membrane 

pore size and applied voltage were enhancing or hindering the particle mobility, 

following the general principle of electrophoresis. Finally we observed the effect of the 

osmosis limiting the amount of volume that could be displaced. 

The PEB demonstrated to perform efficient sample treatment keeping the main 

characteristics of point-of-care devices. In fact employing either a portable battery or a 

smartphone, we managed to perform two key activities: the separation of different types 

of nanoparticles in less than 10 min and the flow of blood samples along nitrocellulose 
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membranes. Regarding the former, the results we obtained indicate that using 

nitrocellulose membranes, whose porosity is orders of magnitude higher than the 

diameter of the nanoparticles generally employed in LFA, the main factor governing the 

particle movement is their surface charge, rather than their size, whose effect is less 

determinant. We believe that the ability of PEB to purify particles opens a myriad of 

opportunities for the treatment and detection of different types of biomarkers. Instead, 

the latter shows how PEB can handle complex and highly viscous samples without the 

need for extensive dilutions (which would also decrease the amount of target) or extra 

washing steps (forcing the user to actuate at different times on the same test). In our 

opinion, this is a game changer within the field of point of care sensors, allowing the 

use of media such as blood, serum and other viscous solutions in a simpler and more 

effective way.  

Finally, we validated PEB for the detection of H-IgG in buffered medium and whole 

blood samples and compared its analytical performance with LFA. PEB proved 2.2-fold 

lower LoQ and a 4.5-fold higher sensitivity than LFA for H-IgG detection in buffer 

media. Moreover, while LFAs were incapable to directly handling undiluted blood 

samples, the signals obtained with PEB when detecting H-IgG in whole blood samples 

showed a correlation of 0.99 with the ones for the detection in buffer samples. 

Therefore PEB proved to be capable of maintaining its outstanding analytical sensitivity 

still when evaluating non-diluted and non pre-treated whole blood samples. 
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4.1. Introduction 

During the last decade we have been observing an ever-growing need for fast and 

reliable sensing devices for healthcare, environmental and safety applications.1,2Both 

developed and developing countries are increasingly relying on the use of point of care 

tests (POCT) to keep up with the saturation of their health-care systems, to monitor the 

quality of their environmental resources and to prevent possible threats. The POCTs 

represent not only convenient analytical tools for rural regions (they are cheap, portable 

and easy to use), but they are also establishing themselves as key monitoring devices in 

the busy centralized areas.3,4,5For example a faster diagnosis means faster therapy 

initiation and higher chances to control the spread of a disease; and it also means a 

quicker response time for starting a remediation campaign in a contaminated river. In 

this context LFAs are probably the most used POCT covering the widest variety of 

applications.6,7They serve as an excellent tool for healthcare,8,9 safety10,11 and 

environmental applications.12,13,14 

Being fast and easy to use are key features for the POCTs, but they also come with the 

drawback that the sensitivity of the POCTs has no match with laboratory-based, slower, 

multi-steps sensing techniques. For example in the LFA the binding event between bio-

receptors (antibodies, aptamers) and their targets happens in the order of seconds (the 

time required for the flow to pass the TL),15,16 while in Enzyme-Linked Immunosorbent 

Assays (ELISA)17 incubation for several hours is common. Although for many 

applications the sensitivity of LFAs is sufficient, finding a way to improve it without 

affecting their being the POC would open a plethora of new applications. Here we are 

describing just that, a method to increase the time of the bio-recognition event, without 

affecting the ease of use and the overall sensing time of the LFAs.  

The concept at the base of LFAs, is the use of capillary movement to guide the sample 

through different functional membranes.6,18 Taking as example an immune-sandwich 

(non-competitive) assay, first the sample encounters the sample pad, where pre-stored 

biochemical reagents stabilizes its pH and ionic strength at their optimal values to 

maximize the signal to noise ratio.19 Then it flows to the conjugate pad, where the 

detection antibodies (generally labelled with coloured nanoparticles) recognize the 
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target in the first bio-recognition event.20 Then the solution flows along the detection 

pad, where the complex target/labelled-antibody binds to the capture antibodies of the 

TL, during the second bio-recognition event. Finally the sample after passing through 

the control line (CL), reaches the absorbent pad at the end of the LFA. Surprisingly 

most of the reported works trying to improve the sensitivity of LFA have focused on 

increasing the time for the first bio-recognition event, but depending on the flow-rate of 

the pads it can already take minutes.21,22  Instead of the second bio-recognition event is 

always in the order of seconds, representing the real bottle neck for the sensitivity of the 

test.  

The possibility to slow down or even temporarily stop the flow above the test line 

would increase the time for both bio-recognition events, boosting the sensitivity of the 

LFAs. Here we present how we achieved it by placing a soluble wax barrier 1 mm after 

the TL. Looking at previous works we find that wax structures were previously 

employed in LFAs just to control the flow,23,24,25,26 but never to temporarily stop it. 

While some paper-based microfluidic devices did incorporate real barrier to achieve 

incubation steps, but they were introduced before the test line and were based on salt 27 

or sugar28, which once dissolved can affect the ionic strength of the working buffer and 

thus the binding reaction. Instead, here, the wax barrier is printed on the surface of the 

nitrocellulose membrane and melted in order to assure its penetration through the 

membrane pores creating a hydrophobic barrier just after the TL, which is the place 

where the second bio-recognition event is taking place. The conjugate solution together 

with the sample solution flows along the nitrocellulose membrane towards the test line, 

giving time for the first binding event to occur. Once arrived to wax barrier, the solution 

stops temporarily on top of the test line until the barrier breaks due to the surfactant 

present on the strip (Figure 4.1). In this sense, the thickness of the wax barrier and the 

concentration of surfactant can be carefully selected in order to modulate the incubation 

time and determine the ones that provide the highest sensitivity. 
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Figure 4.1. Schematic representation of the proposed strategy for the detection of H-

IgG. (A) In the standard LFA the flow is constantly moving towards the absorbent pad 

and the bio-recognition event occurs within seconds. Few labelled antibodies are 

captured in TL, thus the signal intensity is weak. (B) In the LFA modified with a wax 

barrier, the flow is temporarily stopped on the TL. This increases the time for the bio-

recognition event and boosts the assay’s sensitivity. (C) Fluorescent microscope 

pictures (40X) of the wax barrier on the LFA strip. The wax barrier temporarily retains 

the solution. Once broken by the Tween-20, the solution goes through the barrier.  

Figure courtesy of PhD. Ruslan Álvarez-Diduk. 

 

4.2. Experimental details 

4.2.1. Materials and reagents 

Goat anti-human IgG antibody, human IgG, bovine serum albumin (BSA), 

Tetrachloroauric acid (HAuCl4), trisodium citrate, phosphate buffer saline (PBS) 

tablets, sodium phosphate basic and dibasic, sodium tetraborate, boric acid sucrose and 

Tween 20 were purchased from Sigma Aldrich. Chicken anti-goat antibody was 

purchased from Abcam. Nitrocellulose membranes (CN95 and CN150) were purchased 
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from Sartorius Stediem and CNPF200 from mdi. Cellulose membrane (CFSP001700) 

was purchased in Merck Millipore, glass fiber (Standard14) from GE Healthcare and 

supporting adhesive cards were purchased from Kenosha. Decol food colorant red 

powder was purchased in Torten Deko and wax ink (Xerox 108R00935 black) was 

purchased in Xerox.  

4.2.2. Instruments 

Wax printer Xerox ColorQube 8580, Bioreagent dispenser (Imagene Technology), 

Microscope Olympus cellSense, Centrifuge Allegra 64R, Lateral flow strips cutter 

(Shanghai Kinbio Tech), Spectrophotometer SpectraMax ID3, SkanMulti (Skannex), 

TEM Technai F20.  

4.2.3. Synthesis and characterization of AuNPs 

The gold nanoparticles (AuNPs) were synthesized following the Turkevich method29 

and were characterized with TEM (~ 15 nm) and spectrophotometer (absorbance peak at 

515 nm) (Figure 4.2 and 4.3), respectively. The AuNPs were adjusted to pH 9.2 using 

borate buffer (10 mM pH 9.2) and centrifuged at 14000 rpm for 30 minutes. Finally, 

they were re-suspended in 250 µL of PBS (10 mM, pH 7.4, 5% sucrose, 1% BSA and 

0.5% tween-20) and dried in the glass fiber overnight. Moreover, the sample pad was 

blocked with PBS (10 mM, pH 7.4, 0.5% BSA and 0.05% to 0.1% tween-20) and dried 

overnight. 
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Figure 4.2. TEM image of the synthesized gold nanoparticles (AuNPs). The AuNPs 

have a spherical shape and a diameter of around 15 nm. 

4.2.4. Conjugation of AuNPs with anti-HIgG 

The AuNPs were conjugated to antibodies against H-IgG following the procedure 

previously reported by our group.30 In order to check if the AuNPs were successfully 

conjugated with the antibodies, the absorbance spectrum was evaluated. As observed in 

Figure 4.3, the maximum absorbance peak of the conjugated the AuNPs has a little red 

shift (about 5 nm), indicating the presence of the antibodies on the surface of the 

AuNPs.  
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Figure 4.3.  Absorbance spectrum of the AuNPs (black) and the AuNPs conjugated 

with anti H-IgG (red). The maximum absorbance peak shifts to the right after the 

conjugation of AuNPs with anti H-IgG. 

 

4.3. Results and Discussion 

4.3.1 Evaluation of the retention times with different wax barriers 

When developing the POCT, reproducibility is one of the most important parameters to 

optimize. For this reason, we fixed the lateral flow strip dimensions to 6 x 0.3 cm and 

verified that the bed volume corresponds to 70 µL (Figure 4.4). We then proceeded to 

optimize the barrier fabrication by printing black lines with different widths (0.01, 0.03, 

0.05 y 0.1 mm) onto CN95 nitrocellulose membrane, and melting homogeneously the 

wax at 95 ° C for 5 minutes in the oven  (Figure 4.5). Next, we evaluated the time 

required for breaking the barriers at different concentrations of Tween-20, following the 

former optimized parameters. In particular, we fabricated lateral flow strips containing 

different concentrations of Tween-20 (0.05%, 0.1%, 0.5% and 0.1%) in the sample pad 

and the AuNPs in the conjugate pad. The retention time was measured from the moment 

at which the AuNPs reached the wax barrier until they crossed the barrier.  
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Figure 4.4. Volume optimization in lateral flow assay. (A) Pictures of lateral flow strips 

after drop-casting 30 to 100 µL of food colorant. (B) Distance travelled of the food 

colorant from the furthest point of the sample pad when drop-casting 30 to 100 µL of 

solution. 

Figure 4.5. (A) Optical microscope pictures (40x) of the wax barriers printed on the 

nitrocellulose membrane. (i) 0.01 mm (ii) 0.03 mm (iii) 0.05 mm (iv) 0.1 mm width. (B) 

Graph representing the linear relationship between the barriers width fixed by the 

software and the real barriers width measured with the microscope. 
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As a result, we generated a matrix providing the wax barrier width and Tween-20 

concentration that provide different retention times (Table 1 and Figure 4.6). As 

expected, the retention time increases increasing barrier width and decreasing Tween-20 

concentration. In particular, we achieved the longest retention time (12 minutes) by 

employing barriers of 0.05 mm and a concentration of Tween-20 of 0.1%; while the 

shortest retention time (1 minute) required a barrier width of 0.01 mm and 0.5% Tween-

20. Width of 0.1 mm and Tween-20 concentration of 0.05%, showed to be not suitable 

for the assay as the barriers broke once the AuNPs solution was already dried out.  

Moreover, we printed the barriers in a slower flow rate nitrocellulose membrane 

(CNPF200 mdi), in order to evaluate how the use of smaller pore sizes can affect the 

retention time. In this case, the pressure applied by the wax printing process compacted 

the pore of the nitrocellulose, thereby the flow could not even reach the TL. 

 

Table 1. Retention times on CN95 with different wax barrier width and %Tween-20  

Wax width (mm) 0.5% Tween-20  0.1% Tween-20  0.05% Tween-20  

0.01  1.40 ± 0.42 min 3.93 ± 1.55 min NB 

0.03 2.25 ± 0.13 min 7.64 ± 1.19 min NB 

0.05 7.23 ± 0.86 min 11.45 ± 1.33 min NB 

0.10 NB NB NB 

* NB: No Breaking, which means that the solution dried out before breaking the wax 

barrier. 
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Figure 4.6. (A) Picture of the lateral flow strips (i) before the assay (ii) during the 

AuNPs retention (iii) after the barriers breaking. (B) Comparison of the retention time 

when using a CN95 modified with 0.01, 0.03 and 0.05 mm width barriers  and 0.1 and 

0.5% Tween-20. 

 

4.3.2. Evaluation of the signal and sensitivity enhancement with different barriers 

Finally, after determining the optimum conditions to achieve the longest flow retention, 

we performed the lateral flow immunoassay for H-IgG detection. In order to check if 

there is a correlation between the retention time on the TL and the sensitivity 

enhancement, we fabricated the strips without barriers and with barriers width of 0.01, 

0.03 and 0.05 mm. In this regard, we used CN95 and 0.1% Tween-20 as surfactant to 

break the barriers. We were expecting to see a progressive sensitivity enhancement 

when using higher width barriers, obtaining the highest sensitivity by using 0.05 mm 

width barrier, since this is the one that provides the longest retention time. Next, we 

prepared the strips by fixing anti H-IgG antibodies (1 mg mL-1) in the TL and anti-goat 

antibodies (1 mg mL-1) in the CL, both in 10 mM PB buffer pH 7.4. Moreover, we 

conjugated the AuNPs with anti H-IgG by following the procedure previously reported 

by our group,30 explained in the experimental section. Furthermore, we performed 

calibration curves using serial dilutions of H-IgG (0 ng mL-1 to 103 ng mL-1). Finally, 

we evaluated the signal intensity in both the TL and CL the by taking a picture of the 

strips using a LFA scanner and analyzing them with Image J software.31 We took the 

pictures of the strips once the AuNPs solution had completely reached the absorbent 
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pad. Eventually, we used the signal values of the TL and the CL after background signal 

subtraction, and normalized the signal value by dividing TL over CL.  

Figure 4.7 shows the calibration curves obtained when using CN95 and CN150 without 

the barriers and CN95 with 0.01, 0.03 and 0.05 mm width barriers. As observed the 

normalized optical density increases upon the detection of higher concentrations of H-

IgG.  Figure 4.8 shows the pictures of the lateral flow strips after performing the assays.  

Figure 4.7.  Calibration curves from 0 to 1000 ng mL-1 using CN95 and CN150 non-

modified with wax barriers and CN95 modified with 0.01, 0.03 and 0.05 mm width 

barriers. 
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Figure 4.8. Pictures of the lateral flow strips after calibration curves for H-IgG 

detection (from left to right: 0, 0.1, 0.3, 1, 3, 10, 30, 100, 300 and 1000 ng mL-1 from 

left to right) using (A) CN95 without barriers (B) CN150 without barriers (C) CN95 

with 0.01 mm barriers (D) CN95 with 0.03 mm barriers and (E) CN95 with 0.05 mm 

barriers. 

In order to evaluate the sensitivities obtained with each condition we performed a linear 

fitting from 10 to 1000 ng mL-1 and we considered the slope values (Figure 4.9A). As 

we were expecting, a higher sensitivity is achieved when using wider barriers, as this 

assures a longer interaction time between the antibodies in TL, AuNPs and the analyte. 

The highest sensitivity is achieved when using a 0.05 mm width barrier, which provides 

a 2.8-fold enhancement compared to the same nitrocellulose without barriers. It is 

noteworthy that, conversely to the reported, there isn’t an outstanding sensitivity 

improvement when reducing the flow rate by using a smaller pore nitrocellulose 

membrane, as in the case of CN150.32,33  Besides, we have proved that the outstanding 

sensitivity enhancement is obtained only when temporarily stopping the flow above the 

TL.  
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Figure 4.9. The LFA for H-IgG detection using time-delay barriers. (A) Calibration 

curve from 10 to 1000 ng mL-1 showing the optical density linear range when using 

CN95 (Optical density = 0.0631 ln [H-IgG (ng mL-1)] + 0.0433 r2=0.98) and CN150 

non-modified with the wax barriers (Optical density = 0.0695 ln [H-IgG (ng mL-1)] + 

0.0627 r2=0.99) and CN95 modified with 0.01 (Optical density = 0.0925 ln [H-IgG (ng 

mL-1)] + 0.0124 r2=0.99), 0.03 (Optical density = 0.1359 ln [H-IgG (ng mL-1)] - 0.1165 

r2=0.96) and 0.05 mm width barriers (Optical density = 0.1767 ln [H-IgG (ng mL-1)] - 

0.2056 r2=0.98). (B) Pictures of the LFA strips after performing the calibration curve 

assay from 10 to 1000 ng mL-1 using CN95, CN150 non-modified with the wax barriers 

and CN95 modified with 0.01, 0.03 and 0.05 mm width barriers.  

 

Moreover, we calculated the limit of detection (LoD) and quantification (LoQ) achieved 

for every tested condition. The LoD was calculated as 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦!"# = 𝑏𝑙𝑎𝑛𝑘 +

3 𝜎!"#$%  (i.e. the corresponding value of blank sample plus 3 times its standard 

deviation).34 The LoD for CN95, CN150 and CN95 with 0.01, 0.03 and 0.05 mm width 

barriers were 35.01, 73.23, 21.67, 18.71, 14.47 ng·mL-1, respectively. Furthermore, the 

LoQ, calculated as 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦!"# = 𝑏𝑙𝑎𝑛𝑘 + 10 𝜎!"#$% , were 2129.09, 1909.76, 

1164.38, 87.49, 41.19 ng·mL-1, respectively. We obtained the lowest LoD and LoQ 
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values by setting the barriers at the condition that permitted the highest retention time of 

the conjugate solution on the TL.  

In Figure 4.9. B, we show pictures of the LFA strips after performing the calibration 

curve assay from 10 to 1000 ng mL-1 using CN95, CN150 non-modified with the wax 

barriers and CN95 modified with 0.01, 0.03 and 0.05 mm width barriers. As observed, 

there is a signal enhancement in TL when introducing the wax barriers in to the system. 

The percentage signal enhancement was calculated taking as reference the normalized 

optical density of the strips with CN95 and without the wax barriers (Table 2). As 

observed, the percentage signal increase is higher for increasing concentrations of H-

IgG. The highest percentage signal increase is 96%, and was achieved for 1000 ng mL-1 

when using CN95 with a 0.05 mm width barrier. 

Table 2. The percentage signal enhancement in TL when using CN150 and CN95 

modified with 0.01, 0.03 and 0.05 mm wax barriers.  

[H-IgG]  

(ng mL-1) 

CN150 

%  

CN95 + 

0.01(mm)  %  

CN95 + 

0.03(mm)  % 

CN95 + 

0.05(mm) % 

10  -6.7 7.1 2.6 3.2 

30 -12.0 14.5 15.7 38.9 

100 -15.4 11.8 10.9 40.8 

300 -7.0 24.9 50.1 87.2 

1000 -14.8 21.1 56.4 96.0 

Note: The calculations where done by taking CN95 with no wax barriers as reference. 

 

Finally, we proved that a longer incubation time of the conjugate solution over the TL 

didn’t favour the generation of non-specific signal in TL. As shown in Figure 4.10, the 

signal in TL for blank samples (0 ng mL-1 of H-IgG) is not higher when using wider 

wax barriers, as we obtained the highest TL signal for the blank sample when using the 

CN150 nitrocellulose membrane. 
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Figure 4.10. Optical density in TL for strips evaluated with no H-IgG (blank sample). 

The signal in TL corresponds to the non-specific attachment of the antibody-

functionalized AuNPs to the capture antibody in TL.  As shown, there is no correlation 

between the higher incubation time of the conjugate solution on TL and the generation 

of non-specific signal in TL.  

 

4.4. Conclusions 

In conclusion, we have developed a LFA modified with time-delay barriers as a strategy 

for sensitivity and signal enhancement. We have achieved an inner incubation time of 

12 minutes, which produced a 2.8-fold enhancement in sensitivity and up to 96% signal 

enhancement. We believe the proposed method represents an outstanding solution to 

improve the analytical performance of LFAs, without sacrificing their ease-of-use and 

low cost. 
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5.1. Introduction 

Nowadays, Escherichia coli O157:H7 (E. coli O157:H7) is one of the major threats to 

public healthcare causing serious infectious diseases mainly through contaminated 

water and food.1,2 Since the causative pathogen agent can spread rapidly, it is imperative 

to achieve fast diagnosis. In addition, providing a quick decision in the field to test the 

safety of water and food will have a great effect on controlling and minimizing 

mortality rate and financial affliction. 

Traditional methods for the identification and detection of pathogenic bacteria are 

mainly based on plate cultivation,3 enzyme-linked immunosorbent assay (ELISA) and 

polymerase chain reaction (PCR).4–6 Culturing methods requires long analysis time (∼ 

days) and special labour operation. PCR and ELISA need significant instruments, 

manpower, expense and time that already are not suitable for emergency cases 

especially in developing countries where medical facilities are unobtainable.7 

To overcome the aforementioned problems, point-of-care (PoC) diagnostic can be a 

potential solution for improving the global health managements.8 Toward this important 

goal, different PoC devices for detection of E. coli have been implemented including 

colorimetric-based lateral flow immunoassay (LFIA)9–11 and other non-paper-based 

microfluidic devices based on electrochemical detection,12 colorimetry,13,14 

fluorimetry15 and magneto-fluorimetry.16 LFIA are limited by their poor sensitivity that 

usually requires signal amplification, while the other microfluidic systems are relatively 

expensive and require trained personnel.17,18 Therefore, there is a lack of a suitable PoC 

device to detect of E. coli for in field assays. 

Our research group have been involved in developing photoluminescence paper-based 

platforms for detecting E. coli.19,20 The reported strategies are related to nanoswitch 

“Off-On” methodology using photoluminescent quantum dots conjugated with 

antibodies. In these platforms, despite of being sensitive and specific, there are some 

drawbacks such as multistep procedures, exclusive readers platforms and particularly 

the easy to use for end-user that reduce the applicability of these biosensors for in-field 

measurements. 
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Previous studies have reported the quenching of gold nanoclusters (AuNCs) 

fluorescence in the presence of gold nanoparticles (AuNPs).21 This phenomenon occurs 

due to the complementary overlapping between the surface plasmon resonance 

absorption wavelength of AuNPs and the fluorescence emission wavelength of AuNCs. 

Some biosensors have been developed by exploiting this phenomenon such as the 

detection of cholesterol22 and uric acid.23 In these cases, the detection is carried out 

through the production of H2O2 in an enzymatic reaction, AuNPs seeds start growing, 

in-creasing the absorbance of AuNPs with the consequently decrease in the fluorescence 

emission of AuNCs. Although this strategy has been exploited for biosensing 

applications, so far, to the best of our knowledge none of these nanomaterials have 

being used together as an immunosensor. Specifically, if we are starting from the OFF 

state, fluorescence could be recovered if the distance between the donor/acceptor pair 

becomes big enough 

Certainly E. coli bacteria are big enough to promote this effect. For this purpose, we 

developed a simple, fast and cost-effective “lab on a tube” platform for E. coli 

detection. The proposed approach relies on Förster Resonance Energy Transfer (FRET) 

mechanism based on gold nanoclusters (AuNCs) as energy donor and antibody-

functionalized AuNPs as energy acceptor. This enables an ON/OFF fluorescent signal 

depending on the presence or absence of E. coli in the sample. The assay is carried out 

inside a microtube that contains the reagents embedded in glass fiber membrane. In this 

regard, the biosensor can be easily transported and stored up to use. The assay starts by 

just introducing the sample into the micro-tube. After 20 minutes of incubation, the 

result can be evaluated by naked eye, in which the presence or absence of fluorescence 

indicates a yes/no response to the bacteria. Conveniently, it can be evaluated 

quantitatively by using a 3D printed device with an UV-LED, a smartphone camera and 

an image-analysis app. 
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5.2. Materials and methods 

5.2.1. Materials and Instruments.  

All commercial reagents are analytical grade and handled according to the material 

safety data sheets suggested by the suppliers. Hydrogen tetrachloroaurate (III) dehydrate 

(HAuCl4 3H2O, 99.9%), Trisodium Citrate, Sodium hydroxide, Phosphate buffered 

saline tablet (P4417), bovine serum albumin (BSA), were purchased from Sigma-

Aldrich (Madrid, Spain). Anti-E. coli antibody (Ab, ab68451) was obtained from 

Abcam (Cambridge, UK). Escherichia coli O157:H7 (CECT 4783, E. coli) and 

Salmonella Typhimurium (CECT 722T, S. typhimurium) strains were obtained from 

Sigma-Aldrich (Madrid, Spain). Analytical grade nitric acid and hydrochloric acid were 

purchased from Fisher Scientific. Glass fiber membrane (GFCP00080000) was 

purchased from Millipore. All glassware was washed with aqua regia, and rinsed three 

times with Milli-Q water. Transmission electron microscopy (TEM) images were 

performed with a FEI Tecnai G2 20 TWIN electron microscope. Fluorescence emission 

and Absorbance spectra were collected on a Microplate reader (Molecular device). TS-

100 Thermo-Shaker (Biosan, Riga, Latvia) was used as the stirrer for functionalization 

of AuNPs with anti-bodies. 

5.2.2. Synthesis of BSA-AuNCs. 

BSA-AuNCs were synthesized ac-cording to a previous protocol.24 Briefly, aqueous 

solutions of HAuCl4 (10 mM, 5 mL) and BSA (50 mg/mL, 5 mL) were mixed and 

subjected to vigorous stirring at 37°C. After 2 min, NaOH solution (1.0 M, 0.5 mL) was 

added into the reaction mixture. The reaction container was sealed and allowed to 

proceed in the dark for 12 h. The solution became deep brown and showed strong red 

emission under a 365-nm UV lamp, pointing out the formation of the AuNCs. The 

prepared AuNCs were purified through dialysis membrane (MWCO: 1 kDa) against 

Milli-Q water for one day to remove unreacted HAuCl4 and sodium hydroxide. Purified 

AuNCs were kept at 4°C for further use. The concentration of BSA-AuNCs was 

estimated at around 20 mg/mL. 
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5.2.3. Synthesis and conjugation of AuNPs. 

The synthesis of AuNPs was performed following the protocol reported by Bastús and 

co-workers.25 In short, the initial AuNPs seeds were prepared by boiling 150 mL of 

sodium citrate (2.2 mM) in a sealed condenser, followed by the injection of 1 mL of 

HAuCl4 (25 mM). After 10 minutes, the colour of the solution turned from light yellow 

to pink and it was cooled up to 90 °C. Next, 1 mL of sodium citrate (60mM) was added 

and after 2 min, 1 mL of HAuCl4 (25mM) was sequentially added. The solution was 

kept under stirring at 90 °C for 30 min and the colour of solution finally became wine-

red. The final concentration of the AuNPs solution was 3.1 × 1011 NPs/mL.  

The AuNPs were bioconjugated with antibodies against E. coli following the procedure 

previously reported by our group.26 First the pH of the AuNPs was adjusted to 8.9 using 

Borate buffer (10 mM). Next, 100 µL of anti-E. coli (200 µg/mL) were incubated with 

1.5 mL AuNPs for 24 h at 350 rpm and 4 °C. Then 100 µL BSA solution in Milli-Q 

water (final concentration 1%(w/w)) was added to the conjugated AuNPs followed by 

an incubation for 1 h under the previous conditions. The excess of antibodies and BSA 

were removed by centrifuging the solution at 14 000 rpm and 4 °C for 30 min, followed 

by re-suspension with 200 µL of Milli-Q water. Finally, the conjugated AuNPs where 

stored in 4°C for further use. 

5.2.4. Platform fabrication. 

Platform fabrication. The glass fiber membranes were cut into a 15 cm × 8 mm strips.  

800 µL of the conjugated AuNPs and AuNCs where drop-casted on separate glass fiber 

strips and dried in a vacuum chamber for 2.5 hours. Finally, they were cut in circles 

(diameter ≈ 0.6 cm) using a hole puncher and introduced in the microtubes. 

5.2.5. Bacteria preparation. 

Stock solution (1010 E. coli/mL) of bacteria was prepared by dissolving 10 mg E. coli in 

1 mL filtered Milli Q water followed by shaking with vortex. In order to determine the 

concentration of the prepared stock solution, the optical density at 600 nm (OD600) was 

measured using a spectrophotometer and corroborated with Agilent geometry software 

(https://www.chem.agilent.com/store/biocalculators/calcODBacterial.jsp). Standard 
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serial solutions of E. coli (0 - 108 CFU/mL) were prepared by diluting the suspension 

stock solution (1010 CFU/mL ≈ 1010 E. coli/mL) in PBS. 

5.2.6. Assay performance. 

Serial dilutions of E. coli (0 - 108 CFU/mL) where prepared in PBS, 200 µL where 

drop-casted in the microtube and incubated for 20 min in room temperature. The assay 

was evaluated with a spectrophotometer by transferring the solution into a microplate. 

The fluorescence intensity was measured at 665 nm (Ext. 365 nm) for each dilution of 

E. coli and normalized with the black (F-F0), where F and F0 corresponded to sample 

with and without E. coli, respectively. For a point-of-care application, the assay was 

evaluated by taking a picture using a mobile phone camera and analyzing it with Image 

J software (National Institutes of Health, Maryland, USA) following the protocol 

already reported by our group.27 All the experiments were replicated three times. 

5.3. Results and discussion 

5.3.1. Assay principle. 

The assay was performed in a polypropylene microtube, which was used as a reservoir 

and detection platform. Firstly, the fluorescent AuNCs were synthesized, purified and 

drop-casted on a fiberglass membrane. The glass fiber was then dried using a vacuum 

desiccator and cut into circular pieces (Ø 0.6 cm) using a hole puncher. The pieces were 

introduced into the microtube and stored until running the assay. The same procedure 

was done for the AuNPs, which were previously conjugated with antibodies against E. 

coli O157:H7 following the procedure reported in the experimental section (Figure 5.1. 

A). In this way, the micro-tube stocked both conjugate pads, one containing the sensing 

PL probe (AuNCs) and the other containing the quencher label (AuNPs). The fiber glass 

was used as a porous material with high absorption and release capacity of solutions, 

appropriate long-term storage of samples, high stability and good flexibility.28,29 In 

order to evaluate the presence of E. coli in a real environment, the assay starts by 

introducing the sample solution into the microtube followed by a 20 minutes incubation 

step (Figure 5.1B). The sample solution enables the rehydration of the conjugate pad 

and the eventual release of the stored nanomaterials to the solution. The biosensing 

mechanism is based on Förster Resonance Energy Transfer (FRET), being the AuNPs 
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and AuNCs the energy acceptors and donors, respectively. In this regard, the AuNPs 

were able to quench the fluorescence emission of the AuNCs when they were close 

together. This is known as the “turn-off” mode, which is linked to the absence of E. coli 

in the sample. Conversely, in the presence of E. coli, the antibody-functionalized 

AuNPs is attached to the surface of the bacteria avoiding the approach of the AuNCs. In 

this way, due to the fact that FRET mechanism is possible up to 30 nm and E. coli 

where 1µm sized,30 the fluorescence signal was re-stored, switching to a “turn-on” 

mode (Figure 5.1C).  

Figure 5.1. Schematic representation of the biosensing platform. (A) Two glass fibers 

strips embedded with AuNCs and AuNPs conjugated with anti-E. coli antibody 

respectively. (B) Operation principle; Sample is added directly to the micro-tube 

containing the two strips. (C) Naked eye evaluation of the ON/OFF switch mechanism. 

(D) Smartphone based device for quantitative evaluation of the E. coli concentration. 

 

 

 



CHAPTER	5.		LAB	IN	A	TUBE:	POINT-OF-CARE	DETECTION	OF	ESCHERICHIA	COLI.	 181	
	

It should be noticed the specificity of the assay. In this regard, AuNCs were mixed with 

AuNPs with and without bacteria. It can be observed in Figure 5.2. that there is no 

recovery in the fluorescence of AuNCs when AuNPs are not conjugated with 

antibodies. 

Figure 5.2. AuNCs quenching with AuNPs with and without bacteria in absence of 

specific receptors 

 

Finally, a quantitative outcome was obtained using a smartphone camera. Nowadays, 

almost any smartphone has a good quality CMOS sensor and the possibility to fix the 

picture parameters such as shutter speed, ISO and focus, obtaining reproducible and 

accurate images. In this regard, a 3D printed device was developed to introduce the 

micro-tube using the cap as the sample holder. The device contains a 365 nm UV-LED 

to excite the AuNCs and a micro lens to adjust the focal length of the camera to the 

minimum possible (Figure 5.1D). The pictures were analyzed using Image J app 

(smartphone version) to transform the brightness levels into a numerical value, which 

allows quantification. Since most of the people across the world have a smartphone as 

common equipment in our day-to-day life, this proof of concept makes a highly 

promising device for point-of-care assay and field applications without the need to a 

conventional bulky analyzer such as fluorometer. 
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5.3.2. Characterization of AuNCs and conjugated-AuNPs. 

The synthesized AuNCs were characterized by transmission electron microscopy 

(TEM). As observed in Figure 5.3A, they have a uniform morphology and a narrow size 

distribution with an average diameter of about 1.0 nm. Furthermore, a fluorescence 

emission peak at 665 nm when excited at 365 nm and a strong red emission under UV 

light (Figure 5.3B). The synthesized AuNPs were also characterized with TEM, as 

shown in Figure 5.3C and Figure 5.3D.  

 Figure 5.3. (A) TEM image of BSA-AuNCs. Inset: the size distribution histogram of 

the as prepared AuNCs. (B) Fluorescence spectra of BSA-AuNCs (red line) and 

absorption spectrum of conjugated AuNPs with Anti-E. coli (black line). Inset: Digital 

photo of AuNCs under UV light. (C) TEM image of Citrate stabilized- AuNPs. Inset: 

graph corresponds to size distribution diagram. (D) High magnified of as-prepared 

AuNPs. 
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AuNPs has a spherical and uniform size of around 40 nm. Besides, its conjugation to 

antibodies against E. coli was corroborated by the presence of red shift from 525 to 535 

nm in the UV-vis spectrum, indicating a modification on the AuNPs surface (Figure 

5.4).31 Finally, in order to achieve FRET, the absorbance spectrum of energy acceptor 

must be overlapped with the emission spectrum of the donor probe. This phenomenon 

can be observed in Figure 5.3B, where the emission spectrum of the AuNCs was clearly 

overlapped with the absorbance spectrum of the conjugated-AuNPs.   

Figure 5.4. UV-vis absorption spectra of bare AuNPs (black line) and AuNPs 

conjugated with Anti- E. coli (Ab-AuNPs) (red line) at the same concentration: [AuNPs 

&Ab-AuNPs]=1.16 × 1012 NPs. 

 

5.3.3. Assay optimization. 

The highest concentration with the higher fluorescence emission of AuNCs was tested 

to evaluate the size dependence on the quenching efficiency of AuNPs. It is known that, 

the bigger the size of nanoparticles, the highest the red shift in the wavelength, causing 

more overlap with the emission of AuNCs.21 Among the tested sizes, 40 nm was 

selected as the most suitable for the assay (Figure 5.5). Besides bigger nanoparticles 

(>40nm) produce more quenching, the antibodies conjugation protocols are fully 

optimized for 40 nm. Moreover, if bigger nanoparticles are used the required amount of 

antibodies to cover the surface will be higher, causing a more expensive device. To 
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evaluate how the AuNPs concentration affects the quenching of AuNCs, the stock 

solution (3.1 × 1011 NPs/mL) of AuNPs was concentrated (by centrifugation) and 

diluted. It can be observed in Figure 5.6A that indeed higher concentrations of AuNPs 

produces more quenching on the light emission of AuNCs. Nevertheless, we have 

selected 1.16x1012 NP/mL as a compromise between efficiency and affordability since 

there is no noteworthy quenching at higher concentrations. 

 

Figure 5.5. Influence of AuNPs different diameters on quenching efficiency of the 

AuNCs 

Furthermore, the antibody concentration on the AuNPs was also optimized as it 

dramatically affects the sensitivity and the cost-effectiveness of the platform (using less 

antibody can considerably reduce the development cost of the biosensor). This was done 

by performing the well-established gold aggregation test (GAT),26 which determines the 

maximum concentration of antibody required to cover the AuNPs surface. Based on the 

results shown in Figure 5.6B, we concluded that 175 µg/mL of anti-E. coli were enough 

to cover the surface of the AuNPs, however we round it up to 200 µg/mL in the 

subsequent assays. 

The required concentration of AuNCs to achieve an effective FRET and recovery was 

another parameter to be optimized. In this context, (AuNPs at fixed concentration of 
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1.16x1012 NP/mL) the fluorescence recovery in presence of E. coli was evaluated using 

different AuNCs concentrations (from 0.5 to 8.0 mg/mL). As expected, an excess of 

AuNCs brought to signal saturation while a low concentration of AuNCs let to 

negligible fluorescence intensity (Figure 5.6C).  

Figure 5.6. Optimization of experimental conditions. (A) Pre-optimization of the 

quenching efficiency due to AuNPs concentration. (B) The effect of the concentration of 

the immobilized antibody on the surface of AuNPs (GAT) at NaCl 1 % and 0.58× 

1012/mL AuNPs in various concentration of antibody. (C) Effect of the concentration of 

AuNCs as a fluorophore agent on fluorescence recovery efficiency (F-F0) where F and 

F0 correspond to the fluorescence intensities of AuNCs/AuNPs system in the presence 

and absence of E. coli, respectively at 105 CFU/mL E. coli. (D) The effect of the 

concentration of anti-E. coli- labelled AuNPs on quenching efficiency (F0-F)/F0 where 

F and F0 correspond to the fluorescence intensities of AuNCs in the presence and 

absence of Ab-AuNPs, respectively. The concentration of AuNCs was 6.0 mg/mL. 
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Therefore, the fluorescence enhancement efficiency (F-F0) was employed as a criterion 

to evaluate the best signal where F and F0 correspond to the intensities of fluorescence 

of AuNCs/AuNPs system in the presence and absence of E. coli, respectively. Hereby, 

6.0 mg/mL was determined as the optimal concentration of AuNCs. 

Although AuNPs concentration was previously optimized (pre optimization strategy) 

those nanoparticles were not conjugated with anti-E. coli antibodies. It is important to 

double check the concentration of conjugated AuNPs required to achieve an effective 

FRET taking in consideration the previously optimized AuNCs concentration. In this 

regard, conjugated AuNPs ranging from 0.31 to 4.46 (x1012 NPs/mL) were evaluated. 

As observed in Figure 5.6D, 2.32 (x1012 AuNPs/mL) allowed a 68% quenching 

efficiency, while higher and lower concentrations ended up with signal saturation and 

low quenching, respectively. It is also essential to optimize this parameter for 

fluorescence restoration efficiency (Figure 5.7). Therefore, this was the concentration of 

conjugated AuNPs selected for the next experiments.  

Figure 5.7. Effect of concentration of Ab-AuNPs on the photoluminescence restoration. 

F/F0, where F and F0 are the fluorescence intensities of AuNCs/Ab-AuNPs in the 

presence and absence of E. coli. Concentration of AuNCs and E. coli were 6 mg/mL 

and 105 CFU mL-1 respectively. 
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Finally, in order to better understand the response rate of our platform to E. coli 

detection, a comprehensive kinetic study was per-formed (Figure 5.8) showing that the 

fluorescence signal increased exponentially and reached equilibrium after 20 minutes. 

This reveals the assay time required before performing the final evaluation. 

Figure 5.8. Kinetic behavior studies of AuNCs/Ab-AuNPs in the presence of various 

concentration of E. coli (A, B) from 0 to 105 CFU mL-1 and (C) from 0 to 104 CFU mL-1 

with different three concentrations of Ab-AuNPs. (A) 1.16 × 1012 NPs mL-1. (B) 0.77 × 

1012 NPs mL-1. (C) 2.32 × 1012 NPs mL-1. [AuNCs]: 6 mg mL-1. 

 

5.3.4. Smartphone-based detection of E. coli. 

The developed platform was firstly evaluated under optimal conditions by spiking 

known concentrations of E. coli (0 to 107 CFU/mL) in PBS buffer (10 mM pH 7.4) and 

using a spectrophotometer. As observed in Figure 5.9A, the fluorescence signal 

gradually increases with higher concentration of E. coli, with a good correlation 

(exponential behavior log [E. coli]) in the range of 0 to 105 CFU/mL (Figure 5.9B), 
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being F and F0 the fluorescence intensities at 665 nm in the presence and absence of E. 

coli, respectively.  The limit of detection (LOD) was calculated as low as 1.37 CFU/mL 

based on 3 times “s/m” ratio, where “s” is the standard deviation of the blank 

fluorescence signal (three replicates) and “m” is the slope of the related calibration 

curve. Furthermore, the assay was evaluated with a smartphone camera, in order to get 

as close as possible to point-of-care conditions. In this context, a Samsung galaxy S7 

smartphone was used to take a picture of the microtubes after running the assay (20 

minutes incubation). The micro-tube cap was irradiated under a UV LED (Ex. 365 nm) 

and the smartphone was attached to a holder, the pictures were always taken in the same 

conditions; at ISO 100 and shooter speed 1/60 s. As illustrated in Figure 5.9C, the 

sample containing 0 CFU/mL of E. coli, defined as blank sample, is characterized by 

low brightness levels due to the “turn-off” FRET effect. However, with the increase of 

E. coli concentration there was a gradual in-crease in fluorescence (“turn-on” mode). In 

order to obtain a numerical value, the pictures were analyzed with Image J software, in 

which the fluorescence intensity is transformed into a value from 0 to 255 (where 0 is 

dark and 255 is maximum brightness). The fluorescence intensity values were 

normalized with the signal corresponding to absence of E. coli (F0). The calibration 

curve is observed in Figure 5.9D, which shows a power fluorescence increase. It is 

worth to notice a change in the mathematical function in light of the results obtained 

with the fluorometer and the smartphone. Graphing the values according to the function 

obtained with the fluorometer (log [E. coli]), it can be seen an exponential behavior 

which means that the results obtained with the smartphone follows a power function 

from 0 to 107 CFU/mL with a LOD of 4.0 CFU/mL. (Figure 5.9. D inset) 
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Figure 5.9. Quantification of E. coli O157:H7 by developed biosensor. (A) 

Fluorescence spectrum of AuNCs/Ab-AuNPs upon addition of different concentrations 

of E. coli from 0 to 107 CFU/ mL. (B) Calibration curve of the assay by using 

fluorimeter. (F and F0 correspond to the fluorescence intensities of AuNCs/AuNPs 

system in the presence and absence of E. coli, respectively). (C) Typical images of 

AuNCs/Ab-AuNPs system in the presence of various concentration of E. coli in the 

range of 0 - 107 CFU/mL (0, 103, 104, 105, 106 CFU/mL from left to right) captured by 

smartphone camera under 365 nm UV light irradiation; (D) Calibration curve resulted 

by processing images in the mobile phone. Error bars represent the standard deviation 

(n=3) inset: linear behavior of a power function. 

 

The developed biosensor performance of E. coli detection was compared to some of the 

reported point of care sensors and summarized in Table 5.1. 
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Table  5.1.  Comparison  of  the experimental and analytical performance of the present  

method  with  other  point of care platforms for E.coli detection. 

Platform  Detection method  LR   
(CFU mL-1)  

LOD   
(CFU mL-1)  

Response 
Time (min)  

Ref.  

Microfluidic chip  Electrochemical  5×101-1×106  39.0  
  

-  
  

[12]  
  

Nanopaper  Photoluminescence
  

10-105  55.0  
  

30  
  

[19]  
  

Microfluidic chip  Fluorescence  103-105  
  

240  25  
  

[15]  
  

LFIA  Colorimetric  2.08 × 
105−2.08 × 

108  

6.2 × 104  
  

15  
  

[9]  

LFIA  Fluorescence  102 - 105  10.0  -  [20]  
SPC electrode  Electrochemical  10-104  100  10  

  
[7]  

  
Lab in a tube  Fluorescence  10-105  1.37  

  
20  

  
Present 
work  

  
Lab in a tube  Fluorescence/  

Smartphone  
103 - 107  4.0  20  

  
Present 
work  

  

LFIA: Lateral flow immunoassay, SPC electrode: screen printed carbon electrode 

 

5.3.5. Real samples evaluation. 

To further test the practicability of the biosensor, the assay was conducted by spiking 

known concentrations of E. coli (102 and 105 CFU) to tap water and river water samples 

collected from river Ter (Vic, Spain). The samples were evaluated following the 

procedure previously reported and the recoveries where calculated by comparing the 

results obtained in real samples (i) with the ones obtained in PBS (ii), using the 

following equation:  

Recovery % = 100 ×  
(F− F0)!

(F− F0)!! 

The results are summarized in Table 5.2. The obtained recoveries prove that there is no 

drastic interference when evaluating samples with a complex matrix, thus the developed 

platform can be applied for the detection of E. coli in real samples at the point-of-care.   
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Table 5.2. Detection of E. coli bacteria spiked in water samples (n=3) 

Sample  Spiked E.coli 
(CFU/mL)  

#F-F0 in 
standard buffer  

*F-F0 in 
real sample  

  

Recovery (%)a  

River water  102  1440843  1503611  103.70  
  105  2791463  2648975  105.37  

Tap water  102  1440843  1400975  97.23  
  105  2783852  2740975  98.45  

a Recovery (%) =100 × (F-F0
*/ F-F0

#) 

 

5.3.6. Determination of the assays specificity. 

The specificity of the biosensor toward E. coli was assessed by evaluation samples 

containing E. coli and Salmonella typhimurium, which is a similar family pathogen. 

Dilutions of E. coli, Salmonella and a mixture of both bacteria where spiked in PBS. 

The assay was carried out following the previous procedure. As shown in Figure 5.10, 

the normalized fluorescence (FL) intensity increased with higher concentrations of E. 

coli (0 to 105 CFU/mL). Conversely, the normalized FL intensity obtained for a sample 

with 105 CFU/mL of Salmonella was similar to the one obtained for 0 CFU of E. coli. 

This result proves that the developed biosensor was only specific for E. coli due to the 

AuNPs functionalization with highly specific antibodies against E. coli O157:H7. This 

was further corroborated by evaluating solutions containing a mixture of 105 CFU/mL 

Salmonella + 102 CFU/mL E. coli and 105 CFU/mL E. coli + 102 CFU/mL Salmonella. 

In the first case, the obtained signal was similar to the blank (0 CFU/mL E. coli) and in 

the second case the signal was similar to the one obtained for 105 CFU/mL E. coli. 

Therefore, the results confirmed that the platform has a high specificity response and 

when applied in real samples, the achieved signal could be linked only to E. coli 

detection. 
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Figure 5.10. Specificity of the developed fluorescence biosensor toward E. coli in the 

presence of Salmonella as interfering bacteria. The error bars are the standard deviation 

of the three measurements. 

 

5.4. Conclusion 

The proposed all-in-one device combines outstanding advantage of both the glass fiber 

membrane as a cost-effective substrate with high loading capacity and the microtube 

platform as simple and portable set-up. Moreover, the detection method applied in the 

developed biosensor is fast (20 minutes) and doesn’t require washing steps.  It has 

proved to be highly sensitive and specific for detection of E. coli, although its 

application can be extended to other big analytes. Finally, the possibility to do 

smartphone-based detection empowers the developed biosensor as unique PoC tests 

with real applicability in resource limited settings. 
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Considering the exposed objectives in Chapter 2 and the obtained results in Chapters 3, 

4 and 5 the following conclusion remarks are given: 

 

• A paper-based electrophoretic bioassay (PEB) was developed. 

• The application of electrophoresis in a totally disposable paper strip 

was achieved using a portable smartphone-based power source.  

• The electrophoretic mobility of different QDs and AuNPs proved to be 

consistent with the principles of electrophoresis. 

• PEB was successfully designed for the detection of H-IgG in whole 

blood. The removal of the whole blood from the detection zone enabled 

a clean background and hence a clear visualization of TL and CL.  

• While LFAs were unable to directly handling undiluted blood samples, 

the signals obtained with PEB when detecting H-IgG in whole blood 

samples showed a correlation of 0.99 with the ones for the detection in 

buffer samples.  

• The future perspective is to improve the analytical sensitivity of PEB by 

reducing the flow rate, so that the capture bioreceptor and target analyte 

have more time for interaction. Reducing the voltage applied and 

modifying the strip architecture accordingly would decrease the flow 

rate. Moreover, a conjugated pad will be implemented in order to 

simplify the assay operation. The conjugate pad will contain the 

labelled antibodies in dry state, contributing to a higher stability of the 

reagents.  

 

• The integration of a time-delay wax barrier in LFA enabled a simple and low-

cost strategy for sensitivity and signal enhancement. 

• The results obtained supported the hypothesis that longer incubation 

times between the bioreceptors and analyte provide higher assay 

sensitivities. 

• 2.8-fold sensitivity enhancement and up to 96% signal enhancement 

was achieved for the detection of H-IgG. 
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• The assay exhibited a LoD and LoQ of 14.47 and 41.19 ng mL-1, 

respectively, which is acceptable for this type of detection mode in 

LFA.  

• As future perspectives, it would be worth to evaluate other working 

buffers able to keep the conjugate solution wet for longer time. 

Moreover, the assay should be validated with complex samples so as to 

check if the proposed strategy is compatible with this kind of samples. 

For instance, long retention times might favour the accumulation of 

protein corona in the AuNPs and nitrocellulose substrate.  

 

• A highly sensitive, simple and low-cost platform was developed for E.coli 

detection.  

• The platform exhibited a LoD of 4 CFU mL-1 for E.coli detection, 

which is quite low compared to other reports.  

• Signal recoveries of 103.70 and 97.23 % were achieved in river and tap 

water, respectively, for the detection of E.coli at 102 CFU mL-1  

• The developed assay proved to be specific for E.coli detection, but its 

application can be extended to other big analytes. 

• The future perspective is to evaluate other nanomaterials as energy 

donors and acceptors so as to further enhance the analytical sensitivity 

of the assay. Moreover it would be interesting to evaluate the capability 

of this platform for the detection of target analytes in more complex 

media such as serum or whole blood.  
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And the posters presented at different congresses: 
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oxide nanoparticle-based lateral flow immunoassay” – Presented at: 

Transfrontier Meeting on Sensors and Biosensors, Barcelona (2018). 
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nanodiagnostic platform for monitoring of cancer cell secreted proteins 
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