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Abstract

:

The remarkable physicochemical properties of gold nanoparticles (AuNPs) have prompted developments in the exploration of biomolecular interactions with AuNP-containing systems, in particular for biomedical applications in diagnostics. These systems show great promise in improving sensitivity, ease of operation and portability. Despite this endeavor, most platforms have yet to reach maturity and make their way into clinics or points of care (POC). Here, we present an overview of emerging and available molecular diagnostics using AuNPs for biomedical sensing that are currently being translated to the clinical setting.
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1. Introduction


Precise and accurate diagnosis of human related diseases (i.e., genetic disorders, pathogen infection, etc.) is of paramount importance for health care in both developed and developing countries. It ensures that patients have access to the most favorable therapeutic agents in the shortest time span, leading to better prognosis. This translates to significant reductions in the financial burden for health care systems [1]. In developed countries, diagnostics is usually performed at centralized laboratories by specialized personnel. In developing countries, where these infrastructures usually lack the appropriate equipment and/or personnel, accurate diagnosis may be cost-prohibitive and therefore inaccessible [2]. To overcome these bottlenecks, technologies that allow diagnosis at the site of care—point-of-care testing (POCT)—are of extreme importance, allowing for a reduction in sample transportation and processing, use at the point of need, and more importantly, a shorter time between diagnosis and appropriate therapeutic intervention.



The World Health Organization set criteria for POCT, summarized in the acronym “ASSURED”—affordable, sensitive, specific, user-friendly, rapid/robust, equipment-free or minimal and deliverable to those with the greatest need. By fulfilling most of these requirements, POCT should bring not only traditional centralized laboratory-based testing (sensitive and specific) closer to both patients and doctors (user-friendly), but also be suitable for low-income countries where the lack of healthcare facilities is a reality. POCT devices may be grouped into two categories: (i) miniaturized devices with automate sample preparation, analysis and detection to be used on a hand-held basis and (ii) robust devices that allow increased sensitivity for a wide spectrum of analytes to be used at the benchtop [3,4]. The biggest challenge is to make these tests and/or devices consumable and available at a low-cost with reliable results.



Recent developments in nanotechnology have put forward a wide range of nanosensing platforms with unique properties that are revolutionizing molecular diagnostics [5]. Here, a focus will be given to gold nanoparticle (AuNP)-based platforms that are suitable for POCT, stating the physical-chemical principals and biomolecular recognition used in these platforms, promising state of the art proof of concepts that may be suitable for POCT and finally some examples of current status of the market in this field.



1.1. Gold Nanoparticles (AuNPs)—Properties and Sensing Applications


1.1.1. Localized Surface Plasmon Resonance (LSPR)


Colloidal AuNPs have been extensively used for diagnostic apparatus, due to their optical properties, ease of synthesis and surface functionalization. A very important optical property of AuNPs is the presence of a localized surface plasmon resonance (LSPR), which can be described as the collective oscillation of the conductive electrons of the gold atoms that is triggered through the interaction with an incident electromagnetic wave (i.e., light)—Figure 1. This collective oscillation generates a polarization of the AuNP, inducing the formation of dipole moments that leads to the extinction of the electromagnetic wave with the appropriate frequency [6].



LSPR is highly dependent on size, shape, composition, inter-particle distance and dielectric surroundings. Therefore, it can be finely-tuned through the manipulation of these variable using various synthesis routes (for a review see [7] and references therein) or dispersion media [8]. LSPR results from the absorption and the scattering of the AuNPs, and the relative weight of each to the overall LSPR can be controlled through the size and shape of the AuNP. For instance, small and regular AuNPs tend to favor the absorption component while larger and more irregular AuNPs tend to favor the scattering component [8]. The LSPR extinction of incident light is so strong that the extinction coefficient associated with AuNP is usually three orders of magnitude higher than in conventional dyes [9], making them suitable agents for optical sensing applications. Usually, a solution of AuNP will present a deep red color due to the LSPR (absorption in the green). As the diameter increases, the extinction band red-shifts, yielding a bluish/purple solution. This red-shift of the LSPR is also observable when monodispersed particles couple their dipole moment either through proximity effects (aggregation) or by a designed controlled interaction. This high extinction coefficient allows for higher sensitivity and lower limits of detections (LOD) [10], while the red-to-blue color shift (spectral red shift) is a convenient output signal that has been exploited for the development of several visual colorimetric biosensors. The red-shift property was applied in the development of an immunoassay for the detection of Mycoplasma pneumonia, where the alkaline peroxidase label of the secondary antibody catalyzes a series of chemical reactions that leads to the formation of copper (I) that in turn triggers the interaction of azido- and alkyne-functionalized AuNPs, shifting the solution from red to blue [11]. A similar approach was used for the development of a plasmonic variation of the widely used enzyme linked immune sorbent assay (ELISA) [12], Tfor the detection of prostate specific antigen (PSA) and a HIV-associated protein, p24, where the secondary antibody was labeled with an enzyme that generated a compound that induced the formation of AuNPs [13]. The red-shift property based on dipole coupling has been used for the detection of wide range of analytes from nucleic acids to small molecules such as cocaine [14].




1.1.2. Fluorescence Modulation


Fluorescence is an optical phenomenon where the absorption of a photon is followed by the emission of a lower frequency photon. The energy difference between the absorbed and emitted photon is a result of the vibrational relaxation of the excited-state molecule, and it is responsible for the Stokes shift [15]. Fluorescence has been widely used in diagnostics procedures, such as in quantitative real-time polymerase chain reaction (qPCR) for the diagnosis of chronic myeloid leukemia [16], DNA sequencing [17]], flow cytometry [18], fluorescence microscopy [19] and in vivo imaging [20].



A particular fluorophore’s emission may be modulated by the proximity to a AuNP, due to interaction between the fluorophore and the LSPR field [21]. It has been reported that AuNPs can interfere with the radiative and non-radiative pathways of excited state fluorophore deactivation, and therefore, are able to induce both a suppression (quenching) or enhancement of the emitted light. The equilibrium between the radiative and non-radiative constants dictates whether quenching or enhancement occurs [22]. As such, AuNP LSPR needs to be finely tuned and compatible with the photochemical properties of the fluorophore for the interaction to occur. Both effects can be used for the development of biosensors, considering that enhanced emission can be used for higher signal-to-noise ratios and the quenching effect has been used for the development of “on/off” sensors. These are sensors whose emission output is dependent on the presence/absence of the analyte, whereby: (1) the presence/binding of the target analyte allows for fluorescence recovery, for example, through the removal of the fluorophore from the surface of AuNPs [23,24]; (2) the presence of target analyte induces the approximation of the fluorophores and the AuNP surface, inducing the quenching of fluorescence emission [25,26,27]. For example, a competitive assay for the detection of miRNA-205 was developed, where the absence of target sequence keeps the fluorophore in the vicinity of an AuNP due to complementary strands, causing emission suppression. Upon competitive binding to the target sequence, the AuNP bearing the complementary strand is displaced and the fluorophore emission is recovered [28] (Figure 2). Most of the developments in this field enhance the applicability of using fluorescence and AuNP for sensing application, with the majority using the “on/off” approach due to the quenching effect of AuNP.




1.1.3. Surface-Enhanced Raman Scattering (SERS)


Raman scattering is a vibrational spectroscopic technique relying on the inelastic collision between an incoming source of light and an analyte of interest. This inelastic collision is responsible for the scatter of a lower energy radiation that serves as a fingerprint and provides information regarding structure, interaction or environment of the analyte [29]. However, the probability of Raman scattering is very low, hindering its application as a routine platform for diagnosis. A 106 amplification increase of the Raman signal is possible by means of noble metal surfaces and structures, such as gold and silver. This signal amplification is known as surface-enhanced Raman scattering (SERS) and allows the development of sensitive procedures for characterization of target molecules. This signal amplification can occur, either by interaction of the incident and scattered photons with the SPR of the metal surface, or a charge transfer between the metal surface and the target molecule [30]. This phenomenon has been applied in the detection of nucleic acids, antibodies, proteins and other biological molecules [31,32,33], and small molecules such as glucose [34].




1.1.4. Electrochemistry


The high surface-to-volume, high conductivity and catalytic properties of AuNPs make them suitable platforms for the development of electrochemical sensors for a wide array of biomolecules, from the detection DNA sequences and proteins with clinical relevance [35,36] to small molecules such as estradiol [37]. The electronic properties of AuNPs can be controlled through size, particle separation and surface modification [38]. AuNPs are capable of decreasing the redox over-potential of redox reactions [39] [and sustain the reversibility of redox reactions [40,41]. As such, AuNPs have been extensively used as electrochemical labels and carriers of biomolecules for detection of clinical relevant analytes, such as DNA [35], cancer-associated proteins [42] and circulating cancer cells [43]. Additionally, AuNPs have been used to modify the electrode surface in order to increase the redox surface area, allow the immobilization of biomolecules and improve direct electron transfer which allows for electrochemical signal amplification [5].



AuNPs are also suitable for other diagnostic modalities, such as photoacoustic and X-ray imaging due to their higher contrast capability compared to standard compounds [44,45]. However, the need for bulky equipment and specialized personnel hampers their implementation at points of care (POC) in the current state of technology.






2. General Principles of AuNP-Based Biomolecular Recognition


A key aspect in the development of a biosensor is its ability to specifically detect the target molecule from a pool of non- or closely-related molecules. As such, the choice of biorecognition element—bio receptor—is of vital importance. Given that the surface chemistry of AuNPs can be tailored through the incorporation of different functional moieties [46], it is possible to modulate the affinity of an AuNP towards a wide range of analytes. There are three main methods for the surface modification/functionalization of AuNPs: (1) Adsorption-based, where the interaction between the ligand and the AuNP surface is held by electrostatic or hydrophobic interaction; (2) Covalent bonding, where the ligand is linked to the AuNP surface through a thiol group, either direct conjugation of sulfur containing molecule or through a bi-functional linker (a thiol group at one extremity that binds to the AuNP and another functional group at the other extremity, where other biomolecules can be attached); and (3) Affinity-based, where the AuNP surface is functionalized with moieties that provide affinity sites for the coupling of biomolecules (please refer to reference [47] for a detailed review of common functionalization strategies). Due to the ease of functionalization coupled to the aforementioned properties, AuNPs are a very versatile scaffold for the development of sensing platforms. Herein, the most prevalently used bioreceptors that allow AuNPs to have specific biomolecular recognition abilities will be described.



2.1. Nucleic Acids Sensing


Nucleic acids (DNA or RNA) are widely used in sequence dependent interactions of many hybridization assays, such as fluorescence in situ hybridization (FISH) [48,49], DNA amplification techniques, such as PCR [50], loop-mediated isothermal amplification (LAMP) [51], hybridization chain reactions (HCR) [52] and microarray technology [53]. Also, there are chemical analogues of nucleic acids that can be used as bioreceptors, such as locked nucleic acids (LNA) and peptide nucleic acids (PNA). For LNA, the ribose of the nucleotide contains a methylene bridge between the 4′ carbon and 2′ oxigen, yielding in a less flexible conformation due to a more pronounced base stacking [54], which leads to higher affinity towards the complementary strand as demonstrated by higher melting point of the duplexes [55,56]. For PNA, the phosphate backbone is replaced with N-(2-aminoethyl)-glycine molecules linked by peptide bonds, which removes the electrostatic repulsion between strands, allowing for more efficient hybridization. PNAs and LNAs are also more resistant to nucleases [57,58], adding to the stability of the bioreceptor in complex media. These characteristics make both LNA and PNA suitable for biosensing.



Mirkin et al. first described the use of thiolated oligonucleotides (short single strand DNA, ssDNA) as a capping agent for AuNP in 1996 [59]. This ssDNA-modified AuNP, through a precise temperature control, was able to discriminate between a base pair mismatch from a fully complementary target [60]. Since then, there have been several studies demonstrating the vast capability of AuNPs functionalized with short nucleic acid sequences to sense a wide range of clinically relevant nucleic acid sequences (as exemplified in [61,62,63,64,65]).



Nucleic acids as bioreceptors are not limited to hybridization based detections. Aptamers are a special class of nucleic acids that have affinity towards a wide range of analytes. These are short sequences of nucleic acids which have a secondary structure with a structural affinity towards a given analyte or which acquire a three-dimensional structure upon analyte binding [66]. These interactions are ruled by a combination of pi bond stacking, London dispersion forces and hydrogen bonding [67,68]. Some aptamers have been developed to bind to wide range of analytes such as metal ions [69]], proteins [70,71] and whole cells [72]. Aptamers are generated through a process denominated systematic evolution of ligands by exponential enrichment (SELEX) [73]. Briefly, a large library of short oligonucleotides is exposed to a target molecule, such as proteins or organic compounds, and the oligonucleotides that do not interact with the target molecule are removed. The procedure is repeated multiple times until a high specificity and affinity interaction between oligonucleotides and target molecule is obtained, with dissociation constants ranging from picomolar to nanomolar [74]. As such, they are versatile as bio-recognition molecules for sensing applications due to their antibody-like specificity coupled with their ease of synthesis, higher thermal stability, cost-effective production, wide range of analytes that can be targeted, lower batch to batch variation and simple modification with different chemical moieties [75]. A lateral flow strip (LFS) for thrombin was developed using aptamer-functionalized AuNPs (apt-AuNP). The analytical performance of the apt-AuNP LFS was superior to the antibody equivalent and allowed the unequivocal visual detection of thrombin. By using a strip reader, more precise detection was possible, enabling analyte quantification [70]—see Figure 3.




2.2. Protein Sensing


Proteins are another class of biopolymers that can be used as bioreceptors in biosensing platforms. Antibodies (Ab) are one of the most used protein bioreceptors for biosensing due their specificity towards their respective antigen. The specificity between the Ab paratope and antigen epitope interaction has been applied in several immunoassays for clinical diagnosis through the well-established ELISA [76] and their use has been extended to POC-suitable testing such as lateral flow assays (LFA), i.e., pregnancy tests [77].



Peptides and enzymes are also versatile bioreceptors for AuNP-based sensing as they can be functionalized to the surface of AuNP without losing their biorecognition capabilities. For instance, the high local concentration of immobilized enzymes at the surface of AuNP coupled to their catalytic specificity can be used for signal enhancement in LFA platforms, due to a higher local concentration of the colored product (revelator). This principle was applied for the detection of human IgG in an LFA format [78]. Peptides on the other hand, can serve as binding partners of an interaction event or be a substrate for specific reactions. There have been reports of peptide functionalized AuNPs for the detection of metal ions [79,80] as well as for the determination of kinase activity [81].





3. General Overview of Applications


3.1. Lateral Flow Assays (LFAs)


LFAs use widespread technology suitable for POC diagnostics [5,82,83,84,85] with user-friendly handling, fast turnaround time to result, low-cost, acceptable specificity and extended shelf life [86]. A 2010 study revealed that LFAs represented 50% and 40% of the overall rapid test market in the US and Europe, respectively [87]. The capillary action of an LFA is able to transfer biological fluids, including blood or serum, not requiring an external power supply [82,85]. Since the first human pregnancy strip test, LFA technology has been steadily taking an increasing market share of POCT, whose applications include infectious diseases such as HIV, malaria, tuberculosis, influenza, and others [83,84].



Generally, LFAs are based on a sandwich working principle, where the target analyte bridges the strip-immobilized bioreceptor with the revelator molecule/construct: the sample is inserted on a sample pad, then migrates through to the conjugation pad where the first recognition agent is present and interacts with the analyte. The resulting complex further migrates to the reaction layer—a hydrophobic nitrocellulose or cellulose acetate membrane—where an immobilized probe captures the labelled conjugate. A control layer is usually also present, capturing the first recognition element in order to assess correct functionality of LFAs—see Figure 4. Results are interpreted either visually or using a strip reader for a more precise determination [83,84,85,86].



Despite providing reliable results with acceptable sensitivity, a lack of robustness and reproducibility are the main drawbacks of LFAs. Incorporation of AuNPs as signal transduction moiety has provided increased sensitivity and sensitivity [83,88]. AuNP-based LFAs can be improved by the deposition of hydrophobic barriers (e.g., wax printing) on the detection pad of the LFA. These barriers act as obstacles, delaying the regular capillary flow to increase the binding time between the analyte and the bioreceptor, increasing the number of probe-target complexes. These hydrophobic depositions can be easily extended to other LFA designs, and by using different patterns, for instance, their versatility can be extended to POC applications [86]. The substrate of the LFA can also be optimized, using cotton for example, a flexible, widely available and easy-to-handle material, which requires a lower sample amount and adds increased robustness of the strip, surpassing the drawbacks of the common LFA [89].



Using a cotton LFA test with AuNPs, it was possible to detect human ferritin, a biomarker for lung cancer, with an LOD of 10 ng/mL, which is sensitive enough for clinical diagnosis. Signal amplification strategies can also be applied in an LFA format. The use of LFAs for the detection of thrombin has been reported—see Figure 5 A1, where a thrombin aptamer acts as a crosslinker between two populations of AuNPs [91]. Upon thrombin binding, the AuNP complex is disrupted and each population hybridizes either to the test or control lane—see Figure 5 A2. The AuNPs binding to the test lane are labelled with horseradish peroxidase (HRP) which generates a colored product that allows for a higher output signal—see Figure 5 A3. The LOD was set at 4.9 pM and the assay can be performed in 12 min using 6.4 pM of the target molecule without instrumentation.



In another approach, signal-amplification LFA was used for detection of human phospholipase A2 (PLA2) [92]. Biotinylated-polyethylenoglicol (Bt-PEG)-loaded liposomes are disrupted in the presence of the target analyte—See Figure 5 B. This disruption leads to the leakage of the Bt-PEG that acts as a crosslinker for streptavidin-coated AuNPs. The formed AuNP net is then immobilized in the streptavidin coated test lane, allowing visual detection of 1 nM of PLA2 under 10 min. However, the absence of a control lane may hinder the real applicability of this test due to the inability to guarantee the quality of the signal generated.



An LFA for the detection of antibodies anti-Treponema pallidum (Tp), the etiologic agent of syphilis [93], was developed using iron oxide core-shell magnetic AuNPs with a polyacrylic acid (PAA) coating [94]. The polymeric coating provides a hydrophilic nature to the AuNP surface while containing chemical moieties to covalently attach bioreceptors. The iron oxide core allows for magnetic purification of the constructs in the preparation phase of the LFA, and the optical properties of the gold shell allowed for visual detection of anti-Tp antibodies from sera, with an LOD of 1 national clinical unit per mL.



The versatility of AuNPs for the development of an LFA-based platform was further demonstrated in the qualitative and quantitative detection of carcinoembryonic antigen (CEA) from human sera [95]. Here, fluorophore-labeled Abs are immobilized on the test lane, and upon positive molecular recognition, the accumulation of the AuNP leads to the generation of a positive red line (due to the AuNP LSPR)—See Figure 6. This set-up allows for a bimodal signal readout; visually for the red line or by pixel quantification of the emission of the fluorophore. For the quantitative approach, the quenching efficiency of the fluorophore label of the immobilized Ab is used and allows for an LOD of 5.89 pg/mL. This assay can be observed visually in under 10 min.




3.2. Microfluidics


Microfluidic technology is based on the design and manufacturing of systems in which low volumes of fluids are used. It has emerged in the interface of several fields (engineering, physics, chemistry, nanotechnology, and biotechnology) aiming at precisely controlling and manipulating fluids that are restricted in small compartments. These fluids can be moved, mixed or separated simply by using capillary forces or by using active components such as micropumps or microvalves. Micropumps supply continuous fluid to the system while microvalves define the direction flow of liquids [96]. Microfluidic technology is excellent for POC tests due to its higher surface to volume ratio, fast rate of heat and mass transfer and reduced volume of sample (nano or even picoliters) [97]. The use of microchannels allows for high handling precision of reagents while reducing costs and time of analysis while integrating all components of molecular detection in a single platform, namely: purification, amplification, and detection [83]. However, as the complexity of fluid circuits and microfabricated valves or pumps increases, so do the costs and the need for expensive and large external equipment, with neither miniaturized nor portable alternatives. An ideal microfluidic readout system should be fast, portable, sensitive and quantitative, while allowing the detection of a wide range of targets [83,97]. AuNPs have been implemented in microfluidic systems for biomolecular detection of nucleic acids, proteins, and small molecules [98,99] improving the sensitivity and specificity of the assays, and expanding their range of detection.



Several microfluidic devices have been developed for the detection of pathogen biomarkers and use in food and water sources in this context. Rudi Liu et al. developed a portable readout V-Chip, suitable for POCT of Ochratoxin A with an LOD of 1.27 nM (0.51 ppb) in biological samples [100]. Pires and Dong have described a microfluidic biosensor for detection of Legionella pneumophila in water with a resolution of 4 × 104 cells/mL representing a 25-fold improvement over chemiluminescent detection devices [101]. Ölcer et al developed a microfluidic- and nanoparticle-based amperometric biosensor for nucleic acid detection of cyanobacteria. The biochip was fabricated on a silicon dioxide wafer that consists of two gold electrodes, each with a reference/counter electrode and three working electrodes, with each set sharing a gold counter and a quasi-reference electrode. A sensor cassette of poly(methyl methacrylate) and double- sided sticky tape was fabricated forming a microfluidic channel on the electrode array. They also set up a potentiostat, a syringe pump, an injection valve and a sensor chip docking station for the detection assays with a flow rate of 50 mL/min. The AuNPs were functionalized with an HRP-labeled ssDNA oligomer complementary to a cyanobacteria DNA sequence, which, after hybridization, formed a DNA sandwich with an immobilized probe. An electroactive substrate is then added to the chip for electrochemical readout. The LOD of 6 pM was obtained with an assay that takes about 75 min to complete [102].



Other platforms for the detection of metabolites of clinical relevance have been reported, such as cortisol [98], glucose [99] and dopamine [103]. Additionally, the use of these platforms for DNA molecular diagnostics of human pathologies has been proposed with the potential for discrimination of point mutations [104,105]. However, fabrication of low-cost microfluidic devices is challenging due to conventional fabrication techniques involved i.e., photolithography, etching, electron beam lithography, printing, and molding, involving costly technology and expert personnel. Thus, paper-based microfluidics is an emerging field mainly due to its fabrication simplicity. Mostly using cellulose of silica based matrixes as substrate, a few detection techniques have been integrated with microfluidic devices, using colorimetry, fluorescence, electrochemical and SERS readout. Among them, Saha and Jana implement this paper concept with silver/gold core shell nanoparticles for protein detection at picomolar concentration as a proof of concept. This approach is based upon aggregation of nanoparticles functionalized with a Raman reporter in the presence of proteins. Both particles and the target are placed in two different spots of the paper and migrate to the reaction zone, where particle aggregation and electromagnetic hot spot generation results in a reproducible SERS signal. Although it still lacks optimization, this approach has the potential to become a SERS-based POC tool [106].




3.3. Screen Printed Electrodes


Screen-printing technology has emerged as the method of choice for large scale fabrication of POC sensors. Screen-printed electrodes (SPEs) are widely used in mass production of reproducible and inexpensive electrochemical sensors, creating disposable, low cost, real-time biosensing devices [5]. SPEs are generally composed by working, counter, and reference electrodes. At the working electrode the electrochemical reactions occur, while both the reference and counter electrodes are employed to complete the electronic circuit. Several working electrodes can be used in the same chip, allowing the detection of several analytes in the same sample, such as cancer biomarkers. Different inks and substrates have been reported in SPEs such as carbon, ceramics, plastic, fiber glass or gold, iron and silver. The ink formulations can vary in type, size or loading of particles which influences the electron transfer reactivity and changes the biosensor performance, defining its selectivity and sensitivity. Carbon-based inks are particularly desirable due to their relatively low-cost, low-background currents, chemical inertness and broad potential windows [107]. Gold inks have gained some interest due to their ease of functionalization with biomolecules through thiol bonding, despite their higher cost [108,109]. SPEs are highly versatile, with multiple possible combinations of inks and functionalization (like polymers, enzymes or DNA) [107,109] and they are highly sensitive to current variation, allowing the use of sample volumes in the range of microliters. In the last decade, nanomaterials have been incorporated in the fabrication of SPEs such as nanoparticles, nanowires, carbon nanotubes and graphene [5,110,111]. These materials assist the immobilization of biological targets and change the charge transfer rate on the working electrode surface. AuNPs have been described in these systems, generally deposited on the working electrode or mixed with the sample in a sandwich approach. Jie Wu et al. reported the use AuNPs impregnated in a biopolymer/sol-gel matrix deposited in an SPCE for the simultaneous detection of four cancer biomarkers using clinical samples [112]—see Figure 7. By using four working electrodes with AuNPs functionalized with different antibodies, the authors were able to separately detect in each electrode a specific biomarker, resulting in a pattern for each sample. The positivity detection rate of panels of tumor markers was 95.5% for 95 cases of cancer-positive sera and with a shelf life of at least 35 days [112]. Duangkaew et al. also describe the use of functionalized AuNPs in an SPCE, for cancer detection [113]. They used a sandwich approach in which a cervical cancer biomarker (GST-p16) served as a linker, binding antibodies in the carbon electrode and in the AuNPs. The sample was then silver-enhanced, increasing the current signal due to the proximity of the nanoparticles. After analysis of 20 clinical samples, the LOD was set at 1.3 ng/mL for GST-p16 protein which is equivalent to 28 cells for HeLa cervical cancer cells [113]. Disposable biosensors employing screen-printing technology have already proven their commercial success for diabetes management due to the multi-billion-dollar glucose monitoring market [114]. Considerable advancement is still needed towards integration of SPEs and fluid-handling and/or sample-processing tools to ensure portable POC devices for cancer and pathogen diagnostics [35].



SPEs are suitable to make miniature devices capable of giving reproducible results with high sensitivity in biochemical detection [5,111]. In addition, application of SPE arrays provides the benefits of speed and the possibility to carry out calibration and analysis of several unknown samples.




3.4. Smartphone Assisted Readout


The use of modern consumable devices with imaging capabilities (e.g., cameras and smartphones) to acquire and analyze optical readouts at POC (e.g., colorimetric changes of AuNPs [61]) provides reliable qualitative results (operator independent—see Figure 8) and also accurate quantitative results [115]. The exploitation of smartphone-, tablet- and portable camera-properties offers a helpful starting point for diagnostic platforms in low or absent-resource areas. In remote diagnostics, results may be easily transmitted to a central laboratory for in depth analysis by experts [116]. In addition, all information may be centralized, stored and organized for posterior analysis (i.e., demographic data, prevalence, incidence. etc.) [117], which is of extreme relevance for epidemiological data gathered in isolate populations of remote areas in developing countries [118,119]. Tests for the detection of heavy metals, malaria, tuberculosis and for the quantification of vitamins (such as B12 and D) and glucose have been reported by taking advantage of approaches relying on smartphones [61,117,119,120,121,122,123].





4. AuNPs Based Systems Established at POC


Achievements and Challenges to Overcome


The advantages of integrating AuNPs into portable, low-cost and miniaturized platforms may be summarized in three points: (i) ease of AuNP synthesis with acceptable reproducibility and homogeneity; (ii) AuNP surface proprieties can be finely tuned to provide different sizes and shapes; and (iii) ease of surface modification and exceptionally stability. The use of AuNPs in colorimetric detection approaches has been widely explored and, due to the simplicity and portability, is the most capable for implementation in POC strategies [47,124,125]. POC based on AuNPs still are in its primary stages (prototype) of development and use at bedsides, physician's offices, healthcare facilities, and in remote care settings is so far limited [126].



POC diagnostics is an extremely attractive and growing market, with a value of €15.5 billion in 2013 and a compound annual growth rate (CAGR) of 4.5% estimated for 2018 (i.e., an estimated market value of €19.3 billion in 2018) [127]. Translation of the promising diagnostics platforms based on AuNPs to a clinical environment requires appropriate guidelines. Such guidelines are still not clear, since most countries have still to regulate standardization, production and operation of such nano-based materials. In limited or non-existing healthcare service areas, where the access to primary-care facilities is especially difficult, POC approaches may constitute a valuable asset as a primary screening tool [128].



One of the most relevant and effective strategies currently being used for the development of POC AuNP-based detection systems are immunological LFA assays [129]. Simple instrumentation, low-cost fabrication, portability and long shelf-life [82] are some of most outstanding characteristics related to LFA tests that are being exploited in AuNP-POC-related products already available on the market [130]. Some LFA AuNP-based tests available on the market have already been compared with standard conventional techniques (ELISA), overcoming them in performance. For example, the five LFA AuNPs-based tests approved by the US Food and Drug Administration (FDA) for HIV testing (Table 1) demonstrated equal or higher sensitivity in a shorter time, in comparison with conventional ELISA [131].



Briefly, the performance study with LFA AuNP-based POC tests presented a sensitivity higher than 95% and a specificity higher than 99% in approximately 6300 whole-blood plasma samples [131]. Some of these companies, such as Alere, OraSure Tecnologies and Trinity Biotech applied similar strategies to other relevant targets, such as influenza, malaria, ebola and others (more information may be found at the companies’ sites or on demand). Multinational companies in the health-care and pharmaceutical sector, like Roche Diagnostics, are also developing new LFA POC-based strategies for diagnosis of human health conditions like heart failure, targeting cardiac biomarkers (i.e., myoglobin, troponin, and others). This first AuNP-based LFA screening platform presented by Roche Diagnostics is an AuNP-labeled LFA POC test without pre-sample treatment requirements, delivering accurate results in 8–12 min [131,132,133].



The Verigene® System, introduced by Nanosphere, Inc (now part of Luminex Corporation, Austin, TX, United States) paves the way of future POC AuNP stand-alone technologies. Powered by NanoGrid Technology that consists of specific and patent chemistry for the functionalization of AuNPs, the system is capable of identifying and quantifying relevant nucleic acid sequences in biological samples with a fully automated platform. In 2009/2010 the Verigene® System presented two FDA-approved POC tests for the identification of single-nucleotide polymorphisms associated with coagulation factors F5 (1691G > A), F2 (20210G > A) and MTHFR (677C > T) [134] and warfarin metabolism (CYP2C9*2, CYP2C9*3, VKORC1) [135]. Both of these tests presented similar results with no miss-calls obtained for all SNPs. The Verigene® System is also applied in a wide range of pathogens present in the bloodstream, gastrointestinal and respiratory tract. The need for power supply, low portability and high level of instrumentation still hampers the full implementation in the field. As such, this platform only has been fully operational in developed and high-income countries.





5. Conclusions and Outlook


Nanomaterials, such as AuNPs, present a vast and unique set of properties useful for optimizing POC assays. In fact, POC assays incorporating nanotechnology, and in particular AuNPs, have been changing the way we perceive the next generation of molecular diagnostics. Significant advances in microfluidics and microfabrication will assist the growth of portable devices capable of delivering sensitive diagnostics at lower costs. Nanomaterials can greatly contribute to the development of on-site platforms capable of performing all analytical steps, from sample purification to analytical processing and data handling. However, international standardization and regulatory guidelines are required for the development and characterization of nanomaterials [136]. The development of new technology must be intensively validated against the gold standard technique following proper guidelines, suitable to be verified and certified by regulatory entities. This is the utmost relevance since often the novel detection platforms clearly outperform current techniques and validation is far from trivial. Performance control of POC tests may be highly variable according to local setting (i.e., temperature, humidity, etc.), thus setting specific sets of ranges depending on environmental conditions [137].



Progress in the development of nanotechnology POC diagnostic tests with real clinical value to be used at point of need is not far away. The impact of these novel nanomaterial-based platforms will be strongly felt in low-income regions, where development of these POC diagnostic tests will greatly contribute to the improvement of health conditions.
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Maltez-da Costa, M.; de la Escosura-Muñiz, A.; Nogués, C.; Barrios, L.; Ibáñez, E.; Merkoçi, A. Simple monitoring of cancer cells using nanoparticles. Nano Lett. 2012, 12, 4164–4171. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Chen, X. Gold nanoparticles for photoacoustic imaging. Nanomedicine 2015, 10, 299–320. [Google Scholar] [CrossRef] [PubMed]

	



Ahn, S.; Jung, S.Y.; Lee, S.J. Gold nanoparticle contrast agents in advanced X-ray imaging technologies. Molecules 2013, 108, 5858–5890. [Google Scholar] [CrossRef] [PubMed]

	



Conde, J.; Dias, J.T.; Grazú, V.; Moros, M.; Baptista, P.V.; de la Fuente, J.M. Revisiting 30 years of biofunctionalization and surface chemistry of inorganic nanoparticles for nanomedicine. Front. Chem. 2014, 2, 48. [Google Scholar] [CrossRef] [PubMed]

	



Doria, G.; Conde, J.; Veigas, B.; Giestas, L.; Almeida, C.; Assunção, M.; Rosa, J.; Baptista, P.V. Noble metal nanoparticles for biosensing applications. Sensors 2012, 12, 1657–1687. [Google Scholar] [CrossRef] [PubMed]

	



Wetmur, J.G.; Fresco, J. DNA probes: Applications of the principles of nucleic acid hybridization. Crit. Rev. Biochem. Mol. Biol. 2008, 26, 227–259. [Google Scholar] [CrossRef] [PubMed]

	



Hu, L.; Ru, K.; Zhang, L.; Huang, Y.; Zhu, X.; Liu, H.; Zetterberg, A.; Cheng, T.; Miao, W. Fluorescence in situ hybridization (FISH): An increasingly demanded tool for biomarker research and personalized medicine. Biomark. Res. 2014, 2, 3. [Google Scholar] [CrossRef] [PubMed]

	



Garibyan, L.; Avashia, N. Research techniques made simple: Polymerase chain reaction (PCR). J. Investig. Dermatol. 2013, 133, e6. [Google Scholar] [CrossRef] [PubMed]

	



Notomi, T.; Okayama, H.; Masubuchi, H.; Yonekawa, T.; Watanabe, K.; Amino, N.; Hase, T. Loop-mediated isothermal amplification of DNA. Nucleic Acids Res. 2000, 28, E63. [Google Scholar] [CrossRef] [PubMed]

	



Dirks, R.M.; Pierce, N.A. Triggered amplification by hybridization chain reaction. Proc. Natl. Acad. Sci. USA 2004, 101, 15275–15278. [Google Scholar] [CrossRef] [PubMed]

	



Trevino, V.; Falciani, F.; Barrera-Saldaña, H.A. DNA microarrays: A powerful genomic tool for biomedical and clinical research. Mol. Med. 2007, 13, 527–541. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, H.; Arora, A.; Wengel, J.; Maiti, S. Thermodynamic, counterion, and hydration effects for the incorporation of locked nucleic acid nucleotides into DNA duplexes. Biochemistry 2006, 45, 7347–7355. [Google Scholar] [CrossRef] [PubMed]

	



Braasch, D.A.; Corey, D.R. Locked nucleic acid (LNA): Fine-tuning the recognition of DNA and RNA. Chem. Biol. 2001, 8, 1–7. [Google Scholar] [CrossRef]

	



Pande, V.; Nilsson, L. Insights into structure, dynamics and hydration of locked nucleic acid (LNA) strand-based duplexes from molecular dynamics simulations. Nucleic Acids Res. 2008, 36, 1508–1516. [Google Scholar] [CrossRef] [PubMed]

	



Mishra, S.; Mukhopadhyay, R. Locked Nucleic Acid (LNA)-based Nucleic Acid Sensors. J. Bioanal. Biomed. 2013, 5, e114. [Google Scholar]

	



Shakeel, S.; Karim, S.; Ali, A. Peptide nucleic acid (PNA)—A review. J. Chem. Technol. Biotechnol. 2006, 81, 892–899. [Google Scholar] [CrossRef]

	



Mirkin, C.A.; Letsinger, R.L.; Mucic, R.C.; Storhoff, J.J. A DNA-based method for rationally assembling nanoparticles into macroscopic materials. Nature 1996, 382, 607–609. [Google Scholar] [CrossRef] [PubMed]

	



Elghanian, R.; Storhoff, J.J.; Mucic, R.C.; Letsinger, R.L.; Mirkin, C.A. Selective colorimetric detection of polynucleotides based on the distance-dependent optical properties of gold nanoparticles. Science 1997, 277, 1078–1081. [Google Scholar] [CrossRef] [PubMed]

	



Veigas, B.; Jacob, J.M.; Costa, M.N.; Santos, D.S.; Viveiros, M.; Inácio, J.; Martins, R.; Barquinha, P.; Fortunato, E.; Baptista, P.V. Gold on paper-paper platform for Au-nanoprobe TB detection. Lab Chip 2012, 12, 4802–4808. [Google Scholar] [CrossRef] [PubMed]

	



Vinhas, R.; Correia, C.; Ribeiro, P.; Lourenço, A.; Botelho de Sousa, A.; Fernandes, A.R.; Baptista, P.V. Colorimetric assessment of BCR-ABL1 transcripts in clinical samples via gold nanoprobes. Anal. Bioanal. Chem. 2016, 408, 5277–5284. [Google Scholar] [CrossRef] [PubMed]

	



Guo, L.; Xu, Y.; Ferhan, A.R.; Chen, G.; Kim, D.H. Oriented gold nanoparticle aggregation for colorimetric sensors with surprisingly high analytical figures of merit. J. Am. Chem. Soc. 2013, 135, 12338–12345. [Google Scholar] [CrossRef] [PubMed]

	



Kato, D.; Oishi, M. Ultrasensitive detection of DNA and RNA based on enzyme-free click chemical ligation chain reaction on dispersed gold nanoparticles. ACS Nano 2014, 8, 9988–9997. [Google Scholar] [CrossRef] [PubMed]

	



Liandris, E.; Gazouli, M.; Andreadou, M.; Čomor, M.; Abazovic, N.; Sechi, L.A.; Ikonomopoulos, J. Direct detection of unamplified DNA from pathogenic mycobacteria using DNA-derivatized gold nanoparticles. J. Microbiol. Methods 2009, 78, 260–264. [Google Scholar] [CrossRef] [PubMed]

	



Keefe, A.D.; Pai, S.; Ellington, A. Aptamers as therapeutics. Nat. Rev. Drug Discov. 2010, 9, 537–550. [Google Scholar] [CrossRef] [PubMed]

	



Hermann, T.; Patel, D.J. Adaptive recognition by nucleic acid aptamers. Science 2000, 287, 820–825. [Google Scholar] [CrossRef] [PubMed]

	



Rozenblum, G.T.; Lopez, V.G.; Vitullo, A.D.; Radrizzani, M. Aptamers: Current challenges and future prospects. Expert Opin. Drug Discov. 2016, 11, 127–135. [Google Scholar] [CrossRef] [PubMed]

	



Rajendran, M.; Ellington, A.D. Selection of fluorescent aptamer beacons that light up in the presence of zinc. Anal. Bioanal. Chem. 2008, 390, 1067–1075. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.; Mao, X.; Zeng, Q.; Wang, S.; Kawde, A.N.; Liu, G. Aptamer-functionalized gold nanoparticles as probes in a dry-reagent strip biosensor for protein analysis. Anal. Chem. 2009, 81, 669–675. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.A.; Ahn, J.Y.; Lee, S.H.; Sekhon, S.S.; Kim, D.G.; Min, J.; Kim, Y.H. Aptamer-based sandwich assay and its clinical outlooks for detecting lipocalin-2 in hepatocellular carcinoma (HCC). Sci. Rep. 2015, 5, 10897. [Google Scholar] [CrossRef] [PubMed]

	



Lavu, P.S.R.; Mondal, B.; Ramlal, S.; Murali, H.S.; Batra, H.V. Selection and characterization of aptamers using a modified whole cell bacterium SELEX for the detection of Salmonella enterica serovar typhimurium. ACS. Comb. Sci. 2016, 18, 292–301. [Google Scholar] [CrossRef] [PubMed]

	



Sun, H.; Zu, Y. A highlight of recent advances in aptamer technology and its application. Molecules 2015, 20, 11959–11980. [Google Scholar] [CrossRef] [PubMed]

	



Nimjee, S.M.; Rusconi, C.P.; Sullenger, B.A. Aptamers: An emerging class of therapeutics. Annu. Rev. Med. 2005, 56, 555–583. [Google Scholar] [CrossRef] [PubMed]

	



Chen, A.; Yang, S. Replacing antibodies with aptamers in lateral flow immunoassay. Biosens. Bioelectron. 2015, 71, 230–242. [Google Scholar] [CrossRef] [PubMed]

	



Tighe, P.J.; Ryder, R.R.; Todd, I.; Fairclough, L.C. ELISA in the multiplex era: Potentials and pitfalls. Proteom. Clin. Appl. 2015, 9, 406–422. [Google Scholar] [CrossRef] [PubMed]

	



Chard, T. Pregnancy tests: A review. Hum. Reprod. 1992, 7, 701–710. [Google Scholar] [PubMed]

	



Parolo, C.; de la Escosura-Muñiz, A.; Merkoçi, A. Enhanced lateral flow immunoassay using gold nanoparticles loaded with enzymes. Biosens. Bioelectron. 2013, 40, 412–416. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Liu, Y.Q.; Ye, B.C. Colorimetric assay for parallel detection of Cd2+, Ni2+ and Co2+ using peptide-modified gold nanoparticles. Analyst 2012, 137, 601–607. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, D.; Li, X.; Liu, X.; Wang, J.; Wang, Z. Designing bifunctionalized gold nanoparticle for colorimetric detection of Pb2+ under physiological condition. Biosens. Bioelectron. 2012, 31, 505–509. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Lévy, R.; Fernig, D.G.; Brust, M. Kinase-catalyzed modification of gold nanoparticles: A new approach to colorimetric kinase activity screening. J. Am. Chem. Soc. 2006, 128, 2214–2215. [Google Scholar] [CrossRef] [PubMed]

	



Sajid, M.; Kawde, A.N.; Daud, M. Designs, formats and applications of lateral flow assay: A literature review. J. Saudi Chem. Soc. 2015, 19, 689–705. [Google Scholar] [CrossRef]

	



Sun, J.; Xianyu, Y.; Jiang, X. Point-of-care biochemical assays using gold nanoparticle-implemented microfluidics. Chem. Soc. Rev. 2014, 43, 6239–6253. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, S.; Zapatero-Rodríguez, J.; Estrela, P.; O’Kennedy, R. Point-of-care diagnostics in low resource settings: Present status and future role of microfluidics. Biosensors 2015, 5, 577–601. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Posthuma-Trumpie, G.A.; Korf, J.; van Amerongen, A. Lateral flow (immuno) assay: Its strengths, weaknesses, opportunities and threats. A literature survey. Anal. Bioanal. Chem. 2009, 393, 569–582. [Google Scholar] [CrossRef] [PubMed]

	



Rivas, L.; Medina-Sánchez, M.; de la Escosura-Muñiz, A.; Merkoçi, A. Improving sensitivity of gold nanoparticle-based lateral flow assays by using wax-printed pillars as delay barriers of microfluidics. Lab Chip 2014, 14, 4406–4414. [Google Scholar] [CrossRef] [PubMed]

	



O’Farrell, B. Lateral flow immunoassay systems: Evolution from the current state of the art to the next generation of highly sensitive, quantitative rapid assays. In The Immunoassay Handbook: Theory and Applications of Ligand Binding, ELISA and Related Techniques, 4th ed.; Wild, D., Ed.; Newnes: Boston, MA, USA, 2013; pp. 89–107. [Google Scholar]

	



Hu, J.; Wang, L.; Li, F.; Han, Y.L.; Lin, M.; Lu, T.J.; Xu, F. Oligonucleotide-linked gold nanoparticle aggregates for enhanced sensitivity in lateral flow assays. Lab Chip 2013, 13, 4352–4357. [Google Scholar] [CrossRef] [PubMed]

	



Mao, X.; Du, T.E.; Meng, L.; Song, T. Novel gold nanoparticle trimer reporter probe combined with dry-reagent cotton thread immunoassay device for rapid human ferritin test. Anal. Chim. Acta 2015, 889, 172–178. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Wang, Y.; Wang, J.; Tang, Z.; Pounds, J.G.; Lin, Y. Rapid and sensitive detection of protein biomarker using a portable fluorescence biosensor based on quantum dots and a lateral flow test strip. Anal. Chem. 2010, 82, 7008–7014. [Google Scholar] [CrossRef] [PubMed]

	



Qin, C.; Wen, W.; Zhang, X.H.; Gu, H.S.; Wang, S.F. Visual detection of thrombin using a strip biosensor through aptamer-cleavage reaction with enzyme catalytic amplification. Analyst 2015, 140, 7710–7717. [Google Scholar] [CrossRef] [PubMed]

	



Chapman, R.; Lin, Y.; Burnapp, M.; Bentham, A.; Hillier, D.; Zabron, A.; Khan, S.; Tyreman, M.; Stevens, M.M. Multivalent nanoparticle networks enable point-of-care detection of human phospholipase-A2 in serum. ACS Nano 2015, 9, 2565–2573. [Google Scholar] [CrossRef] [PubMed]

	



Pastuszczak, M.; Wojas-Pelc, A. Current standards for diagnosis and treatment of syphilis: Selection of some practical issues, based on the European (IUSTI) and US (CDC) guidelines. Postep. Dermatol. Alergol. 2013, 30, 203–210. [Google Scholar] [CrossRef] [PubMed]

	



Yang, D.; Ma, J.; Zhang, Q.; Li, N.; Yang, J.; Raju, P.A.; Peng, M.; Luo, Y.; Hui, W.; Chen, C.; et al. Polyelectrolyte-coated gold magnetic nanoparticles for immunoassay development: Toward point of care diagnostics for syphilis screening. Anal. Chem. 2013, 85, 6688–6695. [Google Scholar] [CrossRef] [PubMed]

	



Yao, Y.; Guo, W.; Zhang, J.; Wu, Y.; Fu, W.; Liu, T.; Wu, X.; Wang, H.; Gong, X.; Liang, X.; et al. Reverse fluorescence enhancement and colorimetric bimodal signal readout immunochromatography test strip for ultrasensitive large-scale screening and postoperative monitoring. ACS Appl. Mater. Interfaces 2016, 8, 22963–22970. [Google Scholar] [CrossRef] [PubMed]

	



Sackmann, E.; Fulton, A.; Beebe, D. The present and future role of microfluidics in biomedical research. Nature 2014, 507, 181–189. [Google Scholar] [CrossRef] [PubMed]

	



Foudeh, A.; Didar, T.; Veresa, T.; Tabrizian, M. Microfluidic designs and techniques using lab-on-a-chip devices for pathogen detection for point-of-care diagnostics. Lab Chip 2012, 12, 3249–3266. [Google Scholar] [CrossRef] [PubMed]

	



Sanghavi, B.; Moore, J.; Chávez, J.; Hagen, J.; Kelley-Loughnane, N.; Chou, C.; Swami, N. Aptamer-functionalized nanoparticles for surface immobilization-free electrochemical detection of cortisol in a microfluidic device. Biosens. Bioelectron. 2016, 78, 244–252. [Google Scholar] [CrossRef] [PubMed]

	



Torul, H.; Çiftçi, H.; Çetin, D.; Suludere, Z.; Boyacı, I.; Tamer, U. Paper membrane-based SERS platform for the determination of glucose in blood samples. Anal. Bioanal. Chem. 2015, 407, 8243–8251. [Google Scholar] [CrossRef] [PubMed]

	



Liu, R.; Huang, Y.; Ma, Y.; Jia, S.; Gao, M.; Li, J.; Zhang, H.; Xu, D.; Wu, M.; Chen, Y.; et al. Design and synthesis of target-responsive aptamer-cross-linked hydrogel for visual quantitative detection of Ochratoxin A. ACS Appl. Mater. Interface 2015, 7, 6982–6990. [Google Scholar] [CrossRef] [PubMed]

	



Pires, N.; Dong, T. An integrated passive-flow microfluidic biosensor with organic photodiodes for ultra-sensitive pathogen detection in water. IEEE Eng. Med. Biol. Soc. Conf. Proc. 2014, 2014, 4411–4414. [Google Scholar]

	



Ölcer, Z.; Esen, E.; Ersoy, A.; Budak, S.; Kaya, D.S.; Gök, M.Y.; Barut, S.; Üstek, D.; Uludag, Y. Microfluidics and nanoparticles based amperometric biosensor for the detection of cyanobacteria (Planktothrix agardhii NIVA-CYA 116) DNA. Biosens. Bioelectron. 2015, 70, 426–432. [Google Scholar]

	



Kara, A.; Rouillard, C.; Mathault, J.; Boisvert, M.; Tessier, F.; Landari, H.; Melki, I.; Laprise-Pelletier, M.; Boisselier, E.; Fortin, M.; et al. Towards a multifunctional electrochemical sensing and niosome generation lab-on-chip platform based on a plug-and-play concept. Sensors 2016, 16, 778. [Google Scholar] [CrossRef] [PubMed]

	



Sedighi, A.; Li, P. High-throughput DNA array for SNP detection of KRAS gene using a centrifugal microfluidic device. Methods Mol. Biol. 2016, 1368, 133–141. [Google Scholar] [PubMed]

	



Bernacka-Wojcik, I.; Águas, H.; Carlos, F.F.; Lopes, P.; Wojcik, P.J.; Costa, M.N.; Veigas, B.; Igreja, R.; Fortunato, E.; Baptista, P.V.; et al. Single nucleotide polymorphism detection using gold nanoprobes and bio-microfluidic platform with embedded microlenses. Biotechnol. Bioeng. 2015, 112, 1210–1219. [Google Scholar] [CrossRef] [PubMed]

	



Saha, A.; Jana, N. Paper-based microfluidic approach for surface-enhanced Raman spectroscopy and highly reproducible detection of proteins beyond picomolar concentration. ACS Appl. Mater. Interfaces 2015, 7, 996–1003. [Google Scholar] [CrossRef] [PubMed]

	



Rao, V.; Sharma, M.; Pandey, P.; Sekhar, K. Comparison of different carbon ink based screen-printed electrodes towards amperometric immunosensing. World J. Microbiol. Biotechnol. 2006, 22, 1135–1143. [Google Scholar] [CrossRef]

	



Bain, C.; Troughton, E.; Tao, Y.; Evall, J.; Whitesides, G.; Nuzzo, R. Formation of monolayer films by the spontaneous assembly of organic thiols from solution onto gold. J. Am. Chem. Soc. 1989, 111, 321–335. [Google Scholar] [CrossRef]

	



Taleat, Z.; Khoshroo, A.; Mazloum-Ardakani, M. Screen-printed electrodes for biosensing: A review (2008–2013). Microchim. Acta 2014, 181, 865–891. [Google Scholar] [CrossRef]

	



Ahmed, M.U.; Hossain, M.M.; Safavieh, M.; Wong, Y.L.; Rahman, I.A.; Zourob, M.; Tamiya, E. Toward the development of smart and low cost point-of-care biosensors based on screen printed electrodes. Crit. Rev. Biotechnol. 2016, 36, 495–505. [Google Scholar] [CrossRef] [PubMed]

	



Khorsand, F.; Azizi, M.; Naeemy, A.; Larijani, B.; Omidfar, K. An electrochemical biosensor for 3-hydroxybutyrate detection based on screen-printed electrode modified by coenzyme functionalized carbon nanotubes. Mol. Biol. Rep. 2013, 40, 2327–2334. [Google Scholar] [CrossRef] [PubMed]

	



Wu, J.; Yan, F.; Zhang, X.; Yan, Y.; Tang, J.; Ju, H. Disposable reagentless electrochemical immunosensor array based on a biopolymer/sol-gel membrane for simultaneous measurement of several tumor markers. Clin. Chem. 2008, 54, 1481–1488. [Google Scholar] [CrossRef] [PubMed]

	



Duangkaew, P.; Tapaneeyakorn, S.; Apiwat, C.; Dharakul, T.; Laiwejpithaya, S.; Kanatharana, P.; Laocharoensuk, R. Ultrasensitive electrochemical immunosensor based on dual signal amplification process for p16INK4a cervical cancer detection in clinical samples. Biosens. Bioelectron. 2015, 74, 673–679. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J. Electrochemical glucose biosensors. Chem. Rev. 2008, 108, 814–825. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; O’Dell, D.; Hohenstein, J.; Colt, S.; Mehta, S.; Erickson, D. NutriPhone: A mobile platform for low-cost point-of-care quantification of vitamin B12 concentrations. Sci. Rep. 2016, 6, 28237. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Akay, A.; Wei, H.; Wang, S.; Pingguan-Murphy, B.; Erlandsson, B.E.; Li, X.; Lee, W.; Hu, J.; Wang, L.; et al. Advances in smartphone-based point-of-care diagnostics. Proc. IEEE 2015, 103, 236–247. [Google Scholar] [CrossRef]

	



Laksanasopin, T.; Guo, T.W.; Nayak, S.; Sridhara, A.; Xie, S.; Olowookere, O.; Cadinu, P.; Meng, F.; Chee, N.H.; Kim, J.; et al. A smartphone dongle for diagnosis of infectious diseases at the point of care. Sci. Transl. Med. 2015, 7, 273re1. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Liu, X.; Chen, P.; Tran, N.T.; Zhang, J.; Chia, W.S.; Boujday, S.; Liedberg, B. Smartphone spectrometer for colorimetric biosensing. Analyst 2012, 141, 3233–3238. [Google Scholar] [CrossRef] [PubMed]

	



Yu, L.; Shi, Z.; Fang, C.; Zhang, Y.; Liu, Y.; Li, C. Disposable lateral flow-through strip for smartphone-camera to quantitatively detect alkaline phosphatase activity in milk. Biosens. Bioelectron. 2015, 69, 307–315. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Cao, F.; Zheng, W.; Tian, Y.; Xianyu, Y.; Xu, P.; Zhang, W.; Wang, Z.; Deng, K.; Jiang, X. Detection of the nanomolar level of total Cr ((III) and (VI)) by functionalized gold nanoparticles and a smartphone with the assistance of theoretical calculation models. Nanoscale 2015, 7, 2042–2049. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.H.; Chen, W.Y.; Yen, Y.C.; Wang, C.W.; Chang, H.T.; Chen, C.F. Detection of mercury (II) ions using colorimetric gold nanoparticles on paper-based analytical devices. Anal. Chem. 2014, 86, 6843–6849. [Google Scholar] [CrossRef] [PubMed]

	



Gulka, C.P.; Swartz, J.D.; Wright, D.W. Ni(II)NTA AuNPs as a low-resource malarial diagnostic platform for the rapid colorimetric detection of Plasmodium falciparum Histidine-Rich Protein-2. Talanta 2015, 135, 94–101. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Oncescu, V.; Mancuso, M.; Mehta, S.; Erickson, D. A smartphone platform for the quantification of vitamin D levels. Lab Chip 2014, 14, 1437–1442. [Google Scholar] [CrossRef] [PubMed]

	



Franco, R.; Pedrosa, P.; Carlos, F.F.; Veigas, B.; Baptista, P.V. Gold nanoparticles for DNA/RNA-based diagnostics. In Handbook of Nanoparticles; Aliofkhazraei, M., Ed.; Springer: Berlin, Germany, 2015; pp. 1339–1370. [Google Scholar]

	



Baptista, P.; Pereira, E.; Eaton, P.; Doria, G.; Miranda, A.; Gomes, I.; Quaresma, P.; Franco, R. Gold nanoparticles for the development of clinical diagnosis methods. Anal. Bioanal. Chem. 2008, 391, 943–950. [Google Scholar] [CrossRef] [PubMed]

	



Vashist, S.K.; Luppa, P.B.; Yeo, L.Y.; Ozcan, A.; Luong, J.H. Emerging technologies for next-generation point-of-care testing. Trends Biotechnol. 2015, 33, 692–705. [Google Scholar] [CrossRef] [PubMed]

	



BCC Research Healthcare Report 2014; Technical Report Point of Care Diagnostics—Report Overview; Report Code: HLC043D; BCC Research: Wellesley, MA, USA, 2014.

	



St John, A.; Price, C.P. Existing and emerging technologies for point-of-care testing. Clin. Biochem. Rev. 2014, 353, 155–167. [Google Scholar]

	



Chan, C.P.Y.; Mak, W.C.; Cheung, K.Y.; Sin, K.K.; Yu, C.M.; Rainer, T.H.; Renneberg, R. Evidence-based point-of-care diagnostics: Current status and emerging technologies. Annu. Rev. Anal. Chem. 2013, 6, 191–211. [Google Scholar] [CrossRef] [PubMed]

	



Rastogi, S.K.; Gibson, C.M.; Branen, J.R.; Aston, D.E.; Branen, A.L.; Hrdlicka, P.J.A. DNA detection on lateral flow test strips: Enhanced signal sensitivity using LNA-conjugated gold nanoparticles. Chem. Commun. 2012, 48, 7714–7716. [Google Scholar] [CrossRef] [PubMed]

	



Delaney, K.P.; Branson, B.M.; Uniyal, A.; Phillips, S.; Candal, D.; Owen, S.M.; Kerndt, P.R. Evaluation of the performance characteristics of 6 rapid HIV antibody tests. Clin. Infect. Dis. 2011, 52, 257–263. [Google Scholar] [CrossRef] [PubMed]

	



Bertsch, T.; Chapelle, J.P.; Dempfle, C.E.; Giannitsis, E.; Schwab, M.; Zerback, R. Multicentre analytical evaluation of a new point-of-care system for the determination of cardiac and thromboembolic markers. Clin. Lab. 2010, 56, 37–49. [Google Scholar] [PubMed]

	



Gils, C.; Ramanathan, R.; Breindahl, T.; Brokner, M.; Christiansen, A.L.; Eng, O.; Hammer, I.; Herrera, C.B.; Jansen, A.; Langsjøen, E.C.; et al. NT-proBNP on Cobas h 232 in point-of-care testing: Performance in the primary health care versus in the hospital laboratory. Scand. J. Clin. Lab. Investig. 2015, 75, 602–609. [Google Scholar] [CrossRef] [PubMed]

	



Lefferts, J.A.; Jannetto, P.; Tsongalis, G.J. Evaluation of the Nanosphere Verigene® System System and the Verigene® System F5/F2/MTHFR nucleic acid tests. Exp. Mol. Pathol. 2009, 87, 105–108. [Google Scholar] [CrossRef] [PubMed]

	



Maurice, C.B.; Barua, P.K.; Simses, D.; Smith, P.; Howe, J.G.; Stack, G. Comparison of assay systems for warfarin-related CYP2C9 and VKORC1 genotyping. Clin. Chim. Acta 2010, 411, 947–954. [Google Scholar] [CrossRef] [PubMed]

	



Malloy, T.F. Nanotechnology regulation: A study in claims making. ACS Nano 2011, 5, 5–12. [Google Scholar] [CrossRef] [PubMed]

	



Banoo, S.; Bell, D.; Bossuyt, P.; Herring, A.; Mabey, D.; Poole, F.; Smith, P.G.; Sriram, N.; Wongsrichanalai, C.; Linke, R.; et al. Evaluation of diagnostic tests for infectious diseases: General principles. Nat. Rev. Microbiol. 2008, 8, S16–S28. [Google Scholar] [CrossRef] [PubMed]








[image: Diagnostics 06 00043 g001 550] 





Figure 1. Schematic representation of metal nanoparticles in localized surface plasmon resonance (LSPR). Interaction of the electromagnetic waves with the metal nanoparticle (NP) surface electrons (e−) induces a surface plasmon resonance. 
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Figure 2. Schematic representation of miRNA-205 competitive detection based on fluorescence quenching of gold nanoparticles (AuNPs). Adapted from [28]. 
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Figure 3. Schematic illustration of the configuration and measurement principle of the aptamer-based strip biosensor: (A) configuration of the biosensor; (B) the principle of visual detection in the presence and absence of thrombin; (C) quantitative detection with a portable strip reader. Adapted from [70]. 
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Figure 4. Overview of lateral flow assay (LFA) principle. (A) Physical components of a conventional LFA system; (B) Biological components present in a conventional LFA; (C) Upon addition of a positive sample, the labeled antibody interacts with the analyte and migrates by capillary action to the test lane, where the complex analyte-antibody is immobilized through the detection antibody. The control lane also immobilizes the labeled antibody; (D) In the absence of the target, the labeled antibody does not interact with the detection antibody and is immobilized in the control lane, indicating negative detection of the analyte. Adapted from [90]. 
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Figure 5. Examples of signal amplification methodologies for AuNP-based lateral flow strips. (A) horseradish perioxidase (HRP)-functionalized AuNPs allow signal amplification for the aptamer-based detection of thrombin (TZ: test zone; CZ: control zone); (B) Network of Streptavidin-functionalized AuNPs allow for visual detection of AuNP. Adapted from [91] and [92]. 
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Figure 6. Dual Signal output lateral flow assay for the detection of carcinoembryonic antigen. (A) Mechanism of fluorescence quenching signal output for antigen quantification; (B) Visual (qualitative) and fluorescence output (quantitative) for clinical detection. Adapted from [95]. 
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Figure 7. Schematic representation of an electrochemical multiplexed immunoassay with an electric field-driven incubation process. (a) nylon sheet; (b) silver ink; (c) graphite auxiliary electrode; (d) Ag/AgCl reference electrode; (e) graphite working electrode; and (f) insulating dielectric. Adapted from [112]. 
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Figure 8. Au-Nanoprobe strategy for the detection of MTBC members. Schematic representation of the detection with gold nanoprobes. The colorimetric assay consists of visual comparisons of test solutions after salt induced Au-nanoprobe aggregation on a MgCl2 impregnated paper plate: MTBC Au-nanoprobe alone (blank); MTBC Au-nanoprobe in the presence of MTBC sample (M. tuberculosis); MTBC Au-nanoprobe in the presence of a non-MTBC sample; and MTBC Au-nanoprobe in the presence of a non-complementary sample (non-related). After color development a photo of the paper plate was captured and RGB image analysis was performed. Adapted from [61]. 
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Table 1. LFA AuNP-based systems on the market.
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Company

	
Product Name 1

	
Principle of Detection

	
Sensitivity and Specificity 2

	
Results Time






	
Alere, Inc. (Waltham, MA, USA)

	
Clearview® HIV 1/2 STAT-PAK

	
Gold-labeled lateral-flow immunoassay

	
99.7%/99.9%

	
10–15 min




	
Clearview® COMPLETE HIV 1/2

	
99.7%/99.9%

	
15 min




	
OraSure Technologies, Inc. (Bethlehem, PA, USA)

	
OraQuick ADVANCE® HIV-1/2

	
98.7%/99.9%

	
20–40 min




	
MedMira, Inc. (Halifax, Nova Scotia, Canada)

	
Reveal® G3 HIV-1

	
99.8%/99.1%

	
<3 min




	
Trinity Biotech Plc (Bray, Republic of Ireland)

	
Uni-Gold Recombigen™ HIV-1

	
100%/99.8%

	
10 min








1 All of these POC test are Food and Drug Administration (FDA)-approved for HIV testing; 2 Values can vary depending on biological sample plot for analysis (whole blood, serum, plasma or oral fluid).








© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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