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Hospitals and other healthcare facilities harbor a complex interplay of microbial pathogens. The correct understanding of pathogens distribution and evolution is therefore crucial for infections control and for the design of effective prevention strategies. In parallel, the integration of cutting-edge nanotechnologies for the early detection and monitoring of these specific target pathogens is considered the most effective approach to face nosocomial infections. In this context, point-of-care (POC) testing, also known as near-patient testing, is becoming increasingly important. In this review we provide a systematic insight into the recent scientific and technological advances in pathogen detection that explore advanced nanotechnologies to realize devices and nanobiosensors, with improved selectivity and sensitivity. In particular, we report on the most diffused and affordable nanotechnologies developed and still developing for POC testing, with the aim to increase the sensitivity, speed and accuracy of pathogens detection in different environments, from intensive care units to outside the laboratory and hospital settings. The text is sub-divided in several sections, each one focused on different type of nanomaterials and techniques actually employed.
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1 INTRODUCTION
Infectious diseases are disorders caused by live pathogens such as bacteria, viruses and parasites and are capable of rapid transmission among human or animal vectors by inoculation, airborne or waterborne transmission (van Seventer et al., 2017). In particular, during the twenty-first century a wave of infectious diseases had a devastating impact on our health, wellness and lifestyle. Deaths from emerging and re-emerging infections presage a possible new era of infectious disease, defined by outbreaks of emerging, re-emerging and endemic pathogens that spread rapidly, facilitated by global connectivity and shifts in range due to climate change. In particular, the recent and rapid diffusion of the severe acute respiratory COVID-19 syndrome showed the need of modern science in rapidly countering threats from emerging pathogens (Baker et al., 2022). To date, there are three different and concurrent strategies for managing infectious diseases: 1) controlling the sources of infection, 2) interrupting transmission routes, and 3) protecting susceptible people. Among these strategies, the COVID-19 case has emphasized the importance of the infection source control at the point-of-care (POC) level, i.e., in close proximity to patients (Wang et al., 2021). The required POC testing, defined as a smart strategy for real-time, rapid, accurate detection in the proximity of patient care, can be conducted at home or where patents are treated and supported by clinicians such as in hospitals and other healthcare environments. These locations, which includes three type of people, namely, staff, patients, and visitors, must be spaces where in clinicians and the medical equipment used can safely operate and, importantly, where patient must be preserved from additional risks (Suleyman et al., 2018). This latter point is a critical issues. Indeed, patients are vulnerable hosts due to immunosuppressive conditions, disruptions of their skin and mucous membranes, medications, and extremes of age. Moreover, the healthcare facility design, the multitude of life-saving invasive procedures involving complex equipment, the close proximity of patients who are carriers of transmissible microorganisms, and frequent contact with healthcare staff, who may themselves be transmitters of organisms, can provide an ideal environment for the propagation of infectious agents.
More in detail, the number and types of microorganisms present in the healthcare environment are influenced by several factors, including the number of people, degree of activity, the amount of moisture, the presence of material capable of supporting microbial growth, the rate at which airborne organisms are removed, and the type of surface and its orientation (i.e., horizontal or vertical) (Sehulster et al., 2003). Several nosocomial pathogens (such as Enterococcus, Staphylococcus, Streptococcus, Acinetobacter, Klebsiella, Pseudomonas, Serratia, Shigella, Mycobacterium and Clostridium), have been shown to persist in the healthcare environment for several hours, days, or months, mostly on surfaces, and for hours on hands, with endospores typically lasting longer than vegetative bacteria (Kramer et al., 2006). These microorganisms are difficult to eradicate and serve as vehicles for transmission and spread in the hospital setting. In this way, cross-transmission of pathogens can occur via the hands of healthcare workers, who become contaminated directly from patient contact or indirectly by touching contaminated surfaces. Less commonly, a patient can be also colonized by direct contact with a contaminated environmental surface (Pittet et al., 2006). For these reasons, microorganisms in the healthcare environment must be detected on surfaces, in air and in water.
1.1 Surfaces
Environmental surfaces are defined as surfaces that do not come into direct contact with patients during care and are divided into two parts: medical equipment surfaces, such as knobs or handles on haemodialysis machines, X-ray machines, and instrument carts; and housekeeping surfaces such as floors, walls, and table tops (Suleyman et al., 2018). Although microbiologically contaminated surfaces can serve as reservoirs for potential pathogens, these surfaces are not generally associated with direct transmission of infection to either staff or patients. The transfer of microorganisms from environmental surfaces to patients is largely via hand contact with the surface (Sehulster et al., 2003).
1.2 Air
Exposure to airborne pathogens can cause respiratory infections either directly or indirectly. Direct transmission involves exposure to aerosolized droplets from oral or nasal secretions in infected individuals. These infectious particles are usually >5 μm in size and tend to fall out of the air quickly. Pathogenic microorganisms spread via direct transmission include influenza virus, rhinoviruses, adenoviruses, and respiratory syncytial virus (Suleyman et al., 2018). Indirect transmission involves the spread of airborne infections via droplet nuclei or residuals of droplets. When suspended in air, droplets desiccate and produce droplet nuclei or particles ranging from 1 to 5 μm in size that contain potentially viable microorganisms, remain suspended indefinitely in the air, and are dispersed over long distances by air currents. Examples of pathogens that can be spread via droplet nuclei include Mycobacterium tuberculosis, varicella-zoster virus, measles virus, and smallpox virus. The spores of Aspergillus, which resist desiccation, have a diameter of 2–3.5 μm, can remain airborne indefinitely, and travel long distance (Suleyman et al., 2018).
1.3 Water
Unsafe water supply affects human health, causing contagious diseases. Pathogenic microorganisms detected in the water samples of river, groundwater and drinking water can be categorised into bacteria (e.g., Salmonella typhi, Vibrio cholera and Shigella), viruses (e.g., Poliovirus) and protozoa (e.g., Giardia lambia and Cryptosporidium). Patients can be exposed to these pathogens through direct (hydrotherapy) and indirect contact (improperly reprocessed medical devices), ingestion and aspiration of contaminated water, and inhalation of aerosols dispersed from water sources. Hence, minimizing the exposure of deadly diseases is important by providing early warning detections on the presence of pathogens (Zulkifli et al., 2018).
In light of these considerations, an effective control of the infection source in healthcare facilities requires the early detection of environmental pathogens and calls for the development of rapid, sensitive and accurate detection methods. In this context, clinical microbiology diagnostic testing are traditionally relied to use time-consuming methods based on pathogen culture and identification or detection of specific antigens, antibodies or nucleic acids of infectious pathogens (Figure 1). (Wang et al., 2021) These times are too long to prevent the spread of microorganism and the evolution of pathogen diagnostic assays is moving from conventional cell culture-based techniques to modern immunological molecular diagnostics and now to biosensors (Tram et al., 2016). The transition to molecular methods such as PCR, isothermal amplification reaction, gene chip technology and high-throughput sequencing technology, has significantly improved the time to result, the sensitivity and the specificity; however, these methods show several limitations: first, nucleic acid extraction and purification steps in molecular diagnostic techniques are cumbersome. Second, most molecular diagnostic reagents require low-temperature transport and storage, which increases the cost of molecular diagnostics and hinders their application in remote or resource-limited areas. Finally, molecular diagnostic techniques such as qPCR, dPCR and sequencing are instrument-dependent, meaning that rapid on-site detection of pathogens can be difficult in resource-limited settings (Liu et al., 2023a). In this regards, the recent developments in nanotechnology have greatly influenced medical and analytical sciences to increase sensitivity, specificity and provide simple detection mechanism near patients, both inside the hospitals and away from healthcare facilities. In particular, nanomaterial-based biosensors show enhanced sensitivity, rapid response time and reduced cross-contamination issues (Fu et al., 2024). These advantages can potentially facilitate the construction of device for pathogens detection. In this context, an ideal device, should be simple and able to work with small volumes of biological, clinical, or chemical samples, to decrease the medical expenses, experimental steps, and analytical time. In the last decade, numerous techniques have been developed for the purpose of pathogen detection, but only a few have made it to the market for real-world applications. In addition, even more recently artificially intelligent (AI) technology has emerged as a focal point in medical image-based diagnostics and its application will revolutionize the interpretation and analysis of complex medical images. Several recent studies in medical diagnostics have emphasized the reduction times by integrating deep learning techniques (Ozyoruk et al., 2022; Vilar and Saiz, 2023). Lee et al. (2024) recently proposed an innovative and rapid deep learning-assisted predictive diagnostics that integrates a time-series deep learning architecture and AI-based verification, for the enhanced result analysis (Lee et al., 2024). This approach is applicable to both infectious diseases and non-infectious biomarkers and reduces assay time to just 1–2 min. In this review we would like to provide a systematic insight into the most recent, diffused and affordable nanotechnologies developed and still developing with the aim to increase the sensitivity, speed and accuracy of pathogens detection by POC testing in different environments, from intensive care units, to general wards, from medical waiting rooms to patients' homes. To this aim, the text comprises several sections each one focused on various types of nanomaterials and techniques actually employed in the most advanced nanobiosensors.
[image: Figure 1]FIGURE 1 | Schematic representation of Time-Efficient Immunoassay with Smart AI-based Verification (TIMESAVER) impact on commercialized diagnostic tools: LFA, PCR, ELISA along with their performance metrics, including time, labour, cost, and accuracy. Adapted from Ref (Lee et al., 2024). Copyright 2024@Springer Nature.
2 POC TESTING TECHNOLOGIES
Specifically, the POC testing indicate a smart strategy for real-time, rapid, accurate detection in the proximity of patient care (Lippi et al., 2010). The World Health Organization (WHO) coined the acronym “ASSURED” in 2006 for the fundamental criterions of POC testing: Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free, and Deliverable to end user (Tram et al., 2016). Recently, the advancement of the digital age has led to a revision of the ASSURED criteria to REASSURED with the addition of two criteria: Real-time connectivity and Ease of specimen collection (Otoo and Schlappi, 2022). To emphasize the importance of these principles, it should be noted that the closer a POC test gets to meet the REASSURED criteria, the greater the chance to get a larger share of the POC market. Traditional infectious disease–related POC testing typically provides results in 15–20 min but even results available in <1 h from the time of specimen receipt are useful in patient management. The benefits of having results immediately available for patient care are obvious: a timely response can reduce patient anxiety, allow the provider to initiate appropriate therapy immediately if needed, and reduce the need for follow-up visits that add to patient burden and rising healthcare costs. Moreover, rapid testing results can ensure the optimal use of limited healthcare sources by determining which patients need to be in isolation due to potential transmissible pathogens and can play a significant role in interrupting a community-based transmission of pathogens (Samuel, 2020). Recently, the COVID-19 pandemic has intensified the development of POC tests for the diagnosis of pathogens infections, which have been globally used every day in hospitals, workplaces, airports, and people’s homes. Among various technologies on which these diagnostics are based at the moment, it is believed that only two technologies, namely, the microfluidic paper-based Analytical Devices (µPADs) and the Lateral Flow Assay (LFA) have the potential to meet all the REASSURED criteria.
2.1 Microfluidic paper-based analytical devices
Microfluidic paper-based analytical devices (µPADs) are powerful tools for POC testing, biosensing, environmental monitoring, and forensic investigations, since they are inexpensive devices fabricated in miniaturized sizes, ensuring better portability, lower cost and biological compatibility (Abdollahi-Aghdam et al., 2018). The µPADs have received rapid development over the last decade (Martinez et al., 2007). Like traditional microfluidic devices made from silicone, glass or polymers, paper-based microfluidic devices are portable, process small volumes of fluids, and can perform multiplexed assays. The capillary properties of paper provided by the cellulose network eliminate the necessity of pumping methods. In addition, they are simple to fabricate without cleanroom facilities, they are made from inexpensive and readily available materials, and do not require computer-controlled pumps to operate. These characteristics make paper-based microfluidics more accessible to researchers across disciplines and an ideal platform for the development of POC diagnostic tests (Abdollahi-Aghdam et al., 2018). Microfluidic paper-based analytical devices can be fabricated by using 2D or 3D methods, to transport fluids in both horizontal and vertical dimensions depending on complexity of the diagnostic application (Xia et al., 2016; Coluccio et al., 2020; Schilling et al., 2013; Chen et al., 2021). These devices can be associated with several detection methods such as fluorometric, electrochemical, chemiluminescence, and Raman spectroscopy, (Martinez et al., 2007; Kim et al., 2018a), even if the colorimetric technique is the most diffuse (Pradela-Filho et al., 2023).
A colorimetric sensor detects analytes through colour changes that can be visually observed (Figure 2). Paper is an excellent substrate for this type of detection due to its white background, contrasting with the colour appearance (Harpaz et al., 2020; Pradela-Filho et al., 2023). Different strategies can be applied for colour formation, including enzymatic reactions, redox indicators, nanoparticles formation, and acid/base indicators. The next step immediately after colour formation is the readout process, which can be done by the naked eye, especially considering qualitative tests with YES/NO output originated by a colour change due to the presence or absence of the analyte. It is also possible to perform quantitative data acquisition by constructing a calibration curve, where the colour intensity is proportional to the analytes concentration. In this case, office scanners or smartphones are required to digitize the images, which are processed in specialized software by decomposing the images into primary colours, known as RGB (red, green, blue), or secondary colours CMYK (cyan, magenta, yellow and black), among other systems (Davidson et al., 2021). The µPADs based on colorimetric detections are a good fit for POC tests regarding numerous applications, such as diabetes, (Pomili et al., 2021), pregnancy, (Rahbar et al., 2021), pathogens detections like human immunodeficiency virus (HIV), and SARS-CoV-2 for COVID-19 diagnosis, (Chowdury and Khalid, 2021), Escherichia coli (E. coli) infection (Sun et al., 2020).
[image: Figure 2]FIGURE 2 | (A) Schematic illustration of a paper-based multiplexed colorimetric device for the simultaneous detection of salivary biomarkers. A drop of saliva deposited in the sample zone passes through the pre-treatment zones, where it is mixed with the deposited halogen (NaI), after which it reaches the detection zones with the blue suspension of MGNPs, functionalized with a layer of three oxidase enzymes, one for each sensing area. The inset shows the colorimetric detection strategy based on the colour change from blue to pink in presence of non-physiological levels of the target analyte. (B) Photograph of the final device embedded in the PVC mask. (C) Image of the device immediately after the deposition of the saliva sample and (D) after the duration of the test (10 min). Adapted from Ref (Pomili et al., 2021). Copyright 2021@MDPI Biosensors.
2.2 Lateral flow assay
Lateral flow assay (LFA) is one of the most commercialized POC testing method for detection and quantification of different analytes from a variety of biological samples: such as blood, urine and saliva. LFA offers in a simple manner, a one-step detection, without the need of washing steps and a relatively short development time, low-cost production, and low sample volume requirements (Naghdi et al., 2023; Omidfar et al., 2023). Most commercially available LFAs offer qualitative or semi-quantitative analyses and require dedicated tools for the quantitative analysis of biomarkers. Qualitative analysis refers to a screening or preliminary assay that defines the presence or absence of a target analyte in a sample. For example, in pregnancy tests, a simple binary readout is enough to indicate either a positive or negative result. Quantitative examination is the ability to determine the exact amount of the analyte in a sample environment and express it as a numerical value in appropriate units, which can be performed via the use of reader systems with simple operating procedures. Validation of analytical methods and qualitative analysis are required to achieve a reliable calibration curve (Wu et al., 2022a). As shown in Figure 3, LFA is composed of several elements: a sample pad, a conjugate pad, a reaction membrane (typically nitrocellulose) and an absorbent pad. All the components are assembled together supported by a plastic backing card. The liquid sample, containing the target analyte, is added to the sample pad and moves under capillary force through the overlapping area of the sample pad and conjugate pad, where a specific conjugate for the test has been immobilized, and then through the reaction membrane, with the test and control lines reagents. LFAs require a small sample volume to generate qualitative, semi-quantitative, or quantitative results within 5–15 min, which is often related to an optical signal produced at the test line (Nuntawong et al., 2022; Nan et al., 2023). Depending on the type of target analytes, there are different forms of detection: namely, sandwich and competitive detections.
[image: Figure 3]FIGURE 3 | Basic architecture of a lateral flow assay (LFA) device, which includes a sample pad, a conjugate pad, a reaction membrane and an absorbent pad.
2.2.1 Sandwich immunoassay
The sandwich assay Figure 4A is the mainly used test for pathogens detection. In this device, the conjugate pad contains labelled conjugated antibodies. These antibodies will bind a specific epitope of the target analyte in the sample. After the conjugate pad, the sample moves towards the test line and the control line on the membrane. An antibody specific for another epitope of the analyte is applied to the test line and another antibody that captures the labelled conjugated antibody is applied to the control line. If there is analyte in the sample, it will be captured between the two antibodies, forming a sandwich and producing a positive signal in the test line. For this reason, this assay is only suitable for analytes with more than one binding site that can be captured by two antibodies at the same time. If no analyte is present, no signal is observed. Sandwich assays result in a signal intensity on the test line that is directly proportional to the amount of analyte present in the sample (Bahadır and Sezgintürk, 2016).
[image: Figure 4]FIGURE 4 | (A) Sandwich and (B) competitive architecture of the most common LFA devices. Sandwich assays is used for analytes with two antigen binding sites: if there is analyte in the sample, it will be captured between the two antibodies, forming a sandwich. The signal intensity on the test line is directly proportional to the amount of analyte in the sample. In the competitive format, the conjugate pad contains labeled test antibodies that bind to the analyte and move with the fluid flow, similar to a sandwich assay. But molecules on the test line contain a binding site that mimics the target, which means that only unbound labeled antibodies will be captured. As a result, an higher concentration of the analyte would result in a weaker signal at the test zone. The control zone contains capture antibodies that bind all labeled test antibodies, whether or not they are bound to the target. A line will appear regardless of the presence of the analyte. Adapted from Ref (Teerinen et al., 2014). Copyright 2014@Springer Nature.
2.2.2 Competitive immunoassay
In a competitive assay, the conjugate pad contains labelled antibodies that bind the target and move with the fluid flow, similar to a sandwich assay. However, the test line contains a molecule with a binding site that mimics the target, which means that only unbound labelled antibodies will be captured. As a result, the test line signal becomes more intense at lower concentrations of target molecule in the sample. On the other hand, the control zone contains specific capture antibodies that bind all labeled test antibodies, whether or not they are bound to the target. A line will appear regardless of the presence of the target in the sample, which signal intensity will be higher with increasing concentrations of the target (Figure 4B). There are two typical layouts of the competitive assay. In the first layout, the labelled molecule that is the same as the target analyte is coated on the conjugate pad. The primary antibody is coated at the test line while another antibody to the label molecule is dispensed. When the sample contains the analyte, it flows towards the test line with the labelled molecule. At the test line, the labelled molecule competes with the analyte in the sample. When the analyte in the sample is captured by the antibody first, the labelled molecule would not bind to the antibody. A higher concentration of the analyte in the sample would result in a weaker signal at the test line. In the second layout, the labelled antibody is immobilized on the conjugate pad. When the sample containing the analyte reaches the conjugate pad, the labelled antibody binds to the analyte. As the sample flows to the test line, there will be fewer labelled antibodies for the pre-immobilized analyte, resulting in a weaker signal at the test line (Nuntawong et al., 2022; Koczula and Gallotta, 2016).
2.2.3 Multiplex immunoassay
Multiplex LFA systems (Figure 5) have been studied for detecting multiple pathogens, with the advantage of saving time and samples compared to a single test. Multiplex detection can be performed on a single strip, on multiple strips, or on a microarray (Anfossi et al., 2019). In the single strip device multiple specific antibodies are immobilized in different positions on the strip, so different pathogens are captured by their specific antibodies and show their colours on their specific positions. Several individual strips can be arranged in a special holder, also designed as to collect one sample and distribute it between several strips or microarrays. The sample flows in parallel on each strip, which in turn can hold one or more test lines. The advantages of this approach rely on the large multiplexing capability and on the absence of reciprocal interference between assays that happen independently on individual strips. Indeed, each assay can be developed singularly and then put together, without requiring any further optimization (Anfossi et al., 2019; Hong et al., 2010).
[image: Figure 5]FIGURE 5 | Devices for multiple pathogens detection: (A) multiplex detection format on one test strip. (B) Multiplex detection format on multiple test strips. Adapted from Ref (Nan et al., 2023). Copyright 2023 @ The Royal Society of Chemistry.
3 NANOTECHNOLOGIES FOR POC TESTING
As described above, POC tests generate an optical signal from strongly coloured or luminescent motifs that are bound to test lines on a white nitrocellulose strip. This signal can be read by eye (qualitative or semi-quantitative) or by an optical reader (quantitative). To maximize the sensitivity of the test, each binding event between an analyte and the reporter luminescent label should produce the strongest signal possible. Several type of luminescent labels are actually employed, such as fluorescent conjugated dyes and colloidal semiconductor quantum dots, as well as larger metal nanoparticles and hybrid nanomaterials. These latter are usually relatively large system that typically provide a stronger signal per binding event, but their size must be limited to enable the easy flow through the nitrocellulose membrane maximizing the opportunity to bind to the test line. Thus, particles that are between 20 nm and 500 nm in diameter are typically selected for use in LFA.
3.1 Fluorescent conjugated dyes
Within the different types of the fluorescent reporters, organic fluorescent dyes are commonly used in commercial POC devices. The era of synthetic organic dyes commenced in 1871 with fluorescein and its more stable derivatives, such as fluorescein isothiocyanate (FITC) (Figure 6A), followed by rhodamine (tetramethyl rhodamine isothiocyanate, TRITC) (Figure 6B) dyes in 1887. The evolution has continued progressively with development of dyes exhibiting superior performance (Zeng et al., 2023; Sajid et al., 2015). These aromatic molecules are typically covalently bound or electrostatically attached to biological recognition elements, such as antibodies, to ensure stable, fast and strong response in a presence of a target (Fang et al., 2019). Conjugated dyes are able to provide low-cost rapid detection of biological targets with a high selectivity and sensitivity. Typically, these dyes exhibit bright emissions in dilute solutions, yet when present at high concentrations, they undergo aggregation-caused quenching. For example, Rhodamine 6G, among the most photostable traditional dyes available, can emit only approximately 106 photons before undergoing irreversible photobleaching, making it insufficient for long-term single-molecule fluorescence tracking.
[image: Figure 6]FIGURE 6 | (A) structure of FITC (fluorescein-5-isothiocyanate); (B) structure of 6-TRITC (Tetramethylrhodamine-6-isothiocyanate; (C) Schematic diagram of the principle for the detection of E. coli O157:H7 and the typically results of the dual FITC LFA. Copyright 2016 @Elsevier.
Fluorescent organic dyes show versatility when used to detect presence of pathogens directly or indirectly. In the first case, synthetic organic fluorophore is attached to the negatively charged bacterial cell wall. Numerous works, including review papers, have been published over the years, highlighting the application of direct fluorescent labelling of pathogens for various techniques (Butcher and Weissman, 1980; Yoon et al., 2021; Liu et al., 2023b). Wang et al. (2016a) used direct fluorescent labeling strategy of some bacterial cells, including E. coli and Staphylococcus aureus (S.aureus), to get prompt fluorescence response for contaminated water and liquid samples (Wang et al., 2016a). In another work done by Guo et al. (2021), self-luminous bacteria were used as bifunctional probe for both selective recognition and fluorescent pathogen sensing in milk (Guo et al., 2021). Three common organic fluorescent dyes of HcM, FITC, and RhB were used to tag different bacteria before their inactivation and selective optical detection by multiplexed competitive immunosensor, which was complete within 10h. Indirect approach is considered more reliable for a rapid visual detection tests development. Examples of bioprobe which consists of an organic fluorophore unit and a biomarker target unit to detect bacteria are more common in the literature, since in the traditional POC approach the bioreceptor plays crucial role in effective sensitive recognition of the pathogens. Upon conjugation with bacterial target agent, these biosensors become powerful tool, providing faster and selective optical response with lower limits of detection. Already in 1993 Noriyuki et al. reported the development of a device for simultaneous detection (FITC conjugated with monoclonal antibody, Ab) and removal by bacterial magnetic particles (BMP) of E. coli microbial cells (Nakamura et al., 1993). In this work, it was demonstrated, how sedimentation of bacteria/FITC-Ab-BMP complexes, e.g., the increase in bacterial concentration, decreases the fluorescent signal coming from the synthetic fluorophore. In the early 2000s, alternatives to traditional dyes has been implemented and tested into the existing fluoroimmunoassays. Anderson and Nerurkar have explored the application of relatively novel for that time Alexa dye, as an alternative to Cy5 (Anderson and Nerurkar, 2002). In particular, Alexa Fluor 647 showed good performance as a fluorescent label for antibodies in sandwich immunoassay due to the limited quenching characteristics. In 2016 Song and co-workers reported a novel signal amplification LFIA for the detection of E. coli O157:H7 in food samples (Song et al., 2016). For the first time, FITC conjugated antibody detection system was introduced to LFIA system and was 10-fold more sensitive than nanogold-based analogue strip. The use of fluorescent proteins for the rapid pathogen detection has also been reported by several groups (Guk et al., 2024; Li et al., 2017).
One of the major limitations of conventional fluorescent molecules is that only a few or even one dye can be linked to a receptor, limiting the overall signal outcome. When compared to novel fluorescent inorganic/hybrid nanoparticles, traditional organic dyes in most of the cases lose out to brighter, more stable and better performing alternatives (Grazon et al., 2022). In order to improve stability by overcoming aggregation-induced quenching and increase the degree of labelling, common fluorescent dyes are supported by non-fluorescent carriers, with silica nanobeads and latex nanoparticles being the most used ones (Zhang et al., 2019a). Large surface-to-volume ratio of these nanocarriers facilitates the attachment of multiple dyes, thus making the labeling efficient. Moreover, beads in general play barrier role and protect photo and chemosensitive organic fluorophores from the surrounding environment, thus minimizing degradation and photobleaching (Yan et al., 2007). These dye-loaded nanoparticles can be fine-tuned by adjusting both the particle size and the concentration of loaded dyes. Moreover, the surface properties of these nanoparticles can be manipulated by chemically incorporating functional groups (Yan et al., 2007; Ananda et al., 2021; Sifana et al., 2024; Ge et al., 2021; Montalti et al., 2014). To give an example, LFA-based sensor where FITC and Ry(bpy)-doped silica nanoparticles were used to detect bacterial pathogens Salmonella spp. and E. coli O157 (Rajendran et al., 2014).
Moreover, various fluorophores can be incorporated into the polymer matrix, to achieve the final dye-loaded latex particle which exhibits good dispersion and stability, as well as high fluorescence intensities (Pellach et al., 2012; Liu et al., 2009). Development of PS (polystyrene nanobeads)-based probe for the rapid detection of SARS-CoV-2 was reported by S.E. Seo and his team (Seo et al., 2023). They used the swelling-shrinking method to encapsulate large Stokes shift fluorophore Single Benzene (SB) within the matrix of carboxyl-functionalized PS bead and further conjugated SB@PS by EDC-NHS coupling with antibody. LFA strips based on the newly developed fluorescent probe for the detection of COVID-19 showed limit of detection values hundred times lower than the AuNP-based LFA under the same conditions. Some other examples of dye carriers are also available, since the research is in constant development (Pashazadeh-Panahi et al., 2021; Larsen and Wojtas, 2017). For all of the above mentioned examples of nanosupports, the actual degree of labeling will vary depending on the specific conjugation/encapsulation method and conditions, on the properties of the carrier and the organic dye itself. Properties can be tuned to increase sensitivity and signal intensity for various diagnostic applications.
In conclusion, fluorescent dyes are still frequently incorporated in the standard POC devices and in particular in LFA screening tests, although they have certain drawbacks, because of their practicality, particularly their ease of conjugation, availability in a wide range of colors and compatibility with different detection systems (Figure 6C). To name several frequently used fluorophores, commercial Alexa®, eFluor®, Dylight® and several other families of labels from the main chemical product suppliers are available for purchase. Moreover, some of them are provided in a “ready-to-use” conjugated state with antibodies and other bioreceptors and can be tailored by manufacturer upon request for a specific application.
3.2 Colloidal semiconductor quantum dots
QDs are semiconductor nanostructures, having unique optical and electronic properties as they have a small size along with a high surface area, and they show interesting phenomena such as a narrow emission peak, size-dependent emission wavelength, and broad excitation range (Ubbelohde et al., 2012). As the sensitivity of QDs detection is higher than that in other organic dyes, they have become attractive fluorophores, thus facilitating cellular imaging and quantitative cellular analysis with the help of other fluorescent probes. In addition, their surface modification is easily achievable (Singh et al., 2020). The advantages for using QDs over fluorescent dyes includes basically higher photostability and size-tunable fluorescence emission. The QDs based sensors are easy to use, give rapid result and are portable as compared to laboratory-based tests. Generally, colloidal gold is used in the LFA tests but due to the limited sensitivity and cost, QD-based LFA tests are developed which are economical, are highly sensitive and gives the rapid result apart from the other advantages it has as mentioned earlier (Yang et al., 2010). The use of QDs as a reporter in sandwich LFAs requires two antibodies wherein both the conjugate and capture antibodies are specific to the target of interest. Conjugate antibodies labelled with QDs are immobilised on the conjugate pad to enable measurable fluorescence detection. Meanwhile, on a nitrocellulose membrane, capture antibodies are immobilised to capture the target of interest, forming the QD-labelled antibody–target–antibody complex. This complex produces a bright fluorescent band in response to ultraviolet excitation. Similarly, QDs can also be used in competitive LFAs format by functionalising the nanoparticles with reaction antibodies or analytes on the conjugate pad (Uzhytchak et al., 2020).
For example, Yang et al. (2010) described the development of a novel fluorescent POC test method suitable for the rapid on-the site screening of syphilis. The method was designed to combine the rapidness of LFA and sensitiveness of fluorescence-based methods (Yang et al., 2010). QDs can also be employed as reporters in fluorescence immunochromatographic assays in order to enhance their sensitivity and specificity. The rapid and accurate detection of biomarkers, such as antigens and proteins, in body fluids is very important for clinical diagnosis and treatment programs. In this context Cheng et al. (2014) described the QD and immunochromatographic test strips assay for the rapid and quantitative detection of C-reactive protein (CRP) which is the inflammation marker and helps in the risk assessment of the cardiovascular diseases. Similarly, Zhou et al. (2019) described the faster QDs POC fluorescence immunoassay detection method for high-sensitivity cardiac troponin (Zhou et al., 2019). A QD-LFA device based on a double-antibody sandwich format labelled with core–shell quantum dots (CdSe/ZnS) coupled with streptavidin was developed for the detection of M. tuberculosis fprA proteins (Cimaglia et al., 2012). Li et al. (2012) demonstrated a novel method for detecting avian influenza virus (AIV) using highly luminescent quantum dots as a signal probe.
3.3 Noble metals and metal-oxide nanoparticles
Noble metals nanoparticles (NMNPs) have been used for POC testing for decades. When illuminated with specific wavelengths, they undergo coherent oscillations of surface electrons, a phenomenon known as localized surface plasmon resonance (LSPR) (Sardar et al., 2009). Moreover, the plasmon state can decay via radiative and non-radiative pathways, providing an enhancement of the electric field in the near-field regime or leading to particle heating. The light scattering properties of NMNPs allow their extensive exploitation as colorimetric, LSPR or surface enhanced Raman spectroscopy (SERS) contrast agents, (Wang et al., 2021; Bouzin et al., 2015; Nasrollahpour and Khalilzadeh, 2024; Usman et al., 2023), while their non-radiative relaxation, resulting in the release of thermal energy, provides phothermal-based pathogen detection and eradication. Plasmonic-based biosensors represent an advanced technology that enables the miniaturization of biosensors, thus improving detection throughput and reducing operational costs by exploiting the plasmon properties of NMNP (Park et al., 2022). The most known example might be the lateral flow assay where gold NPs are usually utilized as colorimetric label (Quesada-González and Merkoçi, 2015). Over-the-counter pregnancy tests and the recent COVID-19 antigen rapid tests are representative examples of the LFA where gold NPs (AuNP) are used. Notably, the detectable signal from NMNPs can be fine-tuned and optimized by controlling their physicochemical parameters, such as size, shape and elemental composition, therefore in recent years, other nano-biosensors based NMNPs, including silver (Ag), platinum (Pt), palladium (Pd), rhodium (Rh), iridium (Ir), and ruthenium (Ru) have emerged as a class of effective and versatile POC testing technology (Luciano et al., 2022).
3.3.1 Gold NP for colorimetric detection
The core mechanism underlying the construction of colorimetric strategies based on AuNPs primarily depends on distance-dependent LSPR energy with ultimately set the optical absorption properties of the NPs and therefore the naked eyes observed colour (Sardar et al., 2009). Usually, a color change is due to a redshift in the UV-Vis spectrum following variations in the microenvironment conditions that can trigger NP aggregation or dispersion, thus artificially modulating the size of the NPs, that move from a dispersed population to and aggregate form showing a different absorption wavelength of the LSPR mode.
By exploiting the colour change as the analytical signal in response to an external stimulus-induced aggregation and their excellent biocompatibility, colorimetric biosensors based on AuNPs have been used for various types of pathogen detection (Yang et al., 2023; Aithal et al., 2022; Martinez-Liu et al., 2022; Xue et al., 2022; Zheng et al., 2018; Geng et al., 2022; Gopal et al., 2022). Moreover, beside simple electrostatic interactions, AuNPs can be effectively functionalized with biomolecules to improve their labeling selectivity (Yang et al., 2023). For example, antibody-AuNP bioconjugates and aptamer-modified probes are extensively used in pathogen detection, primarily for E. coli, S. aureus, and Salmonella typhimurium (S. typhimurium) (Yang et al., 2023; Abbas et al., 2023) Paper-based devices can be therefore designed to exploit the rapid and simple application of colorimetric detection. For example, Ju et al. developed p-mercaptophenylboronic acid-modified AuNPs to establish a new capture-antibody-independent LFA method for bacteria detection (Wu et al., 2022b) with an excellent linear response range. Shafiee et al. (2015) created an ultrasensitive device for detecting E. coli and S. aureus. Here, AuNPs were functionalized with various recognition agents, resulting in a color transition following aggregation due to bacteria binding. Moreover, multiplexing and sensitivity were demonstrated as both E. coli and S. aureus were tested simultaneously, resulting in color changes specific to the binding agents present in the solution (Zheng et al., 2019). Recently, Somvanshi et al. (2022) reported the simultaneous detection of E. coli O157:H7 and S. typhimurium in a paper-based microfluidic device, (Zhang et al., 2022; Lee et al., 2023; Baker et al., 2020), where aptamer-decorated AuNPs were attached to the surface of polystyrene microparticles to enhance the stability and sensitivity of the colorimetric system. The LFAs methods have been lately developed to detect also SARS-CoV-2 antigens, as well as IgG and IgM antibodies specific to the virus. (Kim et al., 2021; Lee et al., 2021; Zhang et al., 2021; Zou et al., 2021; Lew et al., 2021; Spicuzza et al., 2023; He et al., 2023; Huang et al., 2020). The SARS-CoV-2 nucleoprotein was immobilized on an analytical membrane to capture samples, while anti-human IgM was labeled with AuNPs to serve as the detection reporter. Further optimized colorimetric LFAs enable to achieve a detection accuracy of 100% for 19 clinical samples (Cavalera et al., 2021; Zhang et al., 2022; Lee et al., 2023).
3.3.2 SPR-based detection
The SPR has been widely exploited for detecting viruses and bacteria (Nath et al., 2020; Singh, 2017; Soler et al., 2019; Park et al., 2022; Abbas et al., 2023; Wen et al., 2022). The plasmon is generated by an evanescent wave formed at the interface between two dielectric surfaces with differing refractive indices. SPR biosensors generally utilize a thin metal film—commonly gold, silver, or aluminum—onto which biorecognition elements such as antibodies or aptamers are attached (Nath et al., 2020; Nguyen et al., 2015). When pathogens bind to the recognition elements on the metal surface, the refractive index of the medium changes, altering the propagation of the surface plasmons. This change in refractive index is detected by either monitoring the shift in the resonance angle or the excitation wavelength shift (Yesudasu et al., 2021; Shrivastav et al., 2021). When metallic nanostructures are incorporated in these biosensors, a LSPR is obtained (Soler et al., 2019). In this case, the extinction wavelength peak is monitored to detect changes in the refractive index at the nanoparticle surface.
The development of optical biosensor chips based on SPR and LSPR for POC devices is attracting considerable interest, because they are label-free biosensing techniques offering real-time operation, robustness, precision, and high sensitivity (Masson, 2020; Sharafeldin and Davis, 2021; Rasheed et al., 2024) for detection of bacteria, (Wang S. et al., 2016; Tokel et al., 2015; Yoo et al., 2015; Maphanga et al., 2023; Özgür et al., 2020; Hyeon et al., 2021; Pardoux et al., 2019; Erdem et al., 2019), viruses, (Yoo et al., 2020; Qatamin et al., 2019; Nguyen et al., 2016; Huang et al., 2024; Lee et al., 2019; Omar et al., 2019; Qiu et al., 2020; Jahanshahi et al., 2014; Omar et al., 2020; Vázquez-Guardado et al., 2021), and fungi (Stoia et al., 2024). For example, Gür et al. (2019) developed an SPR nanosensor using AuNPs for the rapid and sensitive detection of E. coli exploiting Cu(II) ions to provide interaction between bacterial cell wall and amine functionalized AuNPs. As an alternative to metals, Kaushik et al. used a molybdenum disulfide (MoS2) functionalized fiber optic SPR immunosensor for sensitive detection of E. coli. They successfully achieved rapid (15-min) bacteria quantification.
Numerous articles have been recently published about the SPR-Based sensors for Early Screening of SARS-CoV2 (Basso et al., 2021; Liang et al., 2022; Cady et al., 2021; Fendi et al., 2023) and other viral Infection such as HIV, (Sarcina et al., 2021; Li et al., 2019; Diao et al., 2018), Hepatitis B, (Riedel et al., 2016; Choi et al., 2014), and avian influenza virus (AIV) H5N1detection (Bai et al., 2012; Estmer Nilsson et al., 2010; Zhao et al., 2016a; Shrivastav et al., 2021; Lepage et al., 2013). For example, Bai et al. reported the development of an SPR-based biosensor for the detection of avian influenza virus (Bai et al., 2012). The sensing device was obtained by means of streptavidin–biotin binding by immobilizing biotinylated aptamer over a streptavidin-coated gold surface. Regarding SARS-CoV-2 detection, Bong et al. (2020) developed a gold-based SPR sensor fabricated by binding antibodies on the gold chip sensor, which was the base of the SPR platform. Yano et al. (2022) reported a nanoparticle-enhanced SPR sensing of SARS-CoV-2 N protein at fM levels by exploiting 150 nm diameter AuNPs. These NPs exhibited a detection sensitivity a full order of magnitude higher than those commonly exploited for SARS-CoV-2 N protein.
3.3.3 NMNP for SERS-based detection
Thanks to last decade effective miniaturization and optimization of electronic and optical components to fabricates compact devices, the development of optical biosensor chips based on SPR and LSPR for POC devices is now attracting considerable interest, because they offer real-time operation, precision, and high sensitivity for detection of pathogens (Murugan et al., 2020). In particular, SERS has gained significant attention in pathogen detection and identification, mostly due to its high sensitivity, high resolution, rapid data acquisition, and spectroscopic fingerprinting capabilities (Beeram et al., 2023; Usman et al., 2023; Liu et al., 2023c; Zhou et al., 2020; Tan et al., 2023; Hang et al., 2024). The SERS typically leverages localized LSPR in metallic nanostructures to significantly amplify the weak Raman signal to overcome sensitivity limitations found in conventional optical measurement methods (Zhou et al., 2020; Le Ru et al., 2007; Sharma et al., 2012). The enhancement primarily arises from two mechanisms: electromagnetic enhancement and chemical enhancement (Pilot et al., 2019). The first includes two key components, namely, LSPR and hot spots, while the second occurs due to charge-transfer mechanisms between the NPs and the analyte. The SERS efficiency is influenced by several factors such as the type of plasmonic material, choice of wavelength, surface coverage of molecules, and concentration of the analyte (Le Ru et al., 2007). Noble metals such as gold, silver and copper, along with their alloys, are commonly used in SERS due to the tunability of their LSPR in the visible and IR regions, inertness, sensitivity (Sharma et al., 2012; Li et al., 2023a). Detection methods can be categorized into label-free and label-based approaches (Ng et al., 2017; Grubisha et al., 2003). In label-based SERS bioassays, signal amplification is achieved using Raman reporter-labeled SERS nanotags as optical labels, which generate strong plasmonic signals (Cheng et al., 2017). In contrast, the label-free approach directly analyzes the SERS signals emitted by the target molecules without using SERS nanotags (Liu et al., 2017). Then, a statistical method, such as chemometrics or machine learning, is employed to analyze the data (dos Santos et al., 2023). A recently developed SERS-based test platform has demonstrated significant potential for pathogen detection. Zhang et al. (2015) successfully differentiated between two types of bacteria, S. typhimurium and S. aureus, using gold nanoparticles modified with specific aptamers for each pathogen. Additionally, different bacterial species such as S. typhi, E. coli, and L. mono were identified using SERS with Fe3O4@Au nanoparticles in real-world samples, including saliva and urine (Zhou et al., 2021).
Evolved SERS-based LFA strip devices have been specifically developed for POC applications, (Tran et al., 2019), exploiting Raman reporter-labeled gold nanoparticles as SERS nanotags instead of conventional AuNPs. This approach not only confirms the presence of the target analyte through the color change on the test line but also allows for quantitative analysis based on the intensity of the SERS signal, resulting in devices with enhanced sensitivity (Chen et al., 2020; Yu et al., 2024). Moreover, Chen et al. (2024) created a SERS-based LFA device for the simultaneous detection of Pseudomonas aeruginosa and E. coli O157:H7 using magnetic nanoparticles coated with a rough gold shell, demonstrating excellent specificity and reproducibility. Furthermore, to enhance the sensitivity of the SERS-LFA strip, Huang et al. (2023) took advantage of nanomaterials composed of three metals (Huang et al., 2023) to synthesize urchin-shaped Au–Ag@Pt nanoparticles, used as SERS nanotags. The authors were able to simultaneously detect three types of bacteria (E. coli, S. aureus, and P. aeruginosa) in blood, demonstrating also the utility of the synthesized nanoparticles for colorimetric, photothermal and catalytic applications in LFA assays.
3.3.4 Nanomaterials for photothermal-based pathogen detection
Significant progress has been made in developing sophisticated photothermometric detection techniques (Wang et al., 2021; Wei et al., 2021; Sarathkumar et al., 2023; Gu et al., 2024). Despite the advancements in a variety of colorimetric, fluorescent, and electrochemical sensors for diagnosing diseases, managing health, and monitoring the environment, these conventional methods often exhibit significant drawbacks, such as high background noise, stringent timing and spatial requirements, complex procedures, and high expenses, which considerably restrict their practical use. As an alternative, the use of photothermometric sensors employing various photothermal materials has shown promise in overcoming these limitations. These sensors are advantageous because they are portable, cost-effective, offer high resolution, and provide precise control over time and space, paving the way for broader applications and positioning them at the cutting edge of POC testing for various analytes. Moreover, photothermal signals, which can be generated with just a visible or near-infrared (NIR) laser and a simple temperature measuring device, are both affordable and straightforward, making them ideal for home self-testing and use in resource-limited settings (Sarathkumar et al., 2023; Cui et al., 2023; Dediu et al., 2023).
Recently, many LFA detection systems have harnessed the thermal responsiveness of tracer AuNPs to external stimuli (Pengcheng et al., 2023; Zhang et al., 2019b; Pisetsky et al., 2024) enhancing the detection sensitivity of commercial devices for pathogens like influenza A, malaria, and Clostridium difficile (Song et al., 2023; Zhang et al., 2019b) Qin et al. achieved a substantial increase in the sensitivity of AuNP-based LFA by exploiting thermal contrast for detection with provided a sensitivity ca. 30 times higher than that of traditional colorimetric detection. It was demonstrated that the LFA sensitivity could be boosted by up to 104 times by incorporating nanostructures such as Au nanorods, which are characterized by superior light-to-heat conversion capabilities (Qin et al., 2012). Indeed, the photothermal behavior of these nanomaterials depends on their shape, which can be modified though multiple synthesis techniques (Cui et al., 2023; Wei et al., 2021; Li et al., 2023b). Branched Au nanostructures, which exhibit higher photothermal activity compared to spherical nanoparticles, have been shown to enhance multimodal capabilities for precise and quantitative diagnostics (Wu et al., 2023). Thus, NMNPs and nanostructures can be used as effective multifunctional labels with colorimetric, Raman, and photothermal properties. For example, a dual-function nano-plasmonic and photothermal method was crafted by Qiu et al. (2020) for the detection of the SARS-CoV-2 virus protein and other viruses. This method used Au nanoislands functionalized with complementary DNA gene receptors to selectively detect the SARS-CoV-2 virus gene sequence through in situ nucleic acid hybridization, triggered by the heat generated from the Au nanoislands. This sensing prototype is based on LSRP and photothermal effects.
Notably, the temperature readout has also been converted into other detectable signals like pressure, fluorescence, resistance, and bioluminescence to improve the selectivity and sensitivity of pathogen detection (Su et al., 2023; Yang et al., 2022; Li et al., 2022). For example, Kim et al. (2018b) developed a straightforward sensing platform for sensitive and selective bacteria detection by taking advantage of the bioluminescence from adenosine triphosphate (ATP) mediated by Au NRs-photothermal lysis (Kim et al., 2018b). Moreover, nanoparticle heating induced by laser can lead to rapid thermal contraction and expansion of the surrounding medium, generating acoustic signals. Zhao and colleagues exploited this photoacoustic signal to develop an LFA strip based on AuNPs for highly sensitive detection of cryptococcal antigen, reaching low noise and strong signal despite the requirement of a sophisticated expensive equipment (Zhao et al., 2016b).
Besides NMNPs, other type of inorganic nanomaterials with excellent photothermal effects have been developed and optimized to improve the selectivity and sensitivity for pathogen detection (Wei et al., 2021; Ghosh et al., 2022). Magnetic nanomaterials such as iron oxide nanoparticles have recently been proposed for photothermometric sensing platforms since they can effectively convert light energy into heat energy. Zhang et al. (2018) introduced a photothermal detection technique using immunomagnetic nanomaterials for the efficient identification of S. typhimurium (Zhang et al., 2018). Leveraging the advantages of antibodies and thermal detectors, this photothermometric sensor demonstrated high sensitivity and excellent specificity for detecting targeted pathogenic bacteria, simplifying the operational steps and reducing the analysis time. Moreover, inorganic composites exploiting QD and metal compounds have been proposed to construct thermometric assays. For instance, Wang et al. demonstrated that Fe3O4-CuS nanostructures possess a robust capability to capture bacteria and generate an exceptionally strong photothermal effect for signaling their presence (Dong et al., 2018). Building on this result, they developed a photothermal immunoassay strip with a dual-signal readout, which enabled highly sensitive detection of E. coli. Recently, new 2D nanomaterials have attracted increasing interest due to their distinctive physical, chemical and biological properties (Ma et al., 2020; Dong et al., 2018). Transition metal sulfide nanomaterials, notable for their extensive surface area and robust photothermal effects, have shown considerable promise across various rapid detection techniques (Liu et al., 2023d). In particular, photothermal lateral flow immunoassays based MoS2 have been developed for identifying S. typhimurium, offering both color and temperature readouts (Lu et al., 2021; Du et al., 2020). Additionally, a photothermal LFA based on rhenium diselenide (ReSe2) nanosheets was integrated with a smartphone, a portable laser, and a thermal imager to devise a comprehensive, point-of-care device. This device efficiently detects human anti-SARS-CoV-2 Spike protein IgG antibodies with the thermal signal sensitivity being 108 times greater than that of the colorimetric signal, demonstrating the device utility, characterized by its low cost, ease of use, and versatility (Figure 7). Importantly, to address the diverse requirements of POC testing that rely on photothermal readouts, there is growing interest in exploiting inorganic photothermal composites to develop multifunctional platforms. These platforms are designed not only to detect but also to efficiently eradicate pathogenic bacteria. Indeed, recent advancements have concentrated on creating plasmonic metals and hybrid inorganic nanostructures for antimicrobial purposes by capitalizing on the photothermal effect (Huo et al., 2021; Yan et al., 2023; Lin et al., 2023; Santos et al., 2016; Santos et al., 2016; Ray et al., 2012; Zhao et al., 2023; Grisoli et al., 2021; Liu et al., 2023d). This approach successfully contributed to inactivate a wide array of bacterial strains by generating heat that disrupts cellular membranes, inactivates proteins and leads to photothermal ablation.
[image: Figure 7]FIGURE 7 | (A) Schematic representation of preparation of ReSe2 nanosheet fuunctionalized with SARS-CoV-2 S protein; (B) detection scheme of photothermal LFA for SARS-CoV-2. Adapted from Ref (Grisoli et al., 2021). Copyright@2023American Chemical Society.
4 CONCLUSION AND PERSPECTIVES
To summarize, here we reviewed the integration of nanotechnologies and pathogens detection in POC devices, pointing out how the unique physicochemical properties of nanoparticles have led to the development of all nanobiosensors discussed. In the Table 1 we summarize the most representative type of nanomaterials and their technological application in biosensors actually employed. The application of nanotechnologies to the production of POC brings several advantages such as increased sensitivity, miniaturization, multiplexing capabilities, improved specificity, enhanced imaging and visualization, and paves the way to personalized medicine. Importantly, the recent global pandemic has clearly highlighted the need to develop miniaturized diagnostic devices that can be used at home by a non-technical operator and, at the same time, as control devices in hospital environments at risk of contamination from pathogens. This approach would be indeed crucial in supporting the healthcare system in containing infections and allowing for immediate clinical decision-making. The application of POC devices, selected ad hoc to quickly detect the most widespread pathogens in hospital settings and potentially dangerous to the health of patients, companions and staff, could become a daily routine on a par with the cleaning and disinfection of environments and equipment. In this way, the control of contamination and the spread of pathogens can be effectively guaranteed. Although traditional methods for detecting pathogens could exhibit adequate sensitivity, their speed, flexibility and costs fall short of effectively addressing a significant outbreak. The POC approach appears at the sole strategy able to handle such situations quickly and with operative demands on a large scale. Even if further studies are still ongoing to ensure the accuracy and the reliability of nanobiosensors in agreement with regulatory agency demands for hospital validation, only the successful integration of nanotechnologies and their properties can be a real resource for the design of efficient, yet easy-to-use pathogen detection and identification tests for clinical environment surveillance with POC devices. Based on the reviewed literature and considering the quick technological advancement required for application, among the various types of nanotechnologies and systems used for the development of POC tests, multiplex LFA systems is probably be the most convenient choice to efficiently detect numerous pathogens simultaneously. These devices are easy to use and show results very quickly. They are made of FDA approved materials and ensure greater sensitivity and accuracy. Indeed, the few commercially-available POC assays based on nanotechnologies are based on LFA to detect coronaviruses specific antigens or antibodies, (Hou et al., 2023), because this platform effectively allows to respect the ASSURED criteria described above.
TABLE 1 | Representative type of nanomaterials and their technological application in biosensors currently employed in nanobiosensors.
[image: Table 1]These devices, as well as other well-known traditional POC assays such as glucometers based on electrochemistry, could in principle be improved to discriminate simultaneously or with greater sensitivity between different pathogens or analytes using dedicated nanotechnology as described above. However, there are still some shortcomings that need to be addressed in real-world applications; for example, some devices only work with buffers and certain environments, not in and not in real samples, and signal readout requires special equipment. Some platforms focus on sensitivity and accuracy while showing very poor versatility to adapt to other different analytes. In some cases, simplicity is also neglected, where still too sophisticated approaches are required or where multiple analysis targets result in complex redout data matrices that are difficult to recognize and, most importantly, can generate false-positive results. For these reasons, only a few platforms have reached the preclinical stage to test real samples. Much effort is still needed to achieve clinically approved devices that can be operated by different people in different environments with a sufficiently high degree of reproducibility to obtain a real, widely used POC device. Therefore, research in this field must focus not only on finding new proof-of-principle materials and nanotechnology applications, but also, with the help of clinicians and engineers, must point out new strategies and designs to realize practical platforms suitable for the clinical setting.
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