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Abstract

:

This review paper comprehensively summarizes advances made in the design of glycan nanobiosensors using diverse forms of nanomaterials. In particular, the paper covers the application of gold nanoparticles, quantum dots, magnetic nanoparticles, carbon nanoparticles, hybrid types of nanoparticles, proteins as nanoscaffolds and various nanoscale-based approaches to designing such nanoscale probes. The article covers innovative immobilization strategies for the conjugation of glycans on nanoparticles. Summaries of the detection schemes applied, the analytes detected and the key operational characteristics of such nanobiosensors are provided in the form of tables for each particular type of nanomaterial.
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1. Glycomics


Carbohydrates—along with lipids, nucleic acids and proteins—are representatives of the biomolecules essential for life with glycans (complex carbohydrates) densely covering the cellular surface with involvement in numerous processes [1,2]. A glycome is a complete collection of all the glycans present in cells, tissues or organisms at any particular time [3]. Glycosidic bonds between two carbohydrate-building blocks are created by the coupling of an anomeric hydroxyl group of one carbohydrate with any of the hydroxyl groups of the second one. Further diversity can be achieved by way of mutual combinations of these carbohydrates, via a variety of bonds (1–3; 2–6; etc.), using different anomeric states (α vs. β), branching, length and substituted components (phosphate, sulfate, etc.) [4]. The theoretical number of hexa-saccharide glycans is remarkable and several orders of magnitude larger (1.9 × 1011) than hexapeptides (6.4 × 107) or hexanucleotides (4096 combinations) [5]. Oligosaccharides are able to bind more strongly with different glycan-binding proteins than monosaccharides, thanks to the variety in structures and conformations [6]. For example lectins bind to monosaccharides with affinity constant in the millimolar range [2]. Oligosaccharides bind to lectins with affinity constant in the micromolar range despite the fact that oligosaccharides can bind to lectins via multiple contacts [1]. This is due to absence of a deeper binding pocket on the surface of lectins allowing competitive solvent interactions [1]. On the other hand, interaction of lectins with monosaccharides can be enhanced in cases lectins are assembled from homo-oligomeric subunits and each subunit interacts with a monosaccharide [1].



Glycosylation—a sophisticated form of a post-translational modification—is responsible for a proper glycan anchoring on biomolecule scaffolds by a step-by-step enzymatic addition of carbohydrate chains [4,7]. In proteins, glycans can be attached to at least nine out of 20 types of amino acid residues. Two of the most dominant processes include N-glycosylation (amide linkages to asparagine residues) and O-glycosylation (glycosidic bond to serine or threonine). It is notable that these reactions influence more than 50% of all proteins in organisms and nearly all surface proteins of cells (receptors or adhesion proteins). Glycosylation takes place in the endoplasmic reticulum, but more predominantly in the Golgi apparatus and the process is not template-driven. Instead, glycans are synthesized by the action of a series of enzymes [1]. The result of the reaction is a vast diversity of glycan structures with many important cellular functions [8,9].



For many years, the role of sugars was considered to be primarily nutritional, but the role of glycans becomes progressively more complex [9]. Conjugates are part of interfacial layers of cells and responsible for mediation of the first contact in the host-pathogen interactions [10,11]. Highly specific, but weak protein–glycan interactions are commonly observed in nature and have an essential role in many cellular mechanisms, e.g., cell–cell and cell–biomolecule interactions, stabilization of tertiary structure of proteins, mechanism of signaling molecules or disease progression and infection of pathogens including toxins, bacteria and viruses [8,10,11,12,13]. As an illustration, sialic acid (SA) is used as a viral receptor molecule by a host cell. Binding of a particular virus to the cell surface is based on interactions between the viral glycoprotein—hemagglutinin (HA) and cell-surface glycans terminated in SA. Ordinarily, human viral strains are linked to α–2, 6–SA moieties, whereas avian viruses predominantly bind to α–2,3–SA structures [14] (Figure 1).



Biologic changes in the organism can result in the modification of glycans. For example, malignant cells undergo significant alterations in terms of glycan expression. Aberrant glycosylation (predominantly characteristic for cancer development) causes differences in the molecular patterns of healthy individuals and indicates the pathophysiological state of biologic systems [12,15,16]. Hence, the identification of specific glycans is a crucial step in disease diagnostics, the prognosis or monitoring of various diseases [15,16] and, thanks to glycans, new therapeutic strategies can be developed for major diseases [9]. There are several factors responsible for glycan recognition, including glycan-to-glycan spacing on the interface and length of a linker via which the glycan is attached to the interface [17].




2. Glycan-Functionalized Nanoparticles (NPs)


Ligand-modified surfaces are probably enhanced due to multivalent interactions between surface-anchored clusters composed of many saccharide units. This phenomenon is denoted as a glycocluster effect and is able to multiply avidity and activity in biologic systems [19]. On the other hand, the mechanical properties and mobility of a ligand can affect the biorecognition process to a great extent. Glycan-functionalized nanoparticles (NPs) consist of two main domains, the nanoparticle core with the shell formed by the glycan structures (mono-, oligo- or polysaccharides). The combination of these two domains is a crucial step in the application and effectiveness of glycan-NPs.



Some of the biologic and medical problems could be solved by the aid of glyconanotechnology. This scientific discipline represents a synergy between nanotechnology and glycomics, both of which are emerging technologies [9]. Nanotechnology is a general term for a scientific discipline dealing with the creation and/or use of materials having at least one dimension within the range of one to one-hundred nanometers [9]. Here we use a term nanomaterial as a material, which consists of structured components (nanoparticles) with at least one dimension less than 100 nm [20]. Life systems inspire humanity to apply nanotechnology to solve biologic and medical problems and to construct new nanomaterials and devices [9]. Nowadays, NPs (Figure 2) are well established in different fields of everyday human life [21], for example, in electronic devices (amplification of immunosensors’ sensitivity) [22,23,24], medical applications (as imaging tools, drug delivery carriers, nanosensors and gene-delivery therapy [9,25,26]), the cosmetics [27] and food industries [28]. Further, NPs with engineered surface characteristics may transfer through the cell membranes without causing their perturbations, thereby allowing direct interactions with cell components [29].



It is challenging to compare the toxicity of nanomaterials with their macroscale counterparts. Current toxicity assays are applied equally both to NPs and to conventional agents. Hence, the evaluation of NPs’ toxicity by current methods may not be sufficient. This is due to increased surface area of NPs strongly adsorbing active agents applied for traditional toxicology assays; optical properties of NPs, which may interfere with fluorescence or optical detection systems; and magnetic properties of NPs, which may interfere with methods based on redox reactions [30]. As a result of such properties of NPs, the methods used for traditional toxicology studies cannot be directly applied for examination of toxicity of NPs [30]. Moreover, NPs can be accumulated in various organs for longer periods than traditional pharmaceutical agents generating oxidative stress, inflammation, cell death and agglomerates within vessels [31]. There is a need for the development of new assays consisting of several approaches [31] including assessment of toxicity of NPs by aquatic organisms [32], which will take into consideration factors such as size, shape, surface area, surface charge, porosity or hydrophobicity which influence the functions and toxicity of nanomaterials [33,34]. It has been established that NPs are able to activate an immune response and induce phagocytic cells that will eliminate them from the bloodstream or may induce immunostimulation which may promote inflammatory disorders or even immunosuppression which increases the host’s susceptibility to infections and cancer. It is generally believed that the integration of NPs with glycans will not elicit a strong immune response increasing the circulation of NPs within the bloodstream [9]. The toxicity of silver NPs functionalized with galactose and mannose moieties to neuronal-like and hepatic cells was lower than in these coated with glucose [35] so it is crucial to finely tune the interfacial glycan composition of NPs in order to achieve the desired function of NPs [36].



Nanoparticles and nanomaterials have unique physical, optical, electrochemical and chemical properties which open up new possibilities when integrated into numerous applications. One of the most interesting things in the nanoworld is the huge surface-to-volume ratio of particles, significantly affecting their physicochemical properties [9,38]. The combination of nanoscale materials with biosensors suggests unique opportunities for the ultrasensitive detection of biomolecules. In this regard, nanomaterials could be used as a possible platform for displaying glycans that allow precise surface positioning and a higher density than in traditional approaches. Additionally, the use of nanomaterials such as carbon nanotubes (CNTs), graphene, magnetic NPs or gold nanoparticles (AuNPs) may enhance the operational characteristics of biosensors [39,40] and other bioanalytical devices [41]. As a consequence of their configuration and exceptional, unique and impressive physicochemical properties, NP-based materials are frequently used in biosensing. AuNPs are quite frequently applied for construction of biosensors since such nanoparticles allow modifying interface in a convenient way using formation of self-assembled monolayers (SAMs) using thiolated biomolecules [42]. A combination of two thiols can effectively tune density of functional groups deposited on the surface and glycan nanobiosensors on AuNPs can be directly formed using thiolated glycans [43]. Although formation of SAM on AuNPs is straightforward with many beneficial properties, it is very important to point out to the fact that components attached to AuNPs via SAM are highly mobile with a possibility that glycan will form clusters over time even though glycans were initially homogeneously distributed over the interface [43]. AuNPs are frequently applied to design electrochemical (modification of the electrodes) and optical (signal nanoprobes) biosensor devices. Quantum dots (QDs), which are usually terminated in hydroxyl groups can be quite easily modified by silane chemistry with final formation of a strong irreversible bond. The initial step is hydrolysis of silane with subsequent condensation reaction creating Si–O bond [43]. Similar to thiolated SAMs, silane chemistry allows forming a monolayer with a possibility to deliver various functional groups, but the process is more difficult to control [43]. QDs are especially applied obviously in combination with optical detection, but also electrochemical detection platform is frequently applied since heavy metals of QDs can be effectively detected by electrochemical means. QDs are mainly applied as signal nanoprobes. Magnetic particles are usually made of Fe3O4 meaning that interfacial hydroxyl group can be again applied for modification via silane chemistry discussed above for QDs. The obvious advantage of using magnetic particles is to apply them for preconcentration/enrichment of the analyte from complex samples [9]. Magnetic particles can be loaded with various labels to form signal nanoprobes. Carbon nanoparticles can be modified via various routes. For example, planar forms of carbon nanoparticles such graphene or carbon nanotubes can be modified by non-covalent π-π stacking interactions, by covalent grafting of molecules to modified/oxidized carbon nanoparticles or via electrochemically triggered grafting of molecules having diazonium moieties. Carbon nanoparticles are frequently applied for modification of the electrodes or as signal nanoprobes for electrochemical biosensing or can be applied for fluorescent biosensing with carbon nanoparticles effectively applied for fluorescence quenching. Bioconjugation protocols applicable for glycan immobilization are in details discussed in our book chapter [43].



Glycans immobilized on biosensing surfaces could effectively mimic the functional role of cell surface glycans, which is why, by designing glycan-modified nano-interfaces, it was possible to detect glycan-binding biomolecules in a way that resembles natural recognition. Accordingly, a variety of ways of using (bio)nanotechnology in combination with glycans for the analysis of various biomolecules, microbes and viruses are discussed below. Depending on their application, it is of the utmost importance to choose a proper method for the attachment of glycans to NPs. This review does not extend to coverage of the formation and modification of self-assembled monolayers on NPs and bioconjugation techniques for glycan immobilization and controlling interfacial glycan density. The reader is directed towards an excellent review study [44] and a book chapter [43].



However, some immobilization strategies are included here since they facilitate the preparation of switchable interfaces. The beauty of switching approaches described below is regeneration of the interfaces by external trigger in this particular case by light. More information about switchable materials can be found elsewhere [45]. In the first example, a mixed SAM was formed on gold with functional termination containing azo groups [46]. In the azo groups, β-cyclodextrin conjugated with a biocidal quaternary ammonium salt group was incorporated. Illumination by UV light resulted in the switch of the azo group from trans conformation to the cis form releasing β-cyclodextrin conjugate with its cargo (in this case, dead bacterial cells). Upon the switch to visible light, the interface was regenerated [46]. The same approach using azo groups as guest ligands for β-cyclodextrin was applied to photo-reversible capture and the release of bacteria when, instead of a biocidal derivative, mannose units were attached to β-cyclodextrin [47]. Again, by switching to UV light, bacteria were released from the interface (Figure 3) and by switching to visible light the interface was ready to host another β-cyclodextrin with covalently attached mannose units [47]. Another switching interface was constructed using β-cyclodextrin attached to gold surface-confined phenylboronic acid via the interaction of boronic moieties with secondary –OH groups on the rim of β-cyclodextrin. Upon the addition of a cis diol-containing molecule such as fructose, β-cyclodextrin was detached from the phenylboronic acid-modified interface. The molecule of β-cyclodextrin bearing various functional groups was applied to the capture of a protein or the capture and killing of bacteria in a switchable manner [48]. More details on β-cyclodextrin interfaces with a photo- but also redox-switchable modalities can be found in a review study [49]. Another interesting approach to the immobilization of glycans onto carbon nanotubes was based on the radical addition of aryl diazonium species generated thermally in-situ [50]. An alternative to covalent grafting of aryl diazonium species is a spontaneous grafting in case a nanomaterial contains a free electron cloud (plasmons) as in the case of hybrid magnetic particles with a gold shell [51,52] or MXene 2D nanomaterial (a novel form of a 2D hydrophilic nanomaterial made of alternating layers of two elements such as titanium and carbon, i.e., Ti3C2) [53]. The supramolecular self-organization of diacetylenic-based neoglycolipids into a highly organized ring around single-walled carbon nanotubes (SWCNTs) was recently described with a final formation of a “shish-kebab-like” morphology (Figure 4) [54]. TEM images confirmed the successful binding of lectins to such glyconanorings present on SWCNTs [54].



Another interesting approach, developed for the immobilization of glycans, relies on a low-cost laser-based printing setup (Figure 5) [55]. The technology facilitates the spot-wise patterning of surfaces with defined polymer nanolayers. Such nanolayers function as a reservoir containing different chemicals, chemical building blocks, materials or precursors, all of which can be stacked on top of each other. Upon laser irradiation, polymer-embedded molecules are released and can be deposited on another surface with the thickness of printed nanolayers of 10 nm. The technology also makes possible the mixing of different molecules on the surface (Figure 5C). The proof of concept was also tested by the binding of Con A to a mannose-patterned interface [55].



Several review papers discuss the preparation and application of glycan nanobiosensors to the detection of various glycan-binding biomolecules [35,56,57,58], with only one comprehensively summarizing the literature published in 2016 [44]. Hence, this review study seeks to provide an update in this fascinating scientific field since 2016.



2.1. Gold Nanoparticles (AuNPs)


AuNPs are among the most frequent NPs applied in life sciences, due to their compatibility with a thiol-based self-assembly process, high stability and unique optical and electrochemical properties [42,59]. Moreover, AuNPs can be synthesized in a simple way, with interfacial functionalization achieved during a synthetic step [60]. Biocompatible AuNPs covered with thiol-terminated glycans were extensively studied for interactions with glycan-binding affinity probes relying on multivalent glycan presentation. It was shown that these glyco-NPs are able to selectively target specific receptors [61]. They have also been examined in glycan biosensors [62,63,64], in vivo cell imaging and targeting [65], vaccine vectors development [66,67], virus detection [68,69] and drug delivery [70]. Glyco-NPs benefit from having a large geometric surface-to-volume ratio, which means that just one NP is able to offer numerous carbohydrate moieties for the enhancement of biomolecular interactions [71]. In the following section we are discussing AuNPs with the size above the size of nanodots, i.e., 10 nm [72] and mainly without nanotextured surface, which is typical for mesoparticles [73].



The aggregation of AuNPs results in a pronounced color change from red to blue (shift to longer wavelengths) dependent on inter-particle distances (Figure 6) [63]. Color changes of NPs are closely correlated with the resonance between an oscillation of electrons and the incident electromagnetic radiation [74]. It is worth mentioning that optical properties are changed with size for other types of NPs such as quantum dots [75], as well. The AuNPs-based colorimetric assays to study biomolecular interactions with proteins, peptides and DNA, exploit this phenomenon. The optical properties are influenced by the size and shape of AuNPs, the degree of aggregation and the dispersing solvent [63]. Light scattered by a single AuNP can be around one million times more intense than the fluorescence emitted by a dye [76,77]. Langer et al. [78] studied AuNPs of various sizes (30, 42 and 60 nm) for the determination of galectin 9. They noted a relation between the NPs’ size and their colloidal stability and discovered that AuNPs with a size of 60 nm were prone to aggregation, while the most aggregation-resistant were AuNPs with a diameter of 30 nm. Finally, the nanosensor was successfully applied to the detection of galectin 9 down to a level of 1.2 nM using surface-enhanced Raman scattering [78].



The distance-dependent optical property of AuNPs was used as an emerging technique for the simple analysis of influenza viruses resulting in detectable color and plasmon resonance shifts. Zheng et al. [69] reported progress in an application of glycan (via Au–S bond)-modified AuNPs (13 nm) used in a single-step colorimetric process for the detection of 14 major serotypes of viral strains. Interactions between viruses and glycans were analyzed with 7 different SA residues (3 derivatives of α-2,6-linked SA and 4 derivatives of α-2,3-linked SA) by an ELISA method and using a shift in the position of a plasmon band (expressed as A680/A522). All influenza strains were distinguished using the Au probes. The device based on the shift of a plasmonic band offered a higher LOD when compared to glycan–ELISA (8 HA titer vs. <2 HA titer, respectively) but, on the other hand, a much shorter reaction time (90 min vs. 18+ hours) and simplicity [69]. AuNPs modified with fetuin (a protein containing SA) were used in the electrochemical detection of influenza strain H9N2 [80]. Besides fetuin-modified AuNPs (14 nm), magnetic beads were modified by an anti-M2 antibody recognizing the influenza virus. In the presence of viral particles, a sandwich configuration was formed, and, by a magnetic field, such a complex was transferred onto a screen-printed electrode (SPE) made of carbon. The electrochemical readout was achieved by registering the chronoamperometric signal at −1.00 V. The device was able to detect viral particles with LOD of 8 HAU [80]. Older papers showing the application of plasmonic glycan-based devices based on AuNPs to the detection of lectins are summarized elsewhere [81].



The second equally important factor is the shape of the prepared NPs. Toraskar et al. [82] compared glycodendrons (α-D-mannose- and β-D-galactose-linked) displayed and anchored on spherical and rod-shaped AuNPs. They concluded that the bacterial infection of HeLa cells was better inhibited by the homogeneous glycodendron-conjugated rod-shaped AuNPs than by the heterogeneous ones [82]. Three differently shaped AuNPs (sphere, rod and star-like) were designed by Kikkeri and coworkers [83]. Galactose and mannose moieties were immobilized on AuNPs and used for the quantification and detection of a binding affinity to bacteria E. coli. Each shape delivered a different bacterial adhesion value. Nanorods have LOD of bacteria of about 0.03 ± 0.01 μg·mL−1, which was 80-fold lower (more sensitive) than for the spherical or star-shaped AuNPs. This was associated with variability in the relative number of mannose molecules involved in the NPs-bacteria interactions. The same group obtained similar results (higher responses of rod-modified NPs than in star and spherical particles) in in vitro experiments with mammalian cells [84].



Otten et al. simulated the biologic heterogeneity of glycans (11 combinations of galactosamine and mannosamine with galactosamine) [85]. Mixed glycan monolayers were immobilized on 60 nm AuNPs. Glycosylated AuNPs were produced with the possibility of changing color from red to blue in the UV-Vis spectra as a result of an interaction with carbohydrate-binding proteins. In the study, three different lectins were investigated and their binding to glyco AuNPs was analyzed using a linear discrimination analysis with separation into distinct clusters. The glyconanobiosensor could detect lectins down to a few nM concentration [85].



Selvaprakash’s team prepared AuNPs encapsulated in ovalbumin (attachment via cysteines residues) with the surface decorated with hybrid mannose, glucose and Galβ(1→4)GlcNAc-terminated glycan. This was the first study involving an application of AuNPs as affinity probes for the analysis of multiple lectins. NPs were produced in a one-pot reaction of chicken egg white proteins with an aqueous tetrachloroaurate solution [86].



Glyco AuNPs of 20 nm in size were prepared by a one-pot synthesis of AuNPs from gold salt in the presence of maltose [87]. These glycan-modified AuNPs were then used in the detection of Con A down to 23 pM with an affinity constant determined as 67 nM. The selectivity of the device was investigated by measuring three other lectins with a negligible shift of the plasmonic band. In addition, a combination of Con A with glycan AuNPs probe was used for cancer cell imaging [87].



Won et al. presented a switchable interface prepared by modifying AuNPs with polymeric “gates”, which either allow the lectin to bind to the glycan present on AuNPs or not [88]. Two different polymer chains were immobilized on the AuNPs with a size of 60 nm, a shorter one with an attached glycan and a longer one acting as an active gate. Under critical temperature, the longer polymer chain had an extended conformation with its shrinkage upon a shift of temperature above the critical value of 40 °C, exposing underlying glycans (Figure 7). Lectins were detected with LOD down to μg·mL−1 [88]. In the next study from the same group, AuNPs were rendered responsive towards lectins and Ca2+ ions [89]. A similar strategy using microgels instead of AuNPs was used in the detection of Con A and E. coli, which could be separated after binding by filtration [19,90].



Many pathogen-related diseases are caused by food–borne bacterial strains. Proteins on the bacterial surface are able to bind to different types of glycans on the host cells. Kaushal et al. focused on a rapid detection of the food–borne pathogen E. coli with the application of gold nanorods-based sensors with good near-infrared absorption and scattering in surface plasmon resonance wavelength regions [91]. Polyethylene glycol-coated Au nanorods were immobilized by amine-terminated sugars—4-aminophenyl α-D-mannopyranoside and 4-aminophenyl β-D-galactopyranoside. The study showed that nanobiosensors could detect lectins down to M concentration range. E. coli bacteria bind to mannose-modified AuNPs and Pseudomonas aeruginosa was used as a control to check the aggregation of the galactose-modified nanorods. The assay was performed in a 96-well plate for a visible colorimetric detection [91].



A direct comparison of rod-shaped and spherical AuNPs modified by glycans to detect two different E. coli strains indicated that the LOD was significantly lower using rod-shaped NPs (20 μg·mL−1) than with spherical AuNPs (200 μg·mL−1) [82].



A plasmonic field-effect transistor (FET)-based device was also used for the detection of lectins in the concentration window from 10−10 to 10−4 M [92]. To fabricate the device, AuNPs were deposited on an InGaZnO gate with carbohydrate immobilized on AuNPs using UV irradiation (Figure 8). A transducing mechanism relied on converting hot plasmonic electrons into an electric current measured by the device [92].



A good overview of various routes for the modifications of AuNPs, which could then be applicable to glycan immobilization, is shown in two review papers [65,93].



Silver-coated gold nanorods were used [77] as scaffolds for mannose immobilization and used as a study model for the detection, killing and quantification of the interaction between glyco-AuNPs and bacteria E. coli. When localized surface plasmon resonance was used in the detection of Con A, the lectin could be detected down to a low nM concentration [77].



Silver on AuNPs were prepared from 2–3 nm AuNPs by growing them to a size of 30 nm and then the AuNPs were covered in a silver shell to produce AgAu nanocubes with the size of 55 nm [94]. Such nanoparticles were immobilized on an ITO slide and then modified by thiolated mannose. Localized surface plasmon resonance (LSPR) was used for measurement of the changes in the red shift in the presence of Con A. The authors claim that the binding of Con A to a single AgAu nanocube was feasible with LOD down to a few nM for Con A. Three other lectins, together with a negative control (BSA), showed a much lower response than Con A [94].



The characteristics of AuNP-based glycan biosensors are summarized in Table 1.




2.2. Quantum Dots (QDs)


Quantum dots (QDs) are very small (2 to 10 nm in diameter), semiconductor particles, used for imaging, sensors and cell targeting [56,95]. The optical and chemical properties of QDs, such as fine fluorescence wavelength, symmetrical fluorescence emission peak, quantum yield, brightness and photostability depend on the size of the NPs [96]. Unfortunately, QDs are predominantly prepared in a non-polar organic solvent, resulting in them being hydrophobic with a tendency to irreversibly aggregate with a poor colloidal stability in aqueous media. Consequently, biologic utilization is limited [97] but, in recent years, this problem was resolved and QDs were widely used as fluorophores for the visualization of a number of biologic and chemical processes [72,98], including biosensing applications [99], imaging of bacteria and live cells [100,101], targeting cancer cells [102] or for designing gene delivery systems [103]. Glycan-coated QDs were recognized as multivalent tools to display protein–carbohydrate interactions associated with inter- and intracellular recognition processes [104].



A simple and rapid test for detection of the cholera toxin from Vibrio cholerae was developed by Lee’s group [105]. A complex of thiol-modified β-Gal derivatives immobilized on 10 nm AuNPs and amino-terminated QDs was produced, because of the strong hydrogen bonds between the QDs amines and galactose hydroxyl groups. In the presence of the analyte (toxin), β-Gal-AuNPs recognized the cholera toxin, inhibiting the formation of a QD complex and, consequently, recovered fluorescence [105].



Zhang’s team [106] examined commercially available CdSe/ZnS-COOH QDs with covalently attached glucosamine (λem = 525 nm) and galactosamine (λem = 605 nm) moieties, respectively. Individual complexes were applied to simultaneous dual-color quantitative analysis of Con A specific to Glc and PNA interacting with Gal. After interaction of the conjugates with the analytes, aggregation was observed and, consequently, a decrease in the fluorescence of QDs in the supernatant was determined. The authors declared LOD of 0.3 nM (Con A) and 0.18 nM (PNA) [106].



A quadruple-channel optical nanosensor with green (G), yellow (Y) and red (R) emissions was created by Wang and co-workers [107]. A nanoprobe consisting of CdSe/ZnS QDs and saccharides was prepared (Man–G–QDs, GlcNAc–G–QDs, Gal–Y–QDs, GlcNAc–Y–QDs, Man–R–QDs and Gal–R–QDs) and used in the analysis of five lectins (Con A, WGA, PNA, RCA and PSA), all of them with different properties (i.e., molecular weight/mass, number of subunits and binding specificity) with the same concentration of 1 M. Lectins could be detected at the level of an individual lectin due to their different binding constants with saccharide units using distinct quadruple-channel signals. QDs were used for FRET detection in three channels and the fourth channel was used for Rayleigh resonance-scattering optical detection. The biosensor was prepared by the immobilization of thiolated monosaccharides to QDs via a metal–sulfur bond. The signals obtained were displayed as a heat map with the application of a linear discrimination analysis to multiplexed quantitative analysis. The size of the particles increased from 24 nm to 611 nm, when detecting Con A and the biosensor offered LOD for five lectins within the range of 4.6–9.7 nM, depending on the lectin analyzed [107].



Another multiplexed analysis of lectins implementing QDs was based on the integration of 2D nanomaterial MoS2 (50–200 nm × 1.2 nm) [108]. Three different CdSe/ZnS QDs were modified by thiolated monosaccharides as three independent fluorescent probes with emissions at 520 nm, 580 nm and 660 nm with their sizes ranging from 8 to 18 nm. Their emission was quenched by incubation with MoS2 nanoplatelets modified by phenylboronic acid. Upon interaction with five lectins or 2 bacterial strains with fluorescent probes, their distance from MoS2 nanoplatelets increased, resulting in a recovered fluorescent signal (Figure 9). The results were again represented as a heat map with a linear discrimination analysis applied to data evaluation. The biosensor could detect lectins with LOD down to low nM range and bacteria down to 87 CFU·mL−1 (E. coli) or 66 CFU·mL−1 (Enterococcus faecium) [108]. Zhang’s group [109] used a similar approach by the quenching of a fluorescent signal generated by QDs using AuNPs for detection of the Con A lectin. In this study, glycans were used as a recognition element for detection of the glycan-binding proteins which are present on many walls of microbes. The core of QDs with emission at 545 nm was modified by mannose to produce a Man-QD probe for detection of a lectin with LOD of 3 nM [109].



CdSe/ZnS QDs were also used in the detection of fluorescently labeled lectins via FRET with two methods of glycan attachment to QDs shown, but with no analytical parameters provided [110].



The characteristics of QDs-based glycan biosensors are summarized in Table 2.




2.3. Magnetic Nanoparticles (MNPs)


The magnetic properties of biologic analytes and samples are usually reduced to a minimum. This leads to high selectivity and a signal-to-noise ratio of a magnetic separation even in complex-sample mixtures. Additionally, it is possible to use MNPs for analyte preconcentration introduced prior to analysis itself with this step boosting the sensitivity of analyte detection [65].



Rouhanifard and colleagues [111] showed an application of glycan-MNPs for cell enrichment and presented it as an effective, cheap and more suitable approach than conventional antibody-based methods for the determination of dendritic cells (DCs, Figure 10). The role of such cells within an immune system is for antigen-presenting, with responsibility for communication between innate and adaptive immunity and for either exciting or prohibiting immune reactions [111,112].



A polyacrylic acid linker was used for modification of MNPs (Fe3O4 core; d = 10 nm) to create colloidal nanocrystal clusters (200–300 nm) [111]. An array of techniques has been used for the characterization of prepared MNPs. Specificity, biocompatibility and the feasibility of using Lewis x antigen (Lex)-linker-MNPs for capturing DC-SIGN (Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin, it is a C-type lectin receptor) have been investigated. DC-SIGN belongs to the class of C-type lectin receptors, which is located on both (immature and mature) DCs derived from monocytes, lymph nodes, spleen and tonsils. This makes it a very specific marker for targeting the cell populations described above. DC-SIGN specifically recognizes glycosylated mannose- or fucose-rich antigens, such as those found in the bloodstream, including Lex. Glycan-functionalized MNPs did not interfere with the cell activity. Finally, the authors examined an application of Lex-functionalized MNPs to the enrichment of differentiated and immature DCs from a mixed population of human cells. MNPs with the Lex epitopes were not only biocompatible, but this study was the first to display the usefulness of glycans as ligands for DC capture and isolation [111].



Tuberculosis (TB) is one of the top ten causes of death worldwide. To date, sputum smear microscopy is used as the main method for detecting pulmonary TB. It is a very simple, fast and cheap method, but with a limited sensitivity. Bhusal’s team [113] decided to focus on the development of a nanoparticle-based colorimetric biosensing assay for cheap and rapid detection of very low concentrations of acid-fast bacilli (AFB) in sputum samples. Bhusal’s team created MNPs covered with immobilized glycan, which can bind to the bacterial cell wall by glycan-binding proteins. The core of MNPs was composed of iron oxide (III), which was wrapped in a chitosan layer. The average size of these superparamagnetic particles was (99 ± 58) nm. Glycans on the surface permit the inexpensive and simple capture of Mycobacterium tuberculosis cell without using antibodies or aptamers. By using modified MNPs, the authors were able to make a complex MNPs–AFB, which could be isolated and concentrated from the rest of the sample by a magnetic field. The analysis was completed within 20 min, with an estimated cost per analysis of $0.10 and with LOD of 100 CFU·mL−1 for bacteria [113].



The characteristics of MNP-based glycan biosensors are summarized in Table 3.




2.4. Carbon Nanoparticles


A significant drawback considerably limiting the application of carbon nanotubes (CNTs) in life sciences is their low solubility in aqueous solutions and the formation of stacked and interconnected individual nanotubes forming rope-like 3D aggregates [54]. There are various methods (covalent, non-covalent or hybrid) for modifying CNTs to render them dispersible in aqueous solutions. Covalent modification techniques are more frequently applied, since such modifications are stable, but these modifications can affect the electronic properties of CNTs. Non-covalent modification protocols represent the only option for applications requiring CNTs without altered electronic properties. Hence, a particular modification of CNTs has to be subject to informed selection, taking the final application of CNTs into account.



The influence of carbohydrate density and spatial configuration on the binding of Con A was investigated using 3 different nanoscaffolds deployed for carbohydrate immobilization (Figure 11) [115]. All three nanoscaffolds (Borromean rings, dodecaamine cages and fullerenes) could accommodate 12 carbohydrate units with different spatial configuration and density. Quartz crystal microbalance (QCM) was used to investigate the binding kinetics of Con A towards such immobilized carbohydrates with significant differences in the association phase, dissociation phase and affinity constants (Figure 12). The greatest affinity was observed for molecular Borromean rings (147 nM), followed by fullerenes (1.02 M) and dodecaamine cages (1.21 M). The differences in the binding were explained by the more optimal local densities of carbohydrates on the molecular Borromean rings, in contrast with the higher spatial dispersion of carbohydrates on the dodecaamine cages and the smaller, more constrained fullerenes. These results reveal the importance of the spatial configuration and density of immobilized carbohydrates for recognition events [115].



Carbon dots (CDs) are relatively new nanomaterials that have attracted interest due to their unique optical characteristics, which are similar or sometimes superior to semiconductor QDs. Their photoluminescence properties, chemical inertness, excellent water solubility, low manufacturing costs and general minimal toxicity suggest they possess extensive potential applications [72]. Carbohydrate-functionalized CDs were used by Swift et al. [116] to probe interactions with biologic systems, with the conclusion that the choice of carbohydrate used in the modification of CDs significantly affected their electronic properties.



Glycan-coated CDs were produced by Hill et al. [117]. Hill’s group prepared and characterized lactose-coated CDs with an extremely low confirmed toxicity of novel Lac-CDs and, using confocal microscopy, they were able to visualize the Lac-CDs’ interaction with HeLa and MDA cells. The cells were visualized using excitation at 405 nm and the results proved that the Lac-CDs were internalized by both cell lines [117]. Swift et al. prepared several glycan nanoprobes (glucose, mannose, galactose, maltose and lactose) based on CDs. Their work contains an extensive characterization from the materials’ perspective. Following the formation of various CDs using different carbohydrates, they were able to demonstrate how selection of the carbohydrate functionalization altered the electronic structure of the interfacial layer of CDs [116].



Martin’s group [118] focused on the synthesis of mannose-coated dynamic and static micelles from diacetylene-derived mannopyranosyl glycolipids, which were self-assembled on SWCNTs (see Figure 4). First, the availability of the sugar epitopes was confirmed by using mannose specific lectin (Con A). The binding of Con A to such micelles was performed using an inhibition assay. Mannose-containing micelles were investigated as inhibitors of an interaction between Con A and HRP (heavily mannosylated) in an enzyme-linked lectin assay. The results showed the following inhibition constant (IC50): 1170 μM for α-D-mannopyranoside; 113 μM for dynamic micelle (non-cross-linked); 46 μM for static micelle (cross-linked) and 0.5 μM for glyconanoring around SWCNTs [118]. The same group later investigated the effect of the length of polyethylene glycol and the redox state of sulfur within diacetylene-based mannopyranosyl glycolipids on the affinity to Con A [119].



Fullerene with immobilized 12 mannose units was used in the interaction with lectins, but only KD values were obtained using a quartz crystal microbalance device [120].



In our work, we developed a label-free electrochemical approach for the detection of an antibody against an aberrant form of a glycan—Tn antigen [121]. In this case, the Tn antigen was covalently attached to a pre-immobilized layer of BSA on the surface of an electrochemically activated screen-printed graphene electrode. The electrochemical oxidation of the graphene interface had two distinct roles: a) to form –COOH groups applied to covalent immobilization of BSA via amine coupling; and b) to render the surface more hydrophilic and thus more accessible for the aqueous assay buffer and proteins examined (antibody and lectin). The study showed that the lectin could be detected down to 1 aM, while the antibody against the Tn antigen down to 10 aM [121]. The main aim of the study was to develop an ultrasensitive biosensor device for the detection of antibodies against aberrant glycans, which can be effective used as biomarkers in the diagnosis of several types of cancers [122].



Another graphene-based device was constructed by immobilizing carbohydrates onto a graphene surface via π–π stacking of the anthraquinone-carbohydrate conjugate [123]. Anthraquinone was used as a redox probe with measurement of an electrochemical signal generated by this interfacial redox probe, while a soluble redox probe was also present in the system. The electrochemical detection was evaluated as a ratiometric signal, i.e., as a ratio of the peak current of a soluble redox probe divided by the peak current of anthraquinone (a surface-confined redox probe). An affinity interaction (i.e., Con A or various cells) only changed the peak current of the soluble redox probe with Con A detected down to nM level [123].



The characteristics of carbon nanoparticle-based glycan biosensors are summarized in Table 4.




2.5. Other Nanoparticles


Polystyrene particles with size exceeding 100 nm (i.e., ~650 nm) have been used to form a 2D array on the surface of glass [125]. Such particles were able to detect shrinkage of a carbohydrate-containing hydrogel upon interaction with lectins down to a concentration of 75 nM for ricin, 230 nM for jacalin and 38 nM for Con A, when exposed to lactose-, galactose- and mannose-containing hydrogels. The shrinkage of the hydrogel was observed as a change in the interparticle spacing over distances up to 50 nm (Figure 13) [125].



A supramolecular self-assembly of the conjugate, consisting of an oligo ethylene glycol linker, a binder (i.e., a pyrene moiety) to 2D MoS2 nanomaterial and a glycoligand on 2D MoS2 nanomaterial, was used for detection of a lectin using electrochemistry [126]. A decrease in the differential pulse voltammetric peak current was observed upon binding of a lectin (LOD of 373 nM) and human hepatoma cancer cells (LOD of 840 cells·mL−1) [126].



2D MoS2 nanomaterial was also used in the construction of a fluorimetric biosensor device [127]. In that case, a conjugate consisting of an oligo ethylene glycol linker, a glycoligand and a fluorescent probe (having an affinity towards MoS2 nanomaterial) was incubated with MoS2 nanosheets, which quenched the fluorescent signal. Two-dimensional glycosheets were prepared by incubation of two different glycoconjugates, i.e., glycoconjugate 1 containing α-2,6-sialyllactose and fluorophore 1 and glycoconjugate 2 containing α-2,3-sialyllactose and a fluorophore 2. Upon binding with influenza viruses such as H1N1 (α-2,6-SA binding), glycoconjugate 1 was released from the 2D glycosheets restoring fluorescence due to the release of fluorophore 1. Upon binding with the H10N7 influenza strain the signal was generated by fluorophore 2 and when the influenza strain H7N9 recognizing both glycoconjugates was incubated with 2D glycosheets, the fluorescence of both fluorophores was restored (Figure 14). The LOD for each particular influenza strain was 8 (H1N1), 4 (H10N8) and 14 (H7N9) hemagglutinin units per mL. The response was obtained within 5 min [127].




2.6. Hybrid Nanoparticles


Cancer cells, like normal ones, are covered with many specific molecular structures consisting of various glycoproteins which can be recognized by specific carbohydrates. Guan et al. [128] formed glycosylated liposomes with CDs (~5.5 nm) loaded into the interior of liposomes (~80 nm), while mannose units were attached to the surface of the liposomes for targeted recognition of HepG2 cells (liver cancer cells, Figure 15). The HepG2 cells were recognized via carbohydrate–glycoprotein interactions. The main reason for encapsulation of the CDs into liposomes was their increased stability and fluorescence intensity [128].




2.7. Other Nanoscale Approaches


The use of immobilized glycans as bioreceptive molecules for the detection of influenza viruses is based on the natural interaction between the hemagglutinins of influenza viruses and the sialic acid receptors on the surface of the host cells [129]. An organic electrochemical transistor consisting of a conductive polymer channel with immobilized trisaccharide α-2,6-sialylactose was used in the detection of influenza virus A [130]. An unmodified glycan was covalently grafted onto the conductive polymer by an oxime grafting protocol (Figure 16). Upon binding with negatively charged influenza virus A, the polymer was negatively doped, resulting in changes in the drain current of the device. LOD for virus detection was 0.025 HAU, which was two orders of magnitude lower than with conventional rapid human influenza virus test kits [130]. A similar two-channel device based on a semiconductor interface for immobilization of α-2,6-sialylactose and α-2,3-sialylactose was used for the detection of human (H1N1) and avian (H2N1) influenza viruses [131]. The portable device connected to a mobile phone via Bluetooth could measure the interaction in a label-free format with the integration seen in real time (Figure 17). The device could detect influenza viruses at a concentration much lower than by using a device based on immunochromatography [131]. Another device for the detection of influenza relies on the compression of a polymer layer resulting in the induction of stress in the artificial layer causing a resonance frequency shift (Figure 18) [132].



The characteristics of nanoscale-based glycan biosensing platforms are summarized in Table 5.





3. Proteins as Nanoscaffolds


The multivalent nature of carbohydrate–lectin interactions is crucial because saccharide units immobilized on a biosensor surface are required to have an appropriate lateral density and structural formation to mimic the cell surface’s glycocalyx. It is easier to attach large polysaccharides onto different interfaces than to attach small hydrophilic glycan probes. The large ones are immobilized on interfaces either via hydrophobic interactions or van der Waals forces. On the other hand, small saccharide molecules can be attached via functional groups (–SH, –NH2) or in the form of a conjugate with various scaffolds, such as dendritic polymers, DNA, lipids and proteins [133].



Since, in conventional assay formats like ELISA, proteins (bovine or human serum proteins in particular) are applied to decrease non-specific binding, when using complex samples such as human serum, such proteins can also act as natural scaffolds for the attachment of small glycans. Kveton et al. [134] compared three techniques for glycan immobilization on the surfaces of planar polycrystalline gold electrodes. Two methods were based on the binding of the Tn antigen to form 2D biosensors and the third used a layer of a globular protein (HSA), forming a 3D configuration on the surface of the biosensor. Electrochemistry was applied as a transducing platform to investigate the binding of an antibody against such an aberrant glycan. A 3D biosensor based on HSA afforded a much better analytical performance than the 2D configuration in terms of sensitivity, linear range and LOD (1.4 aM vs. 270 aM). The study also showed that the 3D structure-based sensor was not only more sensitive than the other two 2D biosensor platforms, but that the Tn antigen on the 3D biosensor surface was more accessible for analyte binding with better kinetics of binding [134].



The correct localization of glycans and the controlled immobilization on protein probes play key roles in the construction of glycan biosensors. Tao et al. [133] produced a series of BSA-sugar conjugates with a variable number of mannose moieties. The BSA conjugates were attached directly onto a gold substrate without any interfacial activation, taking into account the strong adsorption of proteins on gold. Three derivatives of BSA were prepared, differing in the number of mannose units attached to BSA (8, 11 or 13 mannose molecules) in a site-specific manner using a squaric acid conjugation between lysine molecules of BSA and –NH2 group of hexylamine-modified mannose. With increasing the number of mannose units on BSA, a lower amount of the conjugate was bound to the gold surface, which was explained by the increasing hydrophilicity of the conjugate with an increased number of mannose units. SPR measurements revealed that the conjugate BSA-Man with 11 mannose moieties had the highest affinity towards Con A with LOD of 1.8 nM. The regeneration and specificity of the obtained glycan biosensors were also investigated [133]. When the BSA was immobilized on the gold surface first and the BSA layer was then modified with mannose units via a squaric acid conjugation, the SPR biosensor could detect Con A down to 1.9 nM [135]. The same approach with BSA modification with mannose units using a squaric acid conjugation was deployed in fluorescent microarray experiments when, besides the mannose units, a fluorescent probe was also attached to BSA [136].



BSA-based neoglycoproteins were prepared by the conjugation of NH2-modified glycans to BSA using squaric acid [137]. The neoglycoproteins were then immobilized in wells on a microtiter plate. Complex forms of the glycans were then prepared by elongation of the glycan part of the neoglycoprotein using recombinant glycosyltransferases, resulting in an array comprising 40 different glycan epitopes based on N-acetyllactosamine. This array was then probed using Clostridium difficile (causing gastrointestinal disorders) enterotoxin A and B, which were detectable down to nM concentration [137].



The characteristics of protein nanoscaffold-based glycan biosensing platforms are summarized in Table 6.




4. Conclusions


Most approaches described here are based on the conjugation of a simple monosaccharide with various types of nanomaterials with the subsequent detection of lectins, cells or influenza viruses to prove viability of the proof of concept. In order to render glyconanobiosensors suitable for the analysis of a diverse range of glycan-binding proteins, either in isolation or present on the surface of various types of cells or viruses, there is a requirement to immobilize complex glycans, which occur naturally. At the same time, it is very important to use such nanobiosensors for the detection of analytes, which can become disease biomarkers such as, for example, antibodies against aberrant glycans. The other issue to be addressed is to design glyconanobiosensors affording a limit of detection well below nM level, since disease biomarkers can be present in body fluids at an early stage in concentrations at, i.e., pM levels. In order to make glyconanobiosensors a viable alternative to the frequently applied glycan arrays, it is of the utmost importance to design glyconanobiosensors so as to allow at least a moderate level of assay throughput.







Author Contributions


F.K.: conceptualization, writing—original draft; A.B.: writing—original draft, writing—review & editing; P.K.: funding acquisition, writing—review & editing; J.T.: conceptualization, funding acquisition, supervision, writing—review & editing. All authors have read and agreed to the published version of the manuscript.




Funding


The authors wish to acknowledge the financial support received from the Slovak Research and Development Agency APVV 17-0300. This work was also made possible by the Qatar University Grant IRCC-2020-004. The statements made herein are solely the responsibility of the authors. This work was supported by the Ministry of Health of the Slovak Republic under project registration no. 2018/23-SAV-1.




Conflicts of Interest


The authors declare no conflict of interests.




References


	



Tommasone, S.; Allabush, F.; Tagger, Y.K.; Norman, J.; Kopf, M.; Tucker, J.H.R.; Mendes, P.M. The challenges of glycan recognition with natural and artificial receptors. Chem. Soc. Rev. 2019, 48, 5488–5505. [Google Scholar] [CrossRef] [PubMed]

	



Reily, C.; Stewart, T.J.; Novak, J.; Stewart, T.J.; Renfrow, M.B.; Stewart, T.J. Glycosylation in health and disease. Nat. Rev. Nephrol. 2019, 15, 346–366. [Google Scholar] [CrossRef] [PubMed]

	



Ruhaak, L.R.; Xu, G.; Li, Q.; Goonatilleke, E.; Lebrilla, C.B. Mass Spectrometry Approaches to Glycomic and Glycoproteomic Analyses. Chem. Rev. 2018, 118, 7886–7930. [Google Scholar] [CrossRef] [PubMed]

	



Kaltner, H.; Abad-Rodriguez, J.; Corfield, A.P.; Kopitz, J.; Gabius, H.-J. The sugar code: Letters and vocabulary, writers, editors and readers and biosignificance of functional glycan-lectin pairing. Biochem. J. 2019, 476, 2623–2655. [Google Scholar] [CrossRef]

	



Copoiu, L.; Malhotra, S. The current structural glycome landscape and emerging technologies. Curr. Opin. Struct. Biol. 2020, 62, 132–139. [Google Scholar] [CrossRef] [PubMed]

	



Hirabayashi, J.; Yamada, M.; Kuno, A.; Tateno, H. Lectin microarrays: Concept, principle and applications. Chem. Soc. Rev. 2013, 42, 4443–4458. [Google Scholar] [CrossRef]

	



Moremen, K.W.; Tiemeyer, M.; Nairn, A.V. Vertebrate protein glycosylation: Diversity, synthesis and function. Nat. Rev. Mol. Cell Biol. 2012, 13, 448–462. [Google Scholar] [CrossRef]

	



Palecek, E.; Tkac, J.; Bartosik, M.; Bertok, T.; Ostatna, V.; Palecek, J. Electrochemistry of Nonconjugated Proteins and Glycoproteins. Toward Sensors for Biomedicine and Glycomics. Chem. Rev. 2015, 115, 2045–2108. [Google Scholar] [CrossRef]

	



Dosekova, E.; Bertok, T.; Tkac, J.; Filip, J.; Kasak, P.; Both, P. Nanotechnology in Glycomics: Applications in Diagnostics, Therapy, Imaging, and Separation Processes. Med. Res. Rev. 2017, 37, 514–626. [Google Scholar] [CrossRef]

	



Smith, D.F.; Cummings, R.D.; Song, X. History and future of shotgun glycomics. Biochem. Soc. Trans. 2019, 47, 1–11. [Google Scholar] [CrossRef]

	



Chen, Y.; Ding, L.; Ju, H. In Situ Cellular Glycan Analysis. Acc. Chem. Res. 2018, 51, 890–899. [Google Scholar] [CrossRef] [PubMed]

	



Pinho, S.S.; Reis, C.A. Glycosylation in cancer: Mechanisms and clinical implications. Nat. Rev. Cancer 2015, 15, 540–555. [Google Scholar] [CrossRef] [PubMed]

	



Varki, A. Biological roles of glycans. Glycobiology 2017, 27, 3–49. [Google Scholar] [CrossRef] [PubMed]

	



Stencel-Baerenwald, J.E.; Reiss, K.; Reiter, D.M.; Stehle, T.; Dermody, T.S. The sweet spot: Defining virus-sialic acid interactions. Nat. Rev. Microbiol. 2014, 12, 739–749. [Google Scholar] [CrossRef]

	



Tkac, J.; Bertok, T.; Hires, M.; Jane, E.; Lorencova, L.; Kasak, P. Glycomics of prostate cancer: Updates. Exp. Rev. Proteom. 2019, 16, 65–76. [Google Scholar] [CrossRef]

	



Tkac, J.; Gajdosova, V.; Hroncekova, S.; Bertok, T.; Hires, M.; Jane, E.; Lorencova, L.; Kasak, P. Prostate-specific antigen glycoprofiling as diagnostic and prognostic biomarker of prostate cancer. Interface Focus 2019, 9, 20180077. [Google Scholar] [CrossRef] [PubMed]

	



Braunschweig, A.; Byrne, J.P.; Chiechi, R.; Diaz Fernandez, Y.; Gildersleeve, J.; Godula, K.; Hartmann, L.; Mahon, C.; Miura, Y.; Nelson, A.; et al. Preparation of multivalent glycan micro- and nano-arrays: General discussion. Faraday Discuss. 2019, 219, 128–137. [Google Scholar] [CrossRef] [PubMed]

	



Byrd-Leotis, L.; Cummings, R.D.; Steinhauer, D.A. The interplay between the host receptor and influenza virus hemagglutinin and neuraminidase. Int. J. Mol. Sci. 2017, 18, 1541. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, S.; Paul, T.J.; Strzelczyk, A.K. Interactive Polymer Gels as Biomimetic Sensors for Carbohydrate Interactions and Capture–Release Devices for Pathogens. Macromol. Chem. Phys. 2019, 220, 1900323. [Google Scholar] [CrossRef]

	



Boholm, M.; Arvidsson, R. A Definition Framework for the Terms Nanomaterial and Nanoparticle. NanoEthics 2016, 10, 25–40. [Google Scholar] [CrossRef]

	



Cepeda-Perez, E.; Lopez-Luke, T.; Plascencia-Villa, G.; Perez-Mayen, L.; Ceja-Fdez, A.; Ponce, A.; Vivero-Escoto, J.; de la Rosa, E. SERS and integrative imaging upon internalization of quantum dots into human oral epithelial cells. J. Biophoton. 2016, 9, 683–693. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Xu, W.; Liang, X.; Yang, Y.; Zhou, Y. Carbon nanotubes in electrochemical, colorimetric, and fluorimetric immunosensors and immunoassays: A review. Microchim. Acta 2020, 187, 206. [Google Scholar] [CrossRef] [PubMed]

	



Akkilic, N.; Geschwindner, S.; Hook, F. Single-molecule biosensors: Recent advances and applications. Biosens. Bioelectron. 2020, 151, 111944. [Google Scholar] [CrossRef] [PubMed]

	



Soh, J.H.; Chan, H.-M.; Ying, J.Y. Strategies for developing sensitive and specific nanoparticle-based lateral flow assays as point-of-care diagnostic device. Nano Today 2020, 30, 100831. [Google Scholar] [CrossRef]

	



Reichardt, N.C.; Martín-Lomas, M.; Penadés, S. Glyconanotechnology. Chem. Soc. Rev. 2013, 42, 4358–4376. [Google Scholar] [CrossRef]

	



Wyss, P.P.; Lamichhane, S.P.; Abed, A.; Vonwil, D.; Kretz, O.; Huber, T.B.; Sarem, M.; Shastri, V.P. Renal clearance of polymeric nanoparticles by mimicry of glycan surface of viruses. Biomaterials 2020, 230, 119643. [Google Scholar] [CrossRef]

	



Carrouel, F.; Viennot, S.; Bourgeois, D.; Ottolenghi, L.; Gaillard, C. Nanoparticles as Anti-Microbial, Anti-Inflammatory, and Remineralizing Agents in Oral Care Cosmetics: A Review of the Current Situation. Nanomaterials 2020, 10, 140. [Google Scholar] [CrossRef]

	



Wrona, M.; Nerin, C. Analytical approaches for analysis of safety of modern food packaging: A review. Molecules 2020, 25, 752. [Google Scholar] [CrossRef]

	



Lagoa, R.; Silva, J.; Rodrigues, J.R.; Bishayee, A. Advances in phytochemical delivery systems for improved anticancer activity. Biotechnol. Adv. 2020, 38, 107382. [Google Scholar] [CrossRef]

	



Adewale, O.B.; Davids, H.; Cairncross, L.; Roux, S. Toxicological Behavior of Gold Nanoparticles on Various Models: Influence of Physicochemical Properties and Other Factors. Int. J. Toxicol. 2019, 38, 357–384. [Google Scholar] [CrossRef]

	



Savage, D.T.; Hilt, J.Z.; Dziubla, T.D. In vitro Methods for Assessing Nanoparticle Toxicity. In Nanotoxicity: Methods and Protocols; Zhang, Q., Ed.; Springer: New York, NY, USA, 2019; pp. 1–29. [Google Scholar]

	



Nguyen, M.K.; Moon, J.-Y.; Lee, Y.-C. Microalgal ecotoxicity of nanoparticles: An updated review. Ecotoxicol. Environ. Saf. 2020, 201, 110781. [Google Scholar] [CrossRef] [PubMed]

	



Chen, R.-J.; Chen, Y.-Y.; Chen, Z.-Y.; Yeh, Y.-L.; Wang, Y.-J.; Liao, M.-Y.; Lee, Y.-H.; Yan, S.-J.; Yang, L.-X.; Lee, Y.-L.; et al. The Current Understanding of Autophagy in Nanomaterial Toxicity and Its Implementation in Safety Assessment-Related Alternative Testing Strategies. Int. J. Mol. Sci. 2020, 21, 2387. [Google Scholar] [CrossRef]

	



Muhammad, Q.; Jang, Y.; Park, H.; Kang, S.H.; Moon, J.; Kim, W.J. Modulation of immune responses with nanoparticles and reduction of their immunotoxicity. Biomater. Sci. 2020, 8, 1490–1501. [Google Scholar] [CrossRef] [PubMed]

	



Sampaolesi, S.; Nicotra, F.; Russo, L. Glycans in nanomedicine, impact and perspectives. Future Med. Chem. 2019, 11, 43–60. [Google Scholar] [CrossRef] [PubMed]

	



Boden, S.; Wagner, K.G.; Karg, M.; Hartmann, L. Presenting Precision Glycomacromolecules on Gold Nanoparticles for Increased Lectin Binding. Polymers 2017, 9, 716. [Google Scholar] [CrossRef]

	



Wang, Y.; Qu, K.; Tang, L.; Li, Z.; Moore, E.; Zeng, X.; Liu, Y.; Li, J. Nanomaterials in carbohydrate biosensors. Trends Anal. Chem. 2014, 58, 54–70. [Google Scholar] [CrossRef]

	



Zhang, H. Molecularly Imprinted Nanoparticles for Biomedical Applications. Adv. Mater. 2020, 32, e1806328. [Google Scholar] [CrossRef]

	



Kaushal, S.; Nanda, S.S.; Samal, S.; Yi, D.K. Strategies for the Development of Metallic-Nanoparticle-Based Label-Free Biosensors and Their Biomedical Applications. ChemBioChem 2020, 21, 576–600. [Google Scholar] [CrossRef]

	



Yang, T.; Luo, Z.; Tian, Y.; Qian, C.; Duan, Y. Design strategies of AuNPs-based nucleic acid colorimetric biosensors. Trends Anal. Chem. 2020, 124, 115795. [Google Scholar] [CrossRef]

	



Gao, Y.; Zhou, Y.; Chandrawati, R. Metal and Metal Oxide Nanoparticles to Enhance the Performance of Enzyme-Linked Immunosorbent Assay (ELISA). ACS Appl. Nano Mater. 2020, 3, 1–21. [Google Scholar] [CrossRef]

	



Daniel, M.C.; Astruc, D. Gold nanoparticles: Assembly, supramolecular chemistry, quantum-size-related properties, and applications toward biology, catalysis, and nanotechnology. Chem. Rev. 2004, 104, 293–346. [Google Scholar] [CrossRef] [PubMed]

	



Hushegyi, A.; Klukova, L.; Bertok, T.; Tkac, J. Carbohydrate Nanotechnology and its Application to Biosensor Development. In Carbohydrate Nanotechnology; Wiley: Hoboken, NJ, USA, 2015; pp. 387–421. [Google Scholar]

	



Hao, N.; Neranon, K.; Ramström, O.; Yan, M. Glyconanomaterials for biosensing applications. Biosens. Bioelectron. 2016, 76, 113–130. [Google Scholar] [CrossRef] [PubMed]

	



Ilčíková, M.; Tkáč, J.; Kasák, P. Switchable Materials Containing Polyzwitterion Moieties. Polymers 2015, 7, 2344–2370. [Google Scholar] [CrossRef]

	



Wei, T.; Zhan, W.; Yu, Q.; Chen, H. Smart Biointerface with Photoswitched Functions between Bactericidal Activity and Bacteria-Releasing Ability. ACS Appl. Mater. Interfaces 2017, 9, 25767–25774. [Google Scholar] [CrossRef] [PubMed]

	



Zhan, W.; Wei, T.; Cao, L.; Hu, C.; Qu, Y.; Yu, Q.; Chen, H. Supramolecular Platform with Switchable Multivalent Affinity: Photo-Reversible Capture and Release of Bacteria. ACS Appl. Mater. Interfaces 2017, 9, 3505–3513. [Google Scholar] [CrossRef] [PubMed]

	



Zhan, W.; Qu, Y.; Wei, T.; Hu, C.; Pan, Y.; Yu, Q.; Chen, H. Sweet Switch: Sugar-Responsive Bioactive Surfaces Based on Dynamic Covalent Bonding. ACS Appl. Mater. Interfaces 2018, 10, 10647–10655. [Google Scholar] [CrossRef]

	



Zhan, W.; Wei, T.; Yu, Q.; Chen, H. Fabrication of Supramolecular Bioactive Surfaces via β-Cyclodextrin-Based Host–Guest Interactions. ACS Appl. Mater. Interfaces 2018, 10, 36585–36601. [Google Scholar] [CrossRef]

	



Romero-Ben, E.; Cid, J.J.; Assali, M.; Fernández-García, E.; Wellinger, R.E.; Khiar, N. Surface modulation of single-walled carbon nanotubes for selective bacterial cell agglutination. Int. J. Nanomed. 2019, 14, 3245. [Google Scholar] [CrossRef]

	



Bertok, T.; Lorencova, L.; Hroncekova, S.; Gajdosova, V.; Jane, E.; Hires, M.; Kasak, P.; Kaman, O.; Sokol, R.; Bella, V. Advanced impedimetric biosensor configuration and assay protocol for glycoprofiling of a prostate oncomarker using Au nanoshells with a magnetic core. Biosens. Bioelectron. 2019, 131, 24–29. [Google Scholar] [CrossRef]

	



Bertok, T.; Lorencova, L.; Hroncekova, S.; Gajdosova, V.; Jane, E.; Hires, M.; Kasak, P.; Kaman, O.; Sokol, R.; Bella, V. Synthesis and characterization of Au nanoshells with a magnetic core and betaine derivatives. MethodsX 2019, 6, 1999–2012. [Google Scholar] [CrossRef]

	



Lorencova, L.; Gajdosova, V.; Hroncekova, S.; Bertok, T.; Jerigova, M.; Velic, D.; Sobolciak, P.; Krupa, I.; Kasak, P.; Tkac, J. Electrochemical investigation of interfacial properties of Ti3C2Tx MXene modified by aryldiazonium betaine derivatives. Front. Chem. 2020. [Google Scholar] [CrossRef]

	



Pernia Leal, M.; Assali, M.; Cid, J.J.; Valdivia, V.; Franco, J.M.; Fernandez, I.; Pozo, D.; Khiar, N. Synthesis of 1D-glyconanomaterials by a hybrid noncovalent-covalent functionalization of single wall carbon nanotubes: A study of their selective interactions with lectins and with live cells. Nanoscale 2015, 7, 19259–19272. [Google Scholar] [CrossRef] [PubMed]

	



Eickelmann, S.; Tsouka, A.; Heidepriem, J.; Paris, G.; Zhang, J.; Molinari, V.; Mende, M.; Loeffler, F.F. A Low-Cost Laser-Based Nano-3D Polymer Printer for Rapid Surface Patterning and Chemical Synthesis of Peptide and Glycan Microarrays. Adv. Mater. Technol. 2019, 4, 1900503. [Google Scholar] [CrossRef]

	



Cunha, C.R.A.; Oliveira, A.D.P.R.; Firmino, T.V.C.; Tenorio, D.P.L.A.; Pereira, G.; Carvalho, L.B., Jr.; Santos, B.S.; Correia, M.T.S.; Fontes, A. Biomedical applications of glyconanoparticles based on quantum dots. Biochim. Biophys. Gen. Subj. 2018, 1862, 427–439. [Google Scholar] [CrossRef]

	



Han, X.; Zheng, Y.; Munro, C.J.; Ji, Y.; Braunschweig, A.B. Carbohydrate nanotechnology: Hierarchical assembly using nature’s other information carrying biopolymers. Curr. Opin. Biotechnol. 2015, 34, 41–47. [Google Scholar] [CrossRef]

	



Yilmaz, G.; Becer, C.R. Glyconanoparticles and their interactions with lectins. Polym. Chem. 2015, 6, 5503–5514. [Google Scholar] [CrossRef]

	



Saha, K.; Agasti, S.S.; Kim, C.; Li, X.; Rotello, V.M. Gold nanoparticles in chemical and biological sensing. Chem. Rev. 2012, 112, 2739–2779. [Google Scholar] [CrossRef]

	



Lee, C.; Wang, P.; Gaston, M.A.; Weiss, A.A.; Zhang, P. Plasmonics-Based Detection of Virus Using Sialic Acid Functionalized Gold Nanoparticles. In Biosensors and Biodetection: Methods and Protocols Volume 1: Optical-Based Detectors; Rasooly, A., Prickril, B., Eds.; Springer: New York, NY, USA, 2017; pp. 109–116. [Google Scholar]

	



García, I.; Sánchez-Iglesias, A.; Henriksen-Lacey, M.; Grzelczak, M.; Penadés, S.; Liz-Marzán, L.M. Glycans as Biofunctional Ligands for Gold Nanorods: Stability and Targeting in Protein-Rich Media. J. Am. Chem. Soc. 2015, 137, 3686–3692. [Google Scholar] [CrossRef]

	



Lee, C.; Gaston, M.A.; Weiss, A.A.; Zhang, P. Colorimetric viral detection based on sialic acid stabilized gold nanoparticles. Biosens. Bioelectron. 2013, 42, 236–241. [Google Scholar] [CrossRef]

	



Richards, S.-J.; Otten, L.; Gibson, M.I. Glycosylated gold nanoparticle libraries for label-free multiplexed lectin biosensing. J. Mater. Chem. B 2016, 4, 3046–3053. [Google Scholar] [CrossRef]

	



Adak, A.K.; Li, B.Y.; Lin, C.C. Advances in multifunctional glycosylated nanomaterials: Preparation and applications in glycoscience. Carbohydr. Res. 2015, 405, 2–12. [Google Scholar] [CrossRef] [PubMed]

	



Fratila, R.M.; Moros, M.; de la Fuente, J.M. Recent advances in biosensing using magnetic glyconanoparticles. Anal. Bioanal. Chem. 2016, 408, 1783–1803. [Google Scholar] [CrossRef] [PubMed]

	



Gianvincenzo, P.D.; Calvo, J.; Perez, S.; Álvarez, A.; Bedoya, L.M.; Alcamí, J.; Penadés, S. Negatively Charged Glyconanoparticles Modulate and Stabilize the Secondary Structures of a gp120 V3 Loop Peptide: Toward Fully Synthetic HIV Vaccine Candidates. Bioconjug. Chem. 2015, 26, 755–765. [Google Scholar] [CrossRef] [PubMed]

	



Sunasee, R.; Narain, R. Carbohydrate Nanotechnology Applied to Vaccine Development. In Carbohydrate Nanotechnology; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2015; pp. 369–385. [Google Scholar]

	



Wei, J.; Zheng, L.; Lv, X.; Bi, Y.; Chen, W.; Zhang, W.; Shi, Y.; Zhao, L.; Sun, X.; Wang, F.; et al. Analysis of Influenza Virus Receptor Specificity Using Glycan-Functionalized Gold Nanoparticles. ACS Nano 2014, 8, 4600–4607. [Google Scholar] [CrossRef]

	



Zheng, L.; Wei, J.; Lv, X.; Bi, Y.; Wu, P.; Zhang, Z.; Wang, P.; Liu, R.; Jiang, J.; Cong, H.; et al. Detection and differentiation of influenza viruses with glycan-functionalized gold nanoparticles. Biosens. Bioelectron. 2017, 91, 46–52. [Google Scholar] [CrossRef]

	



Adokoh, C.; Darkwa, J.; Narain, R. Synthetic Approach to Glycopolymer Base Nanoparticle Gold(I) Conjugate: A New Generation of Therapeutic Agents. In Macro-Glycoligands; Humana Press: New York, NY, USA, 2016; pp. 157–168. [Google Scholar]

	



Chuang, Y.-J.; Zhou, X.; Pan, Z.; Turchi, C. A convenient method for synthesis of glyconanoparticles for colorimetric measuring carbohydrate-protein interactions. Biochem. Biophys. Res. Commun. 2009, 389, 22–27. [Google Scholar] [CrossRef]

	



Baker, S.N.; Baker, G.A. Luminescent carbon nanodots: Emergent nanolights. Angew. Chem. Int. Ed. 2010, 49, 6726–6744. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhang, F.; Yang, Z.; You, H.; Tian, C.; Li, Z.; Fang, J. Gold mesoparticles with precisely controlled surface topographies for single-particle surface-enhanced Raman spectroscopy. J. Mater. Chem. C 2013, 1, 5567–5576. [Google Scholar] [CrossRef]

	



Ou, J.; Zhou, Z.; Chen, Z.; Chen, Z.; Tan, H. Optical Diagnostic Based on Functionalized Gold Nanoparticles. Int. J. Mol. Sci. 2019, 20, 4346. [Google Scholar] [CrossRef]

	



Alivisatos, A.P. Semiconductor Clusters, Nanocrystals, and Quantum Dots. Science 1996, 271, 933–937. [Google Scholar] [CrossRef]

	



Compostella, F.; Pitirollo, O.; Silvestri, A.; Polito, L. Glyco-gold nanoparticles: Synthesis and applications. Beilstein J. Org. Chem. 2017, 13, 1008–1021. [Google Scholar] [CrossRef] [PubMed]

	



Mahadevegowda, S.H.; Hou, S.; Ma, J.; Keogh, D.; Zhang, J.; Mallick, A.; Liu, X.W.; Duan, H.; Chan-Park, M.B. Raman-encoded, multivalent glycan-nanoconjugates for traceable specific binding and killing of bacteria. Biomater. Sci. 2018, 6, 1339–1346. [Google Scholar] [CrossRef] [PubMed]

	



Langer, J.; García, I.; Liz-Marzán, L.M. Real-time dynamic SERS detection of galectin using glycan-decorated gold nanoparticles. Faraday Discuss. 2017, 205, 363–375. [Google Scholar] [CrossRef]

	



Wikipedia Colloidal Gold. Available online: https://en.wikipedia.org/wiki/Colloidal_gold (accessed on 6 April 2020).

	



Sayhi, M.; Ouerghi, O.; Belgacem, K.; Arbi, M.; Tepeli, Y.; Ghram, A.; Anik, Ü.; Österlund, L.; Laouini, D.; Diouani, M.F. Electrochemical detection of influenza virus H9N2 based on both immunomagnetic extraction and gold catalysis using an immobilization-free screen printed carbon microelectrode. Biosens. Bioelectron. 2018, 107, 170–177. [Google Scholar] [CrossRef]

	



García, I.; Mosquera, J.; Plou, J.; Liz-Marzán, L.M. Plasmonic Detection of Carbohydrate-Mediated Biological Events. Adv. Opt. Mater. 2018, 6, 1800680. [Google Scholar] [CrossRef]

	



Toraskar, S.; Gade, M.; Sangabathuni, S.; Thulasiram, H.V.; Kikkeri, R. Exploring the Influence of Shapes and Heterogeneity of Glyco-Gold Nanoparticles on Bacterial Binding for Preventing Infections. ChemMedChem 2017, 12, 1116–1124. [Google Scholar] [CrossRef]

	



Chaudhary, P.M.; Sangabathuni, S.; Murthy, R.V.; Paul, A.; Thulasiram, H.V.; Kikkeri, R. Assessing the effect of different shapes of glyco-gold nanoparticles on bacterial adhesion and infections. Chem. Commun. 2015, 51, 15669–15672. [Google Scholar] [CrossRef] [PubMed]

	



Sangabathuni, S.; Vasudeva Murthy, R.; Chaudhary, P.M.; Surve, M.; Banerjee, A.; Kikkeri, R. Glyco-gold nanoparticle shapes enhance carbohydrate-protein interactions in mammalian cells. Nanoscale 2016, 8, 12729–12735. [Google Scholar] [CrossRef] [PubMed]

	



Otten, L.; Vlachou, D.; Richards, S.J.; Gibson, M.I. Glycan heterogeneity on gold nanoparticles increases lectin discrimination capacity in label-free multiplexed bioassays. Analyst 2016, 141, 4305–4312. [Google Scholar] [CrossRef]

	



Selvaprakash, K.; Chen, Y.C. Functionalized gold nanoparticles as affinity nanoprobes for multiple lectins. Colloids Surf. B 2018, 162, 60–68. [Google Scholar] [CrossRef]

	



Chen, W.-J.; Kandasamy, K.; Chen, Y.-C. Functional Gold Nanoparticles as Sensing Probes for Concanavalin A and as Imaging Agents for Cancer Cells. ACS Appl. Nano Mater. 2019, 2, 3348–3357. [Google Scholar] [CrossRef]

	



Won, S.; Richards, S.-J.; Walker, M.; Gibson, M.I. Externally controllable glycan presentation on nanoparticle surfaces to modulate lectin recognition. Nanoscale Horiz. 2017, 2, 106–109. [Google Scholar] [CrossRef] [PubMed]

	



Won, S.; Hindmarsh, S.; Gibson, M.I. Triggerable Multivalent Glyconanoparticles for Probing Carbohydrate–Carbohydrate Interactions. ACS Macro Lett. 2018, 7, 178–183. [Google Scholar] [CrossRef] [PubMed]

	



Paul, T.J.; Rübel, S.; Hildebrandt, M.; Strzelczyk, A.K.; Spormann, C.; Lindhorst, T.K.; Schmidt, S. Thermosensitive Display of Carbohydrate Ligands on Microgels for Switchable Binding of Proteins and Bacteria. ACS Appl. Mater. Interfaces 2019, 11, 26674–26683. [Google Scholar] [CrossRef] [PubMed]

	



Kaushal, S.; Priyadarshi, N.; Pinnaka, A.K.; Soni, S.; Deep, A.; Singhal, N.K. Glycoconjugates coated gold nanorods based novel biosensor for optical detection and photothermal ablation of food borne bacteria. Sens. Actuat. B Chem. 2019, 289, 207–215. [Google Scholar] [CrossRef]

	



Kojori, H.S.; Ji, Y.; Paik, Y.; Braunschweig, A.B.; Kim, S.J. Monitoring interfacial lectin binding with nanomolar sensitivity using a plasmon field effect transistor. Nanoscale 2016, 8, 17357–17364. [Google Scholar] [CrossRef]

	



Poonthiyil, V.; Lindhorst, T.K.; Golovko, V.B.; Fairbanks, A.J. Recent applications of click chemistry for the functionalization of gold nanoparticles and their conversion to glyco-gold nanoparticles. Beilstein J. Org. Chem. 2018, 14, 11–24. [Google Scholar] [CrossRef]

	



Shen, J.; Zhang, L.; Liu, L.; Wang, B.; Bai, J.; Shen, C.; Chen, Y.; Fan, Q.; Chen, S.; Wu, W.; et al. Revealing Lectin–Sugar Interactions with a Single Au@Ag Nanocube. ACS Appl. Mater. Interfaces 2019, 11, 40944–40950. [Google Scholar] [CrossRef]

	



Ashree, J.; Wang, Q.; Chao, Y. Glyco-functionalised quantum dots and their progress in cancer diagnosis and treatment. Front. Chem. Sci. Eng. 2020, 14, 365–377. [Google Scholar] [CrossRef]

	



Nurunnabi, M.; Cho, K.J.; Choi, J.S.; Huh, K.M.; Lee, Y.K. Targeted near-IR QDs-loaded micelles for cancer therapy and imaging. Biomaterials 2010, 31, 5436–5444. [Google Scholar] [CrossRef]

	



Zrazhevskiy, P.; Gao, X. Quantum dot imaging platform for single-cell molecular profiling. Nat. Commun. 2013, 4, 1619. [Google Scholar] [CrossRef]

	



Miao, P.; Han, K.; Tang, Y.; Wang, B.; Lin, T.; Cheng, W. Recent advances in carbon nanodots: Synthesis, properties and biomedical applications. Nanoscale 2015, 7, 1586–1595. [Google Scholar] [CrossRef] [PubMed]

	



Hu, S.-W.; Qiao, S.; Xu, B.-Y.; Peng, X.; Xu, J.-J.; Chen, H.-Y. Dual-Functional Carbon Dots Pattern on Paper Chips for Fe3+ and Ferritin Analysis in Whole Blood. Anal. Chem. 2017, 89, 2131–2137. [Google Scholar] [CrossRef] [PubMed]

	



Meziani, M.J.; Dong, X.; Zhu, L.; Jones, L.P.; LeCroy, G.E.; Yang, F.; Wang, S.; Wang, P.; Zhao, Y.; Yang, L.; et al. Visible-Light-Activated Bactericidal Functions of Carbon “Quantum” Dots. ACS Appl. Mater. Interfaces 2016, 8, 10761–10766. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.-T.; Cao, L.; Luo, P.G.; Lu, F.; Wang, X.; Wang, H.; Meziani, M.J.; Liu, Y.; Qi, G.; Sun, Y.-P. Carbon Dots for Optical Imaging in Vivo. J. Am. Chem. Soc. 2009, 131, 11308–11309. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Ohulchanskyy, T.Y.; Liu, R.; Koynov, K.; Wu, D.; Best, A.; Kumar, R.; Bonoiu, A.; Prasad, P.N. Photoluminescent Carbon Dots as Biocompatible Nanoprobes for Targeting Cancer Cells in vitro. J. Phys. Chem. C 2010, 114, 12062–12068. [Google Scholar] [CrossRef]

	



Liu, C.; Zhang, P.; Zhai, X.; Tian, F.; Li, W.; Yang, J.; Liu, Y.; Wang, H.; Wang, W.; Liu, W. Nano-carrier for gene delivery and bioimaging based on carbon dots with PEI-passivation enhanced fluorescence. Biomaterials 2012, 33, 3604–3613. [Google Scholar] [CrossRef] [PubMed]

	



Hudlikar, M.S.; Li, X.; Gagarinov, I.A.; Kolishetti, N.; Wolfert, M.A.; Boons, G.-J. Controlled Multi-functionalization Facilitates Targeted Delivery of Nanoparticles to Cancer Cells. Chem. Eur. J. 2016, 22, 1415–1423. [Google Scholar] [CrossRef]

	



Ahn, K.-S.; Lim, K.R.; Jeong, D.; Lee, B.Y.; Kim, K.S.; Lee, W.-Y. Fluorescence energy transfer inhibition bioassay for cholera toxin based on galactose-stabilized gold nanoparticles and amine-terminated quantum dots. Microchem. J. 2016, 124, 9–14. [Google Scholar] [CrossRef]

	



Zhang, H.; Zhang, L.; Liang, R.-P.; Huang, J.; Qiu, J.-D. Simultaneous Determination of Concanavalin A and Peanut Agglutinin by Dual-Color Quantum Dots. Anal. Chem. 2013, 85, 10969–10976. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Zhang, Y.; He, H.; Yang, H.; Wei, W. Simultaneous quadruple-channel optical transduction of a nanosensor for multiplexed qualitative and quantitative analysis of lectins. Chem. Commun. 2018, 54, 7754–7757. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Jie, X.; Wang, L.; Zhang, Y.; Wang, M.; Wei, W. An array consisting of glycosylated quantum dots conjugated to MoS2 nanosheets for fluorometric identification and quantitation of lectins and bacteria. Microchim. Acta 2018, 185, 512. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Qi, X.; Chai, J.; Wu, P.; Lv, X.; Cheng, S.; Li, X. Detection of glycan-binding proteins using glycan-functionalized quantum dots and gold nanoparticles. J. Carbohydr. Chem. 2018, 37, 199–209. [Google Scholar] [CrossRef]

	



Palomo, V.; Cistrone, P.A.; Zhan, N.; Palui, G.; Mattoussi, H.; Dawson, P.E. Efficient Assembly of Quantum Dots with Homogenous Glycans Derived from Natural N-Linked Glycoproteins. Bioconjugate Chem. 2018, 29, 3144–3153. [Google Scholar] [CrossRef]

	



Rouhanifard, S.H.; Xie, R.; Zhang, G.; Sun, X.; Chen, X.; Wu, P. Detection and Isolation of Dendritic Cells Using Lewis X-Functionalized Magnetic Nanoparticles. Biomacromolecules 2012, 13, 3039–3045. [Google Scholar] [CrossRef] [PubMed]

	



Figdor, C.G.; de Vries, I.J.; Lesterhuis, W.J.; Melief, C.J. Dendritic cell immunotherapy: Mapping the way. Nat. Med. 2004, 10, 475–480. [Google Scholar] [CrossRef]

	



Bhusal, N.; Shrestha, S.; Pote, N.; Alocilja, E.C. Nanoparticle-Based Biosensing of Tuberculosis, an Affordable and Practical Alternative to Current Methods. Biosensors 2018, 9, 1. [Google Scholar] [CrossRef]

	



Ma, Y.; Li, X.; Li, W.; Liu, Z. Glycan-Imprinted Magnetic Nanoparticle-Based SELEX for Efficient Screening of Glycoprotein-Binding Aptamers. ACS Appl. Mater. Interfaces 2018, 10, 40918–40926. [Google Scholar] [CrossRef]

	



Timmer, B.J.J.; Flos, M.A.; Jørgensen, L.M.; Proverbio, D.; Altun, S.; Ramström, O.; Aastrup, T.; Vincent, S.P. Spatially well-defined carbohydrate nanoplatforms: Synthesis, characterization and lectin interaction study. Chem. Commun. 2016, 52, 12326–12329. [Google Scholar] [CrossRef]

	



Swift, T.A.; Duchi, M.; Hill, S.A.; Benito-Alifonso, D.; Harniman, R.L.; Sheikh, S.; Davis, S.A.; Seddon, A.M.; Whitney, H.M.; Galan, M.C.; et al. Surface functionalisation significantly changes the physical and electronic properties of carbon nano-dots. Nanoscale 2018, 10, 13908–13912. [Google Scholar] [CrossRef]

	



Hill, S.A.; Benito-Alifonso, D.; Morgan, D.J.; Davis, S.A.; Berry, M.; Galan, M.C. Three-minute synthesis of sp3 nanocrystalline carbon dots as non-toxic fluorescent platforms for intracellular delivery. Nanoscale 2016, 8, 18630–18634. [Google Scholar] [CrossRef] [PubMed]

	



Cid Martín, J.J.; Assali, M.; Fernández-García, E.; Valdivia, V.; Sánchez-Fernández, E.M.; Garcia Fernández, J.M.; Wellinger, R.E.; Fernández, I.; Khiar, N. Tuning of glyconanomaterial shape and size for selective bacterial cell agglutination. J. Mater. Chem. B 2016, 4, 2028–2037. [Google Scholar] [CrossRef] [PubMed]

	



Romero-Ben, E.; Mena Barragán, T.; García de Dionisio, E.; Sánchez-Fernández, E.M.; Garcia Fernández, J.M.; Guillén-Mancina, E.; López-Lázaro, M.; Khiar, N. Mannose-coated polydiacetylene (PDA)-based nanomicelles: Synthesis, interaction with Concanavalin A and application in the water solubilization and delivery of hydrophobic molecules. J. Mater. Chem. B 2019, 7, 5930–5946. [Google Scholar] [CrossRef] [PubMed]

	



Abellán-Flos, M.; Timmer, B.J.J.; Altun, S.; Aastrup, T.; Vincent, S.P.; Ramström, O. QCM sensing of multivalent interactions between lectins and well-defined glycosylated nanoplatforms. Biosens. Bioelectron. 2019, 139, 111328. [Google Scholar] [CrossRef] [PubMed]

	



Kveton, F.; Blsakova, A.; Lorencova, L.; Jerigova, M.; Velic, D.; Blixt, O.; Jansson, B.; Kasak, P.; Tkac, J. A Graphene-Based Glycan Biosensor for Electrochemical Label-Free Detection of a Tumor-Associated Antibody. Sensors 2019, 19, 5409. [Google Scholar] [CrossRef] [PubMed]

	



Blsakova, A.; Kveton, F.; Kasak, P.; Tkac, J. Antibodies against aberrant glycans as cancer biomarkers. Exp. Rev. Mol. Diagn. 2019, 19, 1057–1068. [Google Scholar] [CrossRef]

	



Xie, D.; Feng, X.-Q.; Hu, X.-L.; Liu, L.; Ye, Z.; Cao, J.; Chen, G.-R.; He, X.-P.; Long, Y.-T. Probing Mannose-Binding Proteins That Express on Live Cells and Pathogens with a Diffusion-to-Surface Ratiometric Graphene Electrosensor. ACS Appl. Mater. Interfaces 2016, 8, 25137–25141. [Google Scholar] [CrossRef]

	



Zhang, X.; Lu, W.; Shen, J.; Jiang, Y.; Han, E.; Dong, X.; Huang, J. Carbohydrate derivative-functionalized biosensing toward highly sensitive electrochemical detection of cell surface glycan expression as cancer biomarker. Biosens. Bioelectron. 2015, 74, 291–298. [Google Scholar] [CrossRef]

	



Cai, Z.; Sasmal, A.; Liu, X.; Asher, S.A. Responsive Photonic Crystal Carbohydrate Hydrogel Sensor Materials for Selective and Sensitive Lectin Protein Detection. ACS Sens. 2017, 2, 1474–1481. [Google Scholar] [CrossRef]

	



Wahiba, M.; Feng, X.-Q.; Zang, Y.; James, T.D.; Li, J.; Chen, G.-R.; He, X.-P. A supramolecular pyrenyl glycoside-coated 2D MoS2 composite electrode for selective cell capture. Chem. Commun. 2016, 52, 11689–11692. [Google Scholar] [CrossRef]

	



Song, J.-X.; Tang, X.-Y.; Zhou, D.-M.; Zhang, W.; James, T.D.; He, X.-P.; Tian, H. A fluorogenic 2D glycosheet for the simultaneous identification of human- and avian-receptor specificity in influenza viruses. Mater. Horiz. 2017, 4, 431–436. [Google Scholar] [CrossRef]

	



Guan, C.; Zhao, Y.; Hou, Y.; Shan, G.; Yan, D.; Liu, Y. Glycosylated liposomes loading carbon dots for targeted recognition to HepG2 cells. Talanta 2018, 182, 314–323. [Google Scholar] [CrossRef]

	



Hassanpour, S.; Baradaran, B.; Hejazi, M.; Hasanzadeh, M.; Mokhtarzadeh, A.; de la Guardia, M. Recent trends in rapid detection of influenza infections by bio and nanobiosensor. Trends Anal. Chem. 2018, 98, 201–215. [Google Scholar] [CrossRef]

	



Hai, W.; Goda, T.; Takeuchi, H.; Yamaoka, S.; Horiguchi, Y.; Matsumoto, A.; Miyahara, Y. Human influenza virus detection using sialyllactose-functionalized organic electrochemical transistors. Sens. Actuat. B Chem. 2018, 260, 635–641. [Google Scholar] [CrossRef]

	



Hideshima, S.; Hayashi, H.; Hinou, H.; Nambuya, S.; Kuroiwa, S.; Nakanishi, T.; Momma, T.; Nishimura, S.-I.; Sakoda, Y.; Osaka, T. Glycan-immobilized dual-channel field effect transistor biosensor for the rapid identification of pandemic influenza viral particles. Sci. Rep. 2019, 9, 11616. [Google Scholar] [CrossRef] [PubMed]

	



Erofeev, A.S.; Gorelkin, P.V.; Kolesov, D.V.; Kiselev, G.A.; Dubrovin, E.V.; Yaminsky, I.V. Label-free sensitive detection of influenza virus using PZT discs with a synthetic sialylglycopolymer receptor layer. R. Soc. Open Sci. 2019, 6, 190255. [Google Scholar] [CrossRef] [PubMed]

	



Tao, S.; Jia, T.W.; Yang, Y.; Chu, L.Q. BSA-Sugar Conjugates as Ideal Building Blocks for SPR-Based Glycan Biosensors. ACS Sens. 2017, 2, 57–60. [Google Scholar] [CrossRef] [PubMed]

	



Kveton, F.; Blsakova, A.; Hushegyi, A.; Damborsky, P.; Blixt, O.; Jansson, B.; Tkac, J. Optimization of the Small Glycan Presentation for Binding a Tumor-Associated Antibody: Application to the Construction of an Ultrasensitive Glycan Biosensor. Langmuir 2017, 33, 2709–2716. [Google Scholar] [CrossRef]

	



Tao, S.; Wang, W.W.; Chu, L.Q.; Jia, T.W.; Yang, Y. Direct immobilization of sugar probes on bovine serum albumin-coated gold substrate for the development of glycan biosensors. Biointerphases 2019, 14, 011003. [Google Scholar] [CrossRef]

	



Yang, Y.; Jia, T.-W.; Xu, F.; Li, W.; Tao, S.; Chu, L.-Q.; He, Y.; Li, Y.; Iyer, S.S.; Yu, P. Fluorescent Neomannosyl Bovine Serum Albumin as Efficient Probe for Mannose Receptor Imaging and MCF-7 Cancer Cell Targeting. ACS Appl. Nano Mater. 2018, 1, 1058–1065. [Google Scholar] [CrossRef]

	



Heine, V.; Boesveld, S.; Pelantová, H.; Křen, V.; Trautwein, C.; Strnad, P.; Elling, L. Identifying Efficient Clostridium difficile Toxin a Binders with a Multivalent Neo-Glycoprotein Glycan Library. Bioconjug. Chem. 2019, 30, 2373–2383. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 10 01406 g001 550] 





Figure 1. (Left): Structure of N-acetylneuraminic acid (Neu5Ac, sialic acid, SA), linked to galactose either via a α-2,3- or via a α-2,6-linkage. Figure taken from [18], which is an open access article distributed under Creative Commons attribution license. (Right): Superposition of an avian influenza virus hemagglutinin in a complex with α-2,3-sialyllactosamine (yellow) (PDB accession 2WR2) and the human receptor α-2,6-sialyllactosamine (cyan) (PDB accession 2WR7). The avian receptor generally has a linear conformation, whereas the human receptor is more flexible and has an umbrella-like topology. Reproduced with permission from [14]. Copyright Nature, 2014. 
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Figure 2. Overview of different nanomaterials (outside the blue circle) used in combination with biomaterials/biomolecules (inside the blue circle) for various applications (in yellow circle). Reproduced with permission from [37]. Copyright Elsevier, 2014. Figure redrawn in our review paper [9], which is an open access article distributed under the terms of the Creative Commons CC BY license. 
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Figure 3. To switch the bacteria-capture state (green part, trans- form of Azo) to the bacteria-release state (red part, cis-form of Azo), the gold surface covered by azo derivative hosting β-cyclodextrin with covalently attached mannose units, was irradiated with 36 nm UV light for 30 min. To switch the bacteria-release state back to bacteria-capture state, the interface was irradiated with 450-nm visible light for 30 min and then immersed it into a fresh cyclodextrin-mannose solution. Reproduced with permission from [47]. Copyright American Chemical Society, 2017. 
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Figure 4. Synthesis and applications of hierarchically self-assembled and photopolymerized neoglycolipids onto SWCNT sidewalls (upper). SEM and TEM images of SWCNTs modified by glycolipids forming nanorings (lower left) and polymerization of the glyconanoring-coated carbon nanotubes (lower right). Reproduced with permission from [54]. Copyright Royal Society of Chemistry, 2015. 
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Figure 5. General procedure. (A) Microarray generation with laser induced forward transfer; (B) Spin-coating of donor slides (glass slide ≈1 mm, covered with self-adhesive polyimide foil, ≈75 um) with different polymer mixtures (e.g., polystyrene mixed with amino acid building block or fluorescent dye); (C) Melting and mixing of transferred polymer spots (not to scale). Reproduced with permission from [55]. 






Figure 5. General procedure. (A) Microarray generation with laser induced forward transfer; (B) Spin-coating of donor slides (glass slide ≈1 mm, covered with self-adhesive polyimide foil, ≈75 um) with different polymer mixtures (e.g., polystyrene mixed with amino acid building block or fluorescent dye); (C) Melting and mixing of transferred polymer spots (not to scale). Reproduced with permission from [55].



[image: Nanomaterials 10 01406 g005]







[image: Nanomaterials 10 01406 g006 550] 





Figure 6. Color differences caused by variations in size of AuNPs. Figure taken from Wikipedia on 6 April 2020 [79]. 
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Figure 7. (A) Synthesis of polymers by RAFT (reversible activation fragmentation transfer); (B) concept of using responsive polymers to gate access to nanoparticles. Below the critical temperature longer polymer chain due to steric hindrance prevents lectin binding to glycans, but above the critical temperature, the polymer collapse to expose glycans enabling binding and aggregation of the particles. UV-Vis traces of different nanoparticle formulations in presence of serial dilution of lectin (1–10 μg·mL−1) after 30 min incubation at 20 °C (C) or 40 °C; (D). An increase in Abs700 and decrease in Abs540 is indicative of binding. All curves were normalized to Abs450 = 1. TEM images of these particles after addition of lectin (E) at 20 °C for 30 min; (F) at 40 °C following 30 min incubation. Reproduced with permission from [88]. Copyright Royal Society of Chemistry, 2017. 
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Figure 8. (a) A plasmonic field effect transistor (FET) for sensing lectins is coated with a layer of AuNP-glycopolymer conjugates. Increases in plasmon absorption upon the binding of lectins to the glycopolymers increases the electrical current (dimensions are not proportional): (i) Hot electrons transfer from AuNPs to the InGaZnO (IGZO) layer by overcoming the Schottky barrier; (ii) The applied gate voltage assists the migration of hot electrons into the current channel of the plasmon FET; (iii) The number of charge carriers increases in the IGZO layer, thereby enhancing the detected signal. Sensor fabrication: (b) AuNPs are assembled onto the plasmon FET; (c) 1,2-ethanedithiol is adsorbed onto the Au NPs; (d) glucosyloxyethyl methacrylate is incubated onto the Au NP under UV light (λ = 365 nm) in the presence of a photoinitiator for 2 h to form the glycopolymer via a thiol-acrylate photopolymerization; (e) binding of the lectin Con A to the glycopolymers on the AuNP surfaces. Symbols for each of the elements in the figure are provided at the bottom. Reproduced with permission from [92]. Copyright the Royal Society of Chemistry, 2016. 
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Figure 9. (a) Schematic illustration of the rational design for lectin detection; (b) construction of a fluorescent array by employing Man-QD520 (Probe 1), Glu-QD580 (Probe 2) and Gal-QD660 (Probe 3) as three signal probes; (c) molecular structures of saccharide derivatives for QDs modification. Reproduced with permission from [108]. Copyright Springer, 2018. 
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Figure 10. (a) synthesis of Lex-coated MNPs and (b) selective capturing of DCs from a cell population by functionalized MNPs. Reproduced with permission from [111]. Copyright American Chemical Society, 2012. 
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Figure 11. Symmetry and size of nanoscaffolds (from left to right): molecular Borromean rings, dodecaamine cages and fullerenes applied for glycan immobilization with subsequent examination of kinetic and affinity parameters for binding to Con A. Reproduced with permission from [115]. Copyright the Royal Society of Chemistry, 2016. 
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Figure 12. QCM sensorgrams (black curves) and fitted datasets (red curves) for (from left to right): molecular Borromean rings, dodecaamine cages and fullerenes together with estimated binding data. Reproduced with permission from [115]. 
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Figure 13. Shrinkage of the carbohydrate-containing hydrogel upon binding of a lectin detected as a change of interparticle distance diffracting visible light. Reproduced with permission from [125]. Copyright American Chemical Society, 2017. 
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Figure 14. Schematic illustration of (a) the co-assembly of sialyl–glycan–fluorophore conjugates with different emission colors to 2D MoS2, producing the 2D glycosheet and (b) the use of the 2D glycosheet for identification of the single or dual receptor specificity in influenza viruses. Reproduced with permission from [127]. Copyright the Royal Society of Chemistry, 2017. 






Figure 14. Schematic illustration of (a) the co-assembly of sialyl–glycan–fluorophore conjugates with different emission colors to 2D MoS2, producing the 2D glycosheet and (b) the use of the 2D glycosheet for identification of the single or dual receptor specificity in influenza viruses. Reproduced with permission from [127]. Copyright the Royal Society of Chemistry, 2017.



[image: Nanomaterials 10 01406 g014]







[image: Nanomaterials 10 01406 g015 550] 





Figure 15. Schematic illustration depicts the structure of Man-CDs-liposome. The process for Man-liposomes loading is displayed. The aldehyde groups of D-mannose can react with the amino on the hydrophilic head of liposomes to form imine by aldehyde-amide condensation reaction. Man-CDs-liposome can target recognition of HepG2 cells. Reproduced with permission from [128]. Copyright Elsevier, 2018. 
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Figure 16. An organic electrochemical transistor device for specific human influenza A virus sensing. (a) Schematic cross section of the organic electrochemical transistor device with a thin layer of 2,6-sialyllactose-grafted polymer in an electrolyte; (b) chemical structures of 2,6-sialyllactose-grafted polymer; (c) optical micrographs showing top view of the interdigitating drain–source microelectrodes before and after the coating of a polymer thin film. Scale bar: 500 um. Reproduced with permission from [130]. Copyright Elsevier, 2018. 
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Figure 17. Portable biosensing system using a Bluetooth connection between a smartphone and the field-effect transistor-based biosensor. Reproduced with permission from [131]. 
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Figure 18. Rise of lateral stress inside the polymer receptor layer with sialyloligosaccharide groups after binding virus particle. Reproduced with permission from [132]. Copyright the Royal Society, 2019. 






Figure 18. Rise of lateral stress inside the polymer receptor layer with sialyloligosaccharide groups after binding virus particle. Reproduced with permission from [132]. Copyright the Royal Society, 2019.



[image: Nanomaterials 10 01406 g018]







[image: Table] 





Table 1. AuNP-based glycan nanobiosensors and their characteristics.
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Carbohydrate

	
Immobilization

	
Interface

	
Transducer

	
Analyte

	
LOD

	
Ref.






	
SA residues

	
thiol–Au–S bond

	
AuNPs

	
optical (96-well plate)

	
influenza viral strains

	
8 HA titer

	
[69]




	
lactose glycoconjugate

	
thiol 4-mercaptobenzoic acid

	
surface- enhanced Raman scattering

	
galectin 9

	
1.2 × 10−9 M

	
[78]




	
fetuin with SA

	
fetuin micelle

	
carbon SPE

	
influenza strain H9 N2

	
8 HAU titer

	
[80]




	
α-D-mannose and β-D-galactose dendrons

	
thiol

	
spherical AuNPs

	
optical (96-well plate)

	
E. coli strains ORN 178

	
200 μg·mL−1

	
[82]




	
rod-shaped AuNPs

	
20 μg·mL−1




	
galactose and mannose

	
click chemistry (PEG)

	
spherical AuNPs

	
17 ± 2 μg·mL−1

	
[83]




	
rod-shaped AuNPs

	
14 ± 2 μg·mL−1




	
star-like AuNPs

	
0.03 ± 0.01 μg·mL−1




	
mannose

	
UV-irradiation

	
InGaZnO gate

	
FET

	
Con A

	
10−10 M

	
[92]




	
galactosamine and mannosamine

	
terminal thiol from RAFT agent

	
AuNPs

	
optical (96-well plate)

	
carbohydrate-binding proteins

	
down to nM

	
[85]




	
ovalbumin with mannose, glucose and Galβ(1→4)GlcNAc

	
cysteines residues

	
MALDI

	
Con A

	
3.9 nM

	
[86]




	
BanLec

	
7.8 nM




	
ricin B

	
31.3 nM




	
maltose

	
NaOH, 50 °C

	
optical (96-well plate)

	
Con A

	
23 pM

	
[87]




	
battery of saccharides

	
terminal thiol from RAFT agent

	
battery of lectin and Ca2+

	
μg·mL−1

	
[88,89]




	
4-aminophenyl α-D-mannopyranoside and 4-aminophenyl β-D-galactopyranoside

	
click chemistry (PEG)

	
Au nanorods

	
optical (near-infrared absorption and scattering in surface plasmon resonance)

	
E. coli

	
down to μM

	
[91]




	
mannose

	
thiols

	
Ag-coated Au nanorods

	
optical (SPR)

	
Con A

	
down to nM

	
[77]




	
2 nM

	
[94]
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Table 2. QDs-based glycan nanobiosensors and their characteristics.
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Carbohydrate

	
Immobilization

	
Interface

	
Transducer

	
Analyte

	
LOD

	
Ref.






	
β-galactose derivatives

	
thiols

	
AuNPs and amino-terminated QDs

	
optical (fluorescence resonance energy transfer)

	
cholera toxin from V. cholerae

	
280 pM

	
[105]




	
glucosamine

	
amide coupling reaction

	
CdSe/ZnS QDs

	
optical (dual-color quantitative analysis)

	
Con A

	
0.3 nM

	
[106]




	
galactosamine

	
PNA

	
0.18 nM




	
mannose, galactose, N-acetylglucosamine

	
thiols (metal–sulfur bond)

	
optical (fluorescence resonance energy transfer)

	
Con A

	
4.6 nM

	
[107]




	
WGA

	
9.7 nM




	
PNA

	
8.9 nM




	
RCA120

	
5.7 nM




	
PSA

	
4.6 nM




	
PBA-MoS2 + CdSe/ZnS QDs

	
optical

	
Con A

	
3.7

	
[108]




	
PSA

	
8.3




	
PNA

	
4.2




	
RCA120

	
3.9




	
E. coli

	
87 CFU·mL−1




	
Enterococcus faecium

	
66 CFU·mL−1




	
N-linked glycan terminated with sialic acid

	
covalent bioconjugation through oxime ligation

	
CdSe/ZnS QDs

	
optical (fluorescence resonance energy transfer—FRET)

	
SNA

	
undefined

	
[110]




	
His-tag self-assembly




	
α-mannose

	
thiols -

	
CdSe/ZnS QDs

	
optical (FRET)

	
Con A

	
3 nM

	
[109]
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Table 3. MNPs-based glycan nanobiosensors and their characteristics.
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	Carbohydrate
	Immobilization
	Interface
	Transducer
	Analyte
	LOD
	Ref.





	Lewis x
	polyacrylic acid + CuAAC chemistry
	MNPs (Fe3O4 core)
	magnetic field
	dendritic cells
	undefined
	[111]



	N-glycans
	boronate affinity controllable oriented surface imprinting
	MNPs
	systematic evolution of ligands by exponential enrichment
	aptamers
	<1 nM
	[114]



	chitosan
	click chemistry (PEG)
	MNPs (Fe3O4 core)
	optical (colorimetric biosensing assay)
	acid-fast bacilli of M. tuberculosis
	102 CFU·mL−1
	[113]
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Table 4. Carbon nanomaterial-based glycan biosensors and their characteristics.
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Carbohydrate

	
Immobilization

	
Interface

	
Transducer

	
Analyte

	
LOD

	
Ref.






	
thiomannosyl dimer

	
Au–S bond

	
Multi-walled carbon nanotube (MWCNT)/Au NPs

	
GCE electrode

	
lung cells

	
10 cells·mL−1

	
[124]




	
liver cells

	
40 cells·mL−1




	
prostate cells

	
15 cells·mL−1




	
mannose

	
CuAAC chemistry

	
Borromean rings

	
mechanical (QCM)

	
Con A

	
KD = 147 nM

	
[115]




	
Dodecaamine cages

	
KD = 1.21 μM




	
fullerenes

	
KD = 1.02 μM




	
glucose, mannose, galactose, maltose and lactose

	
amide-coupling reaction

	
CDs

	
optical

	
undefined

	
undefined

	
[116]




	
lactose

	
click chemistry (PEG)

	
HeLa cells

	
[117]




	
MDA cells




	
mannose

	
amide-coupling reaction

	
SWCNTs

	
ELLA (96-well plate)

	
Con A

	
[118,119]




	
micelles




	
CuAAC chemistry

	
Borromean rings

	
mechanical (QCM)

	
152 nM

	
[120]




	
dodecaamine cages

	
3.68 μM




	
monovalent reference MR·1 M

	
KD = 10.9 mM




	
Tn antigen

	
amide-coupling reaction

	
BSA

	
GPOx SPE

	
GOD3-2C4 antibody

	
10 aM

	
[121]




	
DBA

	
1 aM




	
mannose

	
click chemistry (PEG)

	
anthraquinone

	
GPOx SPE

	
Con A

	
down to nM

	
[123]




	
macrophage M2

	
undefined




	
E. coli MG1655

	
undefined
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Table 5. Nanoscale-based platforms for construction of nanobiosensors and their characteristics.
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Carbohydrate

	
Immobilization

	
Interface

	
Transducer

	
Analyte

	
LOD

	
Ref.






	
lactose, galactose and mannose

	
amide-coupling reaction

	
hydrogels

	
optical (2D photonic crystals)

	
ricin

	
75 nM

	
[125]




	
jacalin

	
230 nM




	
Con A

	
38 nM




	
pyrenyl glycoside

	
click chemistry (PEG)

	
MoS2

	
electrochemical (graphene SPE–DPV)

	

	
373 nM

	
[126]




	
human hepatoma cancer cells

	
840 cells·mL−1




	
α-2,6-sialyllactose

	
MoS2 nanosheets

	
optical

	
influenza strain H1N1

	
0.8 HAU·mL−1

	
[127]




	
influenza strain H7N9

	
1.4 HAU·mL−1




	
α-2,3-sialyllactose




	
influenza strain H10N8

	
0.4 HAU·mL−1
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Table 6. Protein-based glycan nanobiosensors and their characteristics.






Table 6. Protein-based glycan nanobiosensors and their characteristics.





	
Carbohydrate

	
Immobilization

	
Interface

	
Transducer

	
Analyte

	
LOD

	
Ref.






	
mannose

	
squaric acid conjugation

	
gold + BSA

	
optical (SPR)

	
Con A

	
1.8 nM

	
[133,135]




	
Tn antigen

	
amide-coupling reaction

	
polycrystalline Au electrode

	
electrochemical (EIS)

	
GOD3-2C4 antibody

	
270 aM

	
[134]




	
polycrystalline Au electrode + HSA

	
1.4 aM




	
40 glycan epitopes based on N-acetyllactosamine

	
squaric acid conjugation

	
BSA

	
microtiter plate

	
bacterial enterotoxins toxin A and B of C. difficile

	
down to nM

	
[137]












© 2020 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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