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Abstract

:

Förster resonance energy transfer (FRET)-based fluorescence sensing of various target analytes has been of growing interest in the environmental, bioimaging, and diagnosis fields. Graphene-based zero- (0D) to two-dimensional (2D) nanomaterials, such as graphene quantum dots (GQDs), graphene oxide (GO), reduced graphene oxide (rGO), and graphdiyne (GD), can potentially be employed as donors/acceptors in FRET-based sensing approaches because of their unique electronic and photoluminescent properties. In this review, we discuss the basics of FRET, as well as the role of graphene-based nanomaterials (GQDs, GO, rGO, and GD) for sensing various analytes, including cations, amino acids, explosives, pesticides, biomolecules, bacteria, and viruses. In addition, the graphene-based nanomaterial sensing strategy could be applied in environmental sample analyses, and the reason for the lower detection ranges (micro- to pico-molar concentration) could also be explained in detail. Challenges and future directions for designing nanomaterials with a new sensing approach and better sensing performance will also be highlighted.
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1. Introduction


Graphene-based nanomaterials are composed of sp2 and sp3 hybridized carbons by the introduction of functionality, which provides an optical bandgap that leads to fluorescence [1,2,3,4,5,6,7,8,9]. In particular, GO is rich in oxygen functionality and can lead to the partial reduction of GO-containing functional groups to produce rGO. GQDs are obtained by cutting layered graphene sheets to a nanometer size [10,11,12,13,14]. They contain a size-dependent optical bandgap via the quantum confinement effect. GO and its derivatives are water-soluble, non-toxic, cost-effective, biocompatible, eco-friendly, have a high photostability, and display excitation-wavelength-dependent fluorescence [15,16,17,18,19,20,21]. In particular, 2D materials have strong interactions with adsorbed conjugated molecules through various interactions, such as π–π stacking, hydrogen bonding, and electrostatic interactions, which could offer a significant platform for conjugated systems. Therefore, graphene-based nanomaterials have been utilized extensively in fluorescent sensing and imaging applications to date. These materials not only act as a tunable fluorophore, but are also sometimes employed as an efficient quencher in fluorescence.



Over the years, graphene-based nanomaterials have been utilized for various applications, such as in energy, photoelectronic, catalyst, biomedicine, and sensing fields [22,23,24,25]. To date, various review articles in the field of sensing utilizing graphene-based materials have been reported [26,27,28,29]. Despite this, the role of the FRET process in graphene-based nanomaterials and its various modes of target sensing applications have not been discussed. Therefore, the present review aims to discuss the nature of the fluorescence originating from graphene derivatives, and shows the design principles of graphene-based fluorescent chemosensors. In addition, we reviewed the sensing of various target analytes through utilizing graphene nanomaterials as donors/acceptors via the FRET process. Furthermore, future directions, challenges, and outlooks for the sensing of graphene-based nanomaterials are also highlighted.




2. Origin of Fluorescence in Graphene-Based Nanomaterials and the FRET Process


The transitions of electrons from various excited states to the ground state are responsible for GO fluorescence. Each band of functionalized GO appears as a result of particular electronic transitions between the antibonding and non-bonding (σ*→n and π*→n) and bonding (π*→π) orbitals (Figure 1) [30,31]. For instance, GO composed of carboxyl-, hydroxyl-, carbonyl-, and epoxy-conjugated rings, thus providing multiple bands in the fluorescence for various electronic transitions. These multiple bands could overlap with each other to produce a broad signal in the emission wavelength.



The introduction of various functionalities, strains, localized domains, lateral sizes, and dopants with GO could tune the energy levels, which leads to significant changes in the shape and width of the signals, as well as peak shifts in the longer wavelength region [32,33]. For instance, when GO is treated with aq. KOH or HNO3, the number of –OH or –COOH functionalities, respectively, increases, which leads to considerable changes in the absorbance and emission wavelengths (Figure 1). Notably, the GO bandgap is generated by the introduction of various functional groups, resulting in sp2 and sp3 hybridized carbon atoms. In addition, tuning the ratio of sp2 and sp3 hybridized carbon shifts the visible fluorescence to the near-infrared (NIR) wavelength [34]. Similar to GO, GQDs also have the same fluorescence properties via the doping process, which modulates the nature of the electronic properties and fluorescence. For instance, when increasing the doping of N in GQDs, the emission wavelength was shifted from green to red, and to NIR via a quantum confinement effect, i.e., π electrons detained in localized sp2 domains [35,36].



Förster Resonance Energy Transfer (FRET)


FRET is a distance-dependent energy transfer from an excited donor fluorophore to another acceptor fluorophore through dipole–dipole interactions, as shown in Figure 2 [1,2,3,4,5]. During excitation, the ground state donor fluorophore reaches an excited state, and the acceptor molecule accepts the transferred energy from the donor and provides a fluorescence signal at the acceptor wavelength, as shown below:


D + hυ → D*










D* + A → D + A*










A* → A + hυ








where h is known as Planck’s constant and υ is the radiation frequency.



In general, the FRET process concerns donating energy from a donor and an acceptor within distances of 6–10 nm. The distance separation between the donor and acceptor should lie on the Forster radius, where complete energy can be successfully exchanged between the donor and acceptor molecules [6,7,8]. The energy transfer occurring between the donor and acceptor is mainly influenced by several factors, including the FRET pair proximity, quantum yield in donors, acceptor in absorption coefficient, and dipoles from the FRET pairs. During this process, there is a decrease in the donor emission intensity and an increase in the acceptor emission intensity, which results in ratiometric signals with an “isoemissive point”. In the FRET process [37,38,39,40,41,42,43], there is a large shift in stoke between the acceptor and donor, which is almost equivalent to the vibronic transitions. The spectral overlapping of the acceptor absorption and donor emission could produce an efficient FRET process in covalent/non-covalent systems [44,45,46,47,48,49,50,51,52].





3. Application of Graphene-Based Nanomaterials in Sensing


The present review is focused on designing graphene-based nanomaterials, as well as their sensing of various target analytes, such as metal ions, nitro compounds, amino acids, biomolecules, bacteria, viruses, proteins, DNA, and RNA, as shown in Scheme 1.



3.1. Metal Ion Sensor


Heavy metal ion contamination in environmental and biological systems causes adverse effects to mankind, even at low concentrations, including cardiovascular, mental defects, neurological, and renal disorders [53]. Keeping this in mind, Housaindokht et al. [54] developed a paper-based aptasensor G1 combining a graphene oxide (GO) quencher via π–π staking, which quenched the aptamer fluorescence through the FRET process (Figure 3). The synthesized aptasensor G1 could selectively detect Pb2+ ions without interference from other metal ions. Briefly, the addition of the Pb2+ ion into the aptasensor enhanced the fluorescence through the conformational switching of the aptasensor from a random coil to a G-quadruplex structure. The Pb2+ ion sensing mechanism of G1 was further applied in various real samples, such as tap water, lake water, milk, and human blood serum, and the ultra-low limit of detection (LOD) was calculated to be 0.5 pM.



Similarly, the same research group [55] reported a low-cost paper-based aptasensor G2 for the detection of Hg2+ and Ag+ ions (Figure 4). In detail, the G2 zones were utilized for dual metal ion detection using a T12 aptamer for the Hg2+ zone and a C12 aptamer for the Ag+ zone. For each zone, Hg2+/Ag+ ions, separately, were injected, while the center part was left out for the sample zone. The detection zone was injected with GO, and the other two zones were already injected with metal ions. After the incubation of solutions to particular zones, the detection zone was monitored using a microscope and the images were captured through the digital camera. The basic mechanism involves the conformational change of a specific aptamer with Hg2+/Ag+, followed by aptamer release from the GO surface through the addition of target metal ions on paper. Finally, the G2 metal ion sensing approach was applied in milk, water, and human serum samples (LOD: 1.33 (Hg2+) and 1.01 pM (Ag+)).



Chandra and co-workers [56] prepared a GQD/nitrogen-doped GQD (NGQD) modified with a DNA G3 probe for the detection of Ag+ ions (Figure 5). Here, GQDs acted as the fluorophore and Ag+ acted as the quencher. Upon the addition of Ag+ ions into G3, the fluorescence intensity was heavily quenched by increasing the concentrations of Ag+ ions and inhibited the FRET process. The LOD of G3 was decreased to 0.05 to 0.02 nM, which was lower than the concentration allowed by the U.S. Environmental Protection Agency (US-EPA).



In 2019, Liu et al. [57] synthesized a fluorescent nanosensor (HRGO-AuNCs) G4 for the detection of Cd2+ based on glutathione-gold nanoclusters (GSH-AuNCs) and a holey reduced graphene oxide (HRGO) quencher. First, HRGO was prepared through the hydrothermal method in the presence of GO, an etchant (H2O2), and a reducing agent (ascorbic acid (AA)) (Figure 6). The FRET process between GSH-AuNCs and HRGO was confirmed through lifetime analysis. After the addition of Cd2+ with G4, the fluorescence intensity was recovered through in situ Cd-GSH complex formation at the AuNC surface, and blocked the FRET process. Furthermore, G4 was applied to real water analysis for the detection of Cd2+ ions (LOD = 42 nM).



Suresh and co-workers [58] fabricated a GO-based carbonaceous fluorescent material G5 using GO and 2-(bis(Pyridin-2-ylmethyl)amino)ethan-1-ol (PAE) through the Steglich esterification method. G5 could detect Zr4+ ions in the presence of other metal ions with an LOD of 27 ng/mL. During the sensing process, Zr4+ ions coordinated with the pyridyl motifs of GO through the FRET process between the PAE donor and GO acceptor (Figure 7). Furthermore, the G5 sensing approach was applied to contaminated water samples from the river. In addition, G5 was further tested with a metal-organic framework (MOF) coated with zirconium ions in an aqueous medium.




3.2. Explosive Sensor


In particular, explosives are handled in military and aerospace fields, and their residues in the environment cause adverse effects to human beings, such as abnormal liver function and anemia [59]. Based on these aspects, Sun et al. [60] fabricated a fluorescent probe G6 through the combination of GQDs and amino groups of APTES via the solvothermal process. G6 was treated against 2,4,6-trinitrotoluene (TNT) for 2 h in an ethanol solution, and later their complexation ability was observed using fluorescence with an excitation wavelength of 360 nm (Figure 8). G6 containing amino groups could adsorb a large number of TNT via pores and could be involved in the accumulation process. During these processes, Meisenheimer complexation was observed between TNT and amino groups, which produced the sensing layer mediated FRET process. In this manner, compared with other nitro groups, TNT had a high binding affinity with G6, and the LOD was calculated to be 0.6 nM. Furthermore, the FRET mechanism was confirmed through the decay curves in the presence and absence of TNT with G6. Notably, the G6 detection approach was successfully applied in TNT-spiked water samples.




3.3. H2O2 Sensor


Hydrogen peroxide (H2O2) is one of the reactive oxygen species (ROS) that plays many roles in biomedical processes, and its disorder causes central nervous system (CNS) and cancer diseases [61]. Therefore, Cui et al. [62] fabricated a core–shell Ag@AuNP as a receptor, which was decorated with a red emissive GQDs donor via π–π stacking between the single-strand DNA modified Ag@AuNPs and GQDs (Figure 9). The absorption spectrum of Ag@AuNPs overlapped with the donor emission spectrum, which produced a strong FRET process, leading to fluorescence quenching. To evaluate the selectivity of the probe G7, it was treated with various interfering compounds. Upon increasing the concentration of H2O2 with G7, fluorescence was enhanced to 560 nm. For further confirmation, 1.0 mM of ROS scavengers was added to G7, the fluorescence recovery was predominantly successful; this confirmed that G7 could detect H2O2, followed by a Fenton-like-reaction. The detection limit was observed to be 0.49 µM. Moreover, probe G7 was analysed against H2O2 detection in living cells.




3.4. Theophylline Sensor


Theophylline (1,3-dimethylxanthine) has been used as a respiratory stimulator and bronchodilator for acute and chronic asthmatic treatments [63]. However, it causes adverse effects on the neurological system and other diseases. Hence, Zhao and co-workers [64] fabricated a GO-QDs-modified ssRNA aptamer for the sensing of theophylline (Figure 10). Initially, quantum dots (QDs) with modified ssRNA were prepared for the sensing of theophylline. The prepared G8 had a low fluorescence intensity because of the presence of a noncovalent assembly between GO and ssRNA. Because of this ability, the fluorescence was quenched via the FRET process from QDs to GO. Under optimal conditions, G8 was used for the detection of theophylline. Upon increasing the concentration of theophylline (0 to 300 nM), the maximum fluorescence intensity was achieved at 120 nM. The LOD of theophylline binding with G8 was calculated to be 4 nM.




3.5. Glutathione Sensor


Glutathione (GSH) is one of the best defenses against ROS, and plays ample roles in pathological situations [65]. The improper content of GSH at an intracellular level indicates that the human body contains various diseases, such as Alzheimer’s disease, human immunodeficiency virus (HIV), acquired immune deficiency syndrome (AIDS), and diabetes. In addition, tumor cells contain more GSH discrepancy than normal cells, which could be utilized to identify cancer diagnostics. In 2020, Shuang et al. [66] developed a fluorescent nanosensor G9 using the ultra-sonication method of mixing the GQDs-MnO2 complexation in the presence of potassium permanganate under poly(allylamine hydrochloride) (PAH) via an in situ redox procedure (Figure 11). First, to verify the FRET process, a wide range of spectral overlapping was monitored between GQDs and MnO2, and the fluorescence lifetime was also decreased after the binding of MnO2 with GQDs. Upon the addition of GSH into the nanocomposite, the binding between GQDs and GSH decomposed the MnO2 and enhanced the fluorescence. The LOD of G9 was calculated to be 48 nM, and GSH detection was applied in bioimaging and human serum samples.



Zhu et al. [67] reported a fluorescent turn-on assay for antioxidants using GQDs. In the absence of dopamine (DA), GQDs imposed a high fluorescent intensity, which was reduced with the addition of DA and polymerized to form a polydopamine (PDA) film. The PDA settled on the surface of the GQDs (G10), which resulted in quenching their fluorescence through the FRET process (Figure 12). G10 was treated against a series of antioxidants, including GSH, AA, Cys, and HCys, and the fluorescence intensity of G10 was restored. This process was confirmed through time-resolved fluorescent decay analysis. The LOD of G10 with all four antioxidants was reported to be 2.4 nM, 1.5 nM, 4.2 nM, and 4.4 nM, respectively. The developed fluorescent assay G10 was analyzed against rat brains for the detection of GSH, AA, Cys, and Hcys antioxidants.




3.6. Proteins (Cancer Biomarkers) Sensor


Lately, ovarian cancer (OVC) has posed a high risk to women’s health, and late diagnosis can cause death. Protein biomarkers such as cancer antigen 125 (CA125) and human epididymis protein 4 (HE4) are utilized to identify OVC malignancies. Based on the above, Hu and Qu et al. developed p-phenylenediamine functionalized GQDs through a solvothermal method [68]. Of the two GQDs, one exhibited green emission (515 nm) as a donor and the other exhibited red emission (615 nm) (acceptor). The combination of both GQDs showed better spectral overlapping and exhibited the FRET process (Figure 13). G11 was taken for the sensing of different proteins, which showed a high fluorescence intensity against a single protein and combined proteins of HE4. The conjugated HE4 with G11 could detect HE4 through ratiometric sensing with a low detection limit (4.8 pM).




3.7. Biomolecule, Bacteria, and Virus Sensor


In 2019, the FRET-based GO/aptamer complex (G12) was fabricated using the DNase I-assisted cyclic enzymatic signal amplification (CESA) method, and thus could be further utilized to detect specific antibiotics reported by Ban et al. [69]. The synthesized aptasensor was selective to sulfadimethoxine (SD), kanamycin (KM), and ampicillin (AMP), which were linked to cyanine 3 (Cy3), 6-Carboxyfluorescein (FAM), and Cyanin 5 (Cy5), respectively (Figure 14). The fluorescence intensities of three different fluorophores, Cy3, Cy5, and FAM, were quenched through the influence of GO. The LODs of the G12 modified aptasensor with different antibiotics were calculated to be 1.997 (SD), 2.664 (KM), and 2.337 (AMP) ng/mL, respectively. The results from the G12 aptasensor indicated that it could detect multiple antibiotics at the same time, and its sensing approach was further evaluated in milk samples.



In this work, Mohammadnejad and Hosseini et al. [70] proposed a new way of synthesizing probe G13 with the bioconjugation of antibodies with GQDs. The synthesized G13 used for the specific detection of Campylobacter jejuni, which made a new distance between GO and GQDs, was fluorescent ON and FRET OFF (Figure 15). In the absence of Campylobacter jejuni, the distance between GO and GQD was low via π–π stacking and caused fluorescence OFF and FRET ON. The LODs were calculated to be 10 CFU/mL and 100 CFU/mL in the PBS buffer and poultry liver, respectively.



Faridbod and Ganjali et al. [71] synthesized a fluorescent apta-nanobiosenesor G14 with the help of rGQDs in connection with a biological fluid. Here, rGQDs were used as an optical probe, and a biological fluid digoxin (DX) aptamer was used as a sensing element. The synthesized G14 probe was allowed to interact with free biological aptamers, and caused fluorescence enhancement. Later, upon the addition of the targeted biological fluid DX molecule, G14 was bound with DX and resulted in a decreased fluorescence intensity (Figure 16). Reversibility was carried out using oxidized carbon nanotubes with G14-DX complexation aptamers through FRET. Upon the addition of DX into the aptamer, there was a notable interconnection between CNTs and rGQDs, and thus recovery of the rGQDs. The LOD was calculated to be 29.87 ± 1.01 × 10−12 mol L−1. Alternatively, the G14 probe with CNT and rGQDs showed a high selectivity and reproducibility towards the detection of DX, with an ultra-low detection limit of 7.95 ± 0.22 × 10−12 mol L−1. Both aptabiosensors were successfully applied in human urine and serum samples for the detection of DX biological fluid.



Ghourchian and co-workers [72] synthesized a GQD-based fluorescent probe G15 for the selective detection of Vi antigens. The probe iron porphyrin bio-mimicking Fe-N-GQDs were prepared using a solvothermal approach through mechanochemical mixing of Fe, N, and C sources. The prepared G15 could act as an energy donor because of π–π stacking, and GO could act as a quencher (Figure 17). As a result of the specific antibody–antigen interaction in G15 in the presence of the Vi antigen, the distance between the probe and GO was increased, which hindered the FRET process. When an antibody was introduced to G15, the fluorescence response of Fe-N-GQD/Ab was quenched because of the FRET assay. During this process, the antigen and antibody were involved in binding because of the antibody–antigen interaction to make the complexation of Fe-N-GQD/Ab/Ag. Therefore, the gap between the antigen and antibody with GO increased and the fluorescence was recovered. This immunosensor was applied in human serum for the detection of the salmonella Typhi Vi antigen (LOD = 1 pg/mL).



Wang and co-workers [73] constructed a sandwich-structured upconversion nanoparticle (UCNP) G16 based on the combination of an HA aptamer, GO, and polyacrylic acid for the detection of H5N1 IAV hemagglutinin (HA). In G16, the energy transfer process occurred because of the π–π interaction between the aptamer and GO, which reduced the gap between the UCNP and GO (Figure 18). In the presence of HA, G16 enabled the changes in conformations, and moved away from GO with a detection of 60.9 pg mL−1. Based on the above results, the G16 aptamer was also used for the specific detection of H5N1 HA in blood and HA protein in human serum.




3.8. DNA and RNA Sensor


Recently, Salimi et al. [74] developed a GDQDs (G17) probe for the sensing of miRNA-21 via the FRET process (Figure 19). Hence, GDQDs acted as a donor and GQDs behaved as an acceptor. During the sensing process, GDQDs conjugated with DNA showed a high fluorescence intensity in the presence of GQDs via the FRET process. In the presence of miRNA with conjugated GDQDs with DNA, the distance between the GDQDs and GQDs increased, which was confirmed through the average lifetime analysis. The LOD was noted to be 0.5 pM (S/N = 3). Moreover, G17 could be used to detect miRNA-21 in human serum, biological cell lines, and MDA-MB231 living cancer cells.



Zhang et al. [75] developed a fluorescence magnetic nanoparticle (FMNP) modified with target DNA-t (G18), which was bound onto the modified GO (Figure 20). The G18 probe could act as a fluorescence quencher, and was further used for the detection of DNA-t and DNA-c through fluorescence techniques. The detection of hybridization occurred between DNA-t and DNA-c, due to π–π*/n–π* transitions and the sp2 hybridization of GO, which led to a decrease in the fluorescence intensity of G18 through the FRET quenching mechanism (LOD = 0.12 µM).



To overcome antibiotic resistance, Kim et al. [76] synthesized a ZFP-GO (G19) probe through the interconnection of zinc finger proteins (ZFPs) and 2D nanosheet GO. ZFP-labeled quantum dots (QD) were applied over the GO nanosheet, which quenched the fluorescence intensity via the FRET mechanism (Figure 21). In the selective detection of the antibiotic resistance gene (ARG) in bacteria, the probe G19 behaved as a turn OFF and ON in the presence and absence of ARG. During this process, engineered DNA took 10 min to detect the DNA-t, as per the detection system. Notably, G19 was modified with GO-ZFP, which could detect ARG quickly with a LOD of 1 nM. Furthermore, G19 DNA-binding domains could be utilized for the specific detection of dsDNA.



Xiao and He et al. [77] fabricated GOQDs (G20) for the detection of DNA sequences (Figure 22). Briefly, G20 was treated with three different fluorescent dyes to check the photoluminescence properties and quenching effect. The selected fluorescent dyes were tested against prepared G20 at different wavelengths to observe the quenching effect. Many hydroxyl groups in G20 exhibited weak fluorescence and behaved as a fluorescent quencher for conjugated dyes in the real-time fluorescence quantitative polymerase chain reaction (qRT-PCR) via the FRET process. Furthermore, GOQDs combined with the qRT-PCR system could detect DNA sequences, with a high detection rate of 104–1010 copies per µL range.



The comparison of all essential properties, such as sensors, analytes, LOD, binding constants, and sensing mechanisms, is specified in Table 1.





4. Conclusions and Perspectives


In this review, we have summarized the significant progress in graphene-based nanomaterials such as GO, rGO, and GQDs, and discussed the synthesis, fluorescence properties, and FRET-based sensing of various target analytes. In the past 3 years, various methodologies have been developed to fabricate graphene-based pure and composite nanomaterials and their excellent photophysical performances, bringing them into practical applications. Despite this, various fabrication methodologies have been reported in graphene-related material research, but they are still at the primary stage in this field. For instance, atom-precise structures and well-defined protocols have not been developed to date. Therefore, start-of-the-art methodologies, structural relationships and properties, and technological fields of applications need to be well explored. In addition, graphene-based optical materials and their properties related to theoretical studies can be implemented in the future to obtain better-defined materials.



In the field of sensing, we believe FRET-based sensors are less explored and most graphene-based nanomaterials are involved in fluorescence quenching. However, knowing how to avoid the quenching process and achieve better selectivity is far from our understanding. Moreover, a single sensor for multi-analyte-detection-approach-related investigations and their mechanisms are also less studied. Therefore, more understanding is required in the case of target sensing with high selectivity. On the other hand, doping and surface modifications are important, and there seems to be a long way to go before understanding the complex mechanism. Until now, some preliminary research has been carried out in this field, and major opportunities will be available in the future. More importantly, commercial-sensing-device-fabrication-related research is still at a basic level, and enormous efforts are required in order to achieve a final sensor device meeting industrial standards.



With inorganic/organic species in graphene composites, transduction mechanisms and specific selectivity-related questions are difficult to answer. These issues can be addressed by suitable functionality introduced on the surface of the composite and by understanding the role of functional fluorophores. Moreover, the development of a biosensor-related FRET sensing mechanism is in the initial stages. In addition, the immobilization of biomolecules in the composite system might increase the biocompatibility and could produce suitable binding sites for the target analytes.



To summarize, graphene-based-nanomaterial-related research and its potential applications have become an exciting field of interest within a short period of time. We expect that sensing fields need to cross the boundary and produce novel synthetic methods, new concepts of sensing, methodologies, optical properties, and so on. To develop a robust FRET-based sensing device, we need to understand the material synthesis and surface modification, as well as how these fabricated materials can affect the optical properties, depth understanding of transduction mechanism, and better selectivity. Similarly, we need to explore how the above sensing concepts could be implemented with other materials, which could open a new avenue for future research directions.
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Figure 1. (a,b) Absorption and emission spectra of GO treated with KOH and HNO3 in water (λex. = 420 nm). Inset: energy level diagram for multiple electronic transitions. Reprinted from [32] with permission from Wiley. 
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Figure 2. Schematic representation of the FRET process in the donor and acceptor containing system. 
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Scheme 1. Graphical representation of the graphene-based nanomaterial design strategy and its sensing of various target analytes. 






Scheme 1. Graphical representation of the graphene-based nanomaterial design strategy and its sensing of various target analytes.



[image: Applsci 12 06844 sch001]







[image: Applsci 12 06844 g003 550] 





Figure 3. Schematic illustration of the preparation of G1 and its Pb2+ ion sensing. Reprinted from [54] with permission from Elsevier. 
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Figure 4. Schematic diagrams of the preparation of G2 and its dual Hg2+ and Ag+ sensing approaches. Reprinted from [55] with permission from Elsevier. 
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Figure 5. Graphical diagram of GQDs/NGQD modified with DNA (G3) for the sensing of Ag+. Reprinted from [56] with permission from IOP Publishing Ltd. 
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Figure 6. Preparation of HRGO and graphical representation of Cd2+ ion sensing using GSH-AuNCs and HRGO (G4). Reprinted from [57] with permission from Elsevier. 
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Figure 7. Proposed sensing mechanism of (G5) in the presence of Zr4+ via FRET process. Reprinted from [58] with permission from the American Chemical Society. 
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Figure 8. The plausible sensing mechanism of GQDs-APTES (G6) with TNT via the FRET process. Reprinted from [60] with permission from Elsevier. 
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Figure 9. Schematic representation of the fabrication of Ag@AuNPs-DNA/GQDs (G7) and the H2O2 sensing mechanism in living cells. Reprinted from [62] with permission from Springer. 
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Figure 10. Schematic illustration of the fabrication of GO-ssRNA QDs (G8) and their sensing mechanism. Reprinted from [64] with the permission from the Royal Society of Chemistry. 
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Figure 11. Schematic diagrams of the preparation of the GQDs-MnO2 nanocomposite (G9) and GSH responsiveness with the fluorescence off–on process. Reprinted from [66] with permission from Elsevier. 
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Figure 12. Schematic diagrams for the detection of antioxidants using GQDs@PDA (G10). Reprinted from [67] with the permission from Elsevier. 
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Figure 13. Schematic diagrams of the FRET sensing mechanism between gGQDs and rGQDs (G11) with the HE4 antibody. Reprinted from [68] with permission from Elsevier. 
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Figure 14. Schematic representation of the GO-based aptasensor (G12) for antibiotics via CESA. Reprinted from [69] with permission from Nature Scientific reports. 






Figure 14. Schematic representation of the GO-based aptasensor (G12) for antibiotics via CESA. Reprinted from [69] with permission from Nature Scientific reports.



[image: Applsci 12 06844 g014]







[image: Applsci 12 06844 g015 550] 





Figure 15. Schematic diagram of Campylobacter jejuni detection using the antibody GQDs/GO (G13). Reprinted from [70] with permission from Elsevier. 
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Figure 16. Schematic representation of the rGQDs-aptamer (G14) preparation and DX sensing. Reprinted from [71] with permission from Elsevier. 
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Figure 17. Plausible FRET mechanism for the Fe-N-GQDs/GO-composite (donor/acceptor) and its fluorescence responses. Reprinted from [72] with permission from Elsevier. 
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Figure 18. Schematic representation of UCNPs (G16) and their sensing of HA of influenza via the FRET process. Reprinted from [73] with permission from the American Chemical Society. 
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Figure 19. Schematic representation of the preparation of (a) GQD and (b) GDQD, Reprinted from [74] with permission from Elsevier. 
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Figure 20. A plausible mechanism for the detection of DNA (G18) using the FRET quenching process. Reprinted from [75] with permission from MDPI. 
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Figure 21. Schematic illustration of the ZFP-GO (G19) FRET system and its dsDNA sensing approach. Reprinted from [76] with permission from the American Chemical Society. 
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Figure 22. Schematic representation of the GOQDs (G20) enhances the qRT-PCR specificity. Reprinted from [77] with permission from the Royal Society of Chemistry. 
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Table 1. Comparison of properties based on different analytes.






Table 1. Comparison of properties based on different analytes.





	
S.No

	
Sensors

	
Analytes

	
Mechanism

	
Binding Constant (M−1)

	
LOD (M)

	
Ref.






	
1

	
GO aptasensor

	
Pb2+

	
FRET

	
0.07–20 nM.

	
0.5 pM

	
[54]




	
2

	
GO aptasensor

	
Ag+ and Hg2+

	
FRET

	
0.05–50 nM

	
1.33 pM

	
[55]




	
3

	
GQD (NGQD)

	
Ag+

	
FRET

	
-

	
0.05–0.02 nM

	
[56]




	
4

	
GSH-AuNCs

	
Cd2+

	
FRET

	
0.1–100 µM

	
42.0 nM

	
[57]




	
5

	
GO

	
Zr4+

	
FRET

	
1.7 × 104 M−1

	
27 ng/mL

	
[58]




	
6

	
GQDs

	
TNT

	
FRET

	
1–20 nM

	
0.6 nM

	
[60]




	
7

	
Ag@AuNPs

	
H2O2

	
FRET

	
-

	
0.4 µM

	
[62]




	
8

	
GO-QDs

	
Theophylline

	
FRET

	
-

	
4 nM

	
[64]




	
9

	
GQDs-MnO2

	
Glutathione

	
FRET

	
-

	
48 nM

	
[66]




	
10

	
GQDs

	
Glutathione

	
FRET

	
0.01–0.1 µM

0.1–35 µM

	
2.4 nM

	
[67]




	
FRET

	
0.01–0.1 µM

0.1–25 µM

	
1.5 nM




	
FRET

	
0.01–0.1 µM

0.1–30 µM

	
4.2 nM




	
FRET

	
0.01–0.1 µM

0.1–30 µM

	
4.4 nM




	
11

	
GQDs

	
HE4 (Protein)

	
FRET

	
-

	
4.8 pM–300 nM

	
[68]




	
12

	
GO/aptamer

	
Antibiotics

	
FRET

	
-

	
(i) 1.997 ng/mL

(ii) 2.664 ng/mL

(iii) 2.337 ng/mL

	
[69]




	
13

	
GQDs

	
Campylobacter jejuni

	
FRET

	
10–106 CFU

	
10 CFU/mL

	
[70]




	
14

	
rGQDs

	
Digoxin

	
FRET

	
(i) 9.95 ± 0.32 × 10−11 mol L−1

(ii) 0.54 ± 0.02 × 10−9 mol L−1

	
(i) 29.87 ± 1.01 × 10−12 mol L−1

(ii) 7.95 ± 0.22 × 10−12 mol L−1

	
[71]




	
15

	
GQDs

	
Vi antigen

	
FRET

	
-

	
1 pg/mL

	
[72]




	
16

	
GO/HA aptamer

	
H5N1 IAV hemagglutinin (HA)

	
FRET

	
0.1–15 ng mL−1

	
60.9 pg mL−1

	
[73]




	
17

	
GDQDs

	
miRNA-21

	
FRET

	
5 pM–200 nM

	
0.5 pM

	
[74]




	
18

	
GO

	
DNA-t and DNA-c

	
FRET

	
-

	
0.12 µM

	
[75]




	
19

	
QD/GO

	
DNA-t

	
FRET

	
-

	
1 nM

	
[76]




	
20

	
GOQDs

	
DNA

	
FRET

	
-

	
104 –1010 µL

	
[77]
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